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Abstract: Global Navigation Satellite System (GNSS) is an established atmospheric monitoring
technique delivering water vapour data in near-real time with a latency of 90 min for operational
Numerical Weather Prediction in Europe within the GNSS water vapour service (E-GVAP). The
advancement of GNSS processing made the quality of real-time GNSS tropospheric products com-
parable to near-real-time solutions. In addition, they can be provided with a temporal resolution
of 5 min and latency of 10 min, suitable for severe weather nowcasting. This paper exploits the
added value of sub-hourly real-time GNSS tropospheric products for the nowcasting of convective
storms in Bulgaria. A convective Storm Demonstrator (Storm Demo) is build using real-time GNSS
tropospheric products and Instability Indices to derive site-specific threshold values in support of
public weather and hail suppression services. The Storm Demo targets the development of service
featuring GNSS products for two regions with hail suppression operations in Bulgaria, where thun-
derstorms and hail events occur between May and September, with a peak in July. The Storm Demo
real-time Precise Point Positioning processing is conducted with the G-Nut software with a temporal
resolution of 15 min for 12 ground-based GNSS stations in Bulgaria. Real-time data evaluation is
done using reprocessed products and the achieved precision is below 9 mm, which is within the
nowcasting requirements of the World Meteorologic Organisation. For the period May–September
2021, the seasonal classification function for thunderstorm nowcasting is computed and evaluated.
The probability of thunderstorm detection is 83%, with a false alarm ration of 38%. The added value
of the high temporal resolution of the GNSS tropospheric gradients is investigated for a storm case
on 24–30 August 2021. Real-time tropospheric products and classification functions are integrated
and updated in real-time on a publicly accessible geoportal.

Keywords: atmospheric remote sense; GNSS meteorology; real-time GNSS; storm

1. Introduction

The severe weather nowcasting is defined by the World Meteorological Organisation
(WMO) [1] as “detailed description of the current weather along with forecasts obtained
by extrapolation for a period of 0 to 6 h ahead”. Frequently used now casted phenomena
include: (1) convective storms; (2) mesoscale features associated with extra-tropical and
tropical storms; (3) fog and low clouds; (4) locally forced precipitation events; (5) sand
and dust storms; (6) snow, ice, glazed frost, blizzards, avalanches; (7) wildfires and (8) air
pollution. According to WMO, nowcasting contributes to the (1) reduction of fatalities and
injuries due to weather hazards; (2) reduction of private, public, and industrial, property
damages; (3) to improved efficiency and savings for industry, transportation and agricul-
ture. The state-of-the-art nowcasting technique is an extrapolation of weather radar data.
However, in recent years, the development of “blending” techniques has been ongoing,
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combining: (1) in-situ and remote sensing observation, (2) Numerical Weather Prediction
(NWP), (3) model output statistic data, (4) high-resolution topography and (5) heuristic
rules, in a seamless way.

The WMO requirement specification for the nowcasting application of Integrated Water
Vapour includes: (1) uncertainty, (2) horizontal resolution, (3) observation cycle and (4)
observation timeliness. As a nowcasting application threshold for spatiotemporal availability
of IWV are defined observation cycle every 60 min and a GNSS network density of 50 km and
observation timeliness of 30 min after the observation time. For the IWV observation cycle of
30 min, the required timeliness is 10 min and the spatial coverage of the network is 10 km. For
the shortest observation cycle of 15 min, the timeliness is 5 min and spatial coverage is 5 km.
The observation uncertainty is 5 kg/m2 and 1 kg/m2, respectively.

Monitoring nowcasting phenomena with high temporal resolution using ground-
based GNSS observations is now possible to advance observation processing strategies.
Theoretically, the Precise Point Positioning (PPP) [2] and the double difference network
(DD) [3] approaches of GNSS data processing are equivalent methods as it concerns the
solution redundancy and estimated parameters. Practically, each strategy has advantages
and disadvantages. While the DD approach is a long-term traditional method, the PPP
is considered its modern alternative. Until now, the DD approach has dominated the
operational service provided by the EUMETNET GNSS water vapour program (E-GVAP)
for products with a latency of 90 min, which is called the near-real time mode. In 2013,
the International GNSS Service (IGS) launched the real-time service [4], providing precise
satellite orbit and clock corrections in support of ultra-fast or real-time PPP processing.
With the evolution of the IGS precise products and models the advantages of PPP became
obvious, namely: (1) easy production in both real-time and near-real-time, (2) full flexibility
for central or distributed processing, (3) possibility of high spatio-temporal resolution
estimates of advanced tropospheric parameters (Zenith Total Delays—ZTD, horizontal
gradients and STDs) and (4) exploitation of all observations provided by each individual
receiver. All these characteristics profit from a highly efficient and autonomous PPP
processing strategy. Nowadays, PPP ZTD biases remain within a few millimetres, which
is comparable to DD near-real-time estimates. The quality of the IGS real-time products
(2013–2018) were studied [5] and its impact on ZTD was assessed within the GNSS4SWEC
benchmark campaign [6]. The GNSS4SWEC real-time processing campaign demonstrated
the potential for an operational provision of tropospheric products with an unprecedented
temporal resolution. Nowadays, the accuracy of real-time ZTDs obtained routinely are
stable and of a quality well comparable to near-real-time solution when provided in a 5-min
resolution and latency with the quality suitable for nowcasting. For this study, real-time
PPP processing was conducted with the G-Nut software [7] in Southeast Europe during the
hail suppression season from May to September 2021.

Since 2020, newly established ground-based GNSS network in Bulgaria has been
processed in near-real time with the Trop-NET processing system [8]. To derive Integrated
Water Vapour (IWV) from GNSS, the surface pressure and temperature from the NWP
model are used. The GNSS IWV, weather radar as well as surface atmospheric observations
and NWP model forecasts are integrated into the Bulgarian Integrated NowCAsting tool
(BINCA) web platform of the Hail Suppression Agency (HSA). In Bulgaria, severe weather
events such as intense precipitations, hail, and thunderstorms occur commonly during the
summer months and are associated with large economic losses. A hail storm on 8 July 2014
in the Bulgarian capital Sofia caused widespread damage to over 50,000 vehicles and over
123 million euros in insured losses for an approximate duration of 2 h [9]. Guerova et al. [10]
investigated the added value of combining the Instability Indices (II) from radiosonde with
GNSS IWV for thunderstorm days in the period May to September 2010–2015 for the Sofia
region. The results clearly indicate an improvement in the probability of detection and
false alarm ratio scores for a classification function, combining II and IWV. The reported
here convective Storm Demonstrator (Storm Demo) is based on real-time GNSS IWV and
Instability Indices (II) to derive site-specific threshold values integrated and updated in real-
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time on a public geoportal. The demonstrator targets the development of services centred
on GNSS products for two regions with hail suppression operations in Northwestern
and Central Bulgaria. This will serve as a prototype for the real-time provision of GNSS
products for storm nowcasting.

This manuscript present the Storm Demo design and validation. The evaluation
of real-time ZTD products with respect to post-processed ZTD products (Section 3.1).
Comparison between IWV from GNSS and NWP model is presented in Section 3.2, while
the classification function is in Section 3.3. The added value of the high temporal resolution
of the GNSS IWV and gradients is investigated for one selected storm case presented in
Section 3.4.

2. Data and Methods

The Storm Demo concept design is based on GNSS Meteorology [11]. Storm Demo
design (Figure 1) has four key components, namely, (1) GNSS data processing, (2) NWP
model simulation, (3) time series analysis and (4) geoportal. They are described in detail in
this section.

Figure 1. Storm Demo concept design.

2.1. Real-time GNSS Data Processing

The real-time (RT) troposphere monitoring has been enabled by RT data flow, provision
of RT orbit and clock corrections from the IGS Real-time Service, [4] which supports the
PPP method. The G-Nut/Tefnut software is used to process continuous data streams with
1-Hz GNSS observations stemming from the ground-based network operated by Sofia
University (SU) and HSA. Tropospheric parameters are estimated with a sampling rate
of 10 s; however, outputs are provided with a resolution of 5 min. A reference solution
was processed in the offline mode, using the same software, but the final orbit and clock
products and the post-processing strategy.



Remote Sens. 2022, 14, 3746 4 of 15

The G-Nut/Tefnut real-time solution uses undifferenced GNSS code and carrier-phase
observations, the Kalman square root filter and stochastic models for highly efficient
epoch-wise parameter estimation. The solution is unlimited in terms of the number of
processed stations because the PPP is an autonomous method that can be distributed.
Hence individual station-wise normal equations are of a low dimension, and the product
may support high-resolution parameters including horizontal tropospheric gradients [12]
or slant tropospheric path delays [13]. Both are highly sensitive to a local anisotropy of the
low atmosphere at individual stations and thus contribute to advanced monitoring of the
troposphere with GNSS. Using the backward smoothing [14], the near real-time solution
can eventually be performed simultaneously with the RT while optimally combining a high
temporal parameter resolution and a low product latency [5].

The ionosphere-free (IF) observation linear combination is used to eliminate the first-
order ionospheric effect. In units of length, the undifferenced code and carrier-phase IF
observations exploited in the PPP can be expressed as follows:

PS
R,IF = ρS

R + c(̇δR − δS) + TR + bR,IF − bS,IF + εS
R,IF,P

LS
R,IF = ρS

R + c(̇δR − δS) + TR + BR,IF − BS,IF + NS
R,IF + εS

R,IF,L

(1)

where indices R, S denote receiver and satellite, ρ is the geometry distance between a
receiver and a transmitter, c is the speed of light, δ is a clock correction, T is the line-of-sight
tropospheric path delay, b and B stands for a code and phase bias, respectively, and ε
characterises remaining unmodelled errors. Additionally, the carrier-phase observation
equation contains an initial ambiguity N. Code observations are commonly used along
with carrier phases to estimate receiver clock errors and initial phase ambiguities in the PPP
model. The tropospheric model for a line-of-sight path delay due to the neutral atmosphere
is commonly used

T = mhŻHD + mwŻWD + mg (̇GN ˙cos(A), GE ˙sin(A)) + εT (2)

where ZHD and ZWD denote the zenith hydrostatic (or, more precisely, dry) and wet
tropospheric delay, respectively. The PPP tropospheric path delay for individual stations
are estimated in absolute values. The tropospheric horizontal gradient vector defined i
Equation (2) represents an azimuth-dependent contribution in the local horizontal plane for
the Gradient North–south (GN) and the Gradient East–west (GE) directions and includes
both dry and wet contributions. Such an advanced model, however, still does not neces-
sarily represent all potential tropospheric effects, e.g., higher order horizontal anisotropy
and presence of hydrometeors [6]. The elevation angle dependency of hydrostatic, wet,
and gradient contributions is modelled using mapping functions distinguished as mh,
mw, and mg, respectively. The ZWD (optionally horizontal gradients) is estimated as a
time-dependent parameter, while the ZHD is introduced as a priory value. However, as a
GNSS tropospheric product for numerical weather assimilation, the ZTD is considered:

ZTD = ZHD + ZWD (3)

All detailed models, products, and strategies used in real-time and offline processing
modes are summarised in Table 1.
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Table 1. Real-time and post-processing strategies and models.

Processing Strategy Real-Time Solution Reference Solution

Data sampling rate 10 s 30 s
ZTD product latency 15 min (maximum) 15 days (minimum)
Station coordinates Estimated continuously Estimated day by day
Satellite orbits and clocks IGS real-time IGS finals
Processing mode Continuous forward filter Day-to-day forward filter and backward smoother

Processing method Precise Point Positioning
Parameter estimator Square root filter
GNSS observations Undifferenced code+phase IF observations
Observation weighing 1/sin(elevation)2, code = 100 * phase
Elevation angle cut-off 7 degrees
ZTD sampling rate 5 min
Receiver clocks Estimated continuously with a white noise
Satellite clocks Introduced consistently to precise orbits
Phase ambiguities Float values estimated simultaneously to ZTDs
Ionosphere The first order eliminated in IF combination
A priori troposphere Saastamoinen hydrostatic model [15] supported with the atmo-

spheric pressure from the GPT model [16]
Estimated troposphere ZWD and horizontal gradients estimated using random walks of

3.0 and 0.3 mm/sqrt(hour), respectively
Mapping function GMF hydrostatic and wet mapping function [17], and gradient

mapping function [18]
Antenna phase center Receiver/satellite IGS14 antenna type offsets and variations
Solid earth tides IERS2010 model [19]
Ocean tide loading FES2004 model [20]

2.2. NWP Simulations

Weather Research and Forecasting (WRF) NWP model v3.7 [21] is computed twice
daily at 00 and 12 UTC with a 48 h forecast. The domain is with a horizontal resolution of
2 km and 45 vertical levels. The model set-up is as in Guerova et al. [22]. The WRF model
simulations are archived in Sofia University Atmospheric Data Archive (SUADA, Guerova
et al. [23]). Two types of WRF model output are archived, namely surface parameters
(pressure, temperature, specific humidity and precipitation) and vertical profiles (pressure,
temperature, water vapour mixing ratio and the model level height). The model profiles
are used to compute the water vapour density at each model level (ρwv(z)) and then by
integration over the model levels, the model IWV (IWV+) is obtained as below:

IWV+ =
1

ρw

∫ zn

z
ρwv(z) dz (4)

where ρw is the density of liquid water, n is the number of model levels. The computed
IWV+ are with 15 min temporal resolution.

WRF model surface pressure (ps, [hPa]) and temperature (ts, [K]) are combined with
GNSS Zenith Total Delay to derive IWV following Davis et al. [24] and Bevis et al. [25]:

IWV =
106

(k3/Tm + k′2)Rv
(ZTD− 0.0022768

ps

1− 0.00266cos(2θ)− 0.00028h
) (5)

where k′2 = (17 ± 10) [K/hPa], k3 = (3.776 ± 0.004) 105 [K2/hPa] are constants de-
rived by Thayer [26] and Rv = 461.51[J/(kg K)] is the gas constant for water vapour,
Tm = 70.2 + 0.72ts [K] is the weighted mean atmospheric temperature, h [km] is the height
and θ is the latitude variation of the gravitational acceleration. The pressure difference
between the GNSS and WRF model altitude is calculated using the polytropic barometric
formula Sissenwine et al. [27]. The temporal resolution of IWV is 15 min for real-time data
and the timeliness is 5 min.
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2.3. Classification Function

In this study, the storm classification function developed by Guerova et al. [10] is
used. The function is computed from GNSS-derived IWV and Instability Indices (II)
from the radiosonde station at Sofia. The procedure includes (1) derivation of monthly
IWV threshold for storm days; (2) computation of II from the radiosonde; (3) statistical
analysis and derivation of storm classification function and (4) computation of skill scores
Probability of Detection (POD) and False Alarm Ratio (FAR).

2.4. GNSS Webportal Set-Up

A publicly accessible web portal for GNSS Storm nowcasting demonstrator (Storm
Demo) is implemented on the Sofia University SUADA web page (http://suada.phys.uni-
sofia.bg/?page_id=4656 (accessed on 4 July 2022)). On the Storm Demo web portal, the
IWV, II, IWV+ and respective thresholds for each individual GNSS station are visualised. In
addition, for each GNSS station, an event table is generated and based on the IWV monthly
threshold, no thunder/thunder event indicator is displayed in the table with a refresh
rate of 60 s. There are three subsections of the webportal for IWV, II and Thunderstorm
classification function. IWV subsection is the graphical representation of the thunder event
indicator and displays the IWV and IWV+ for the current day for two stations—one located
in Northwest Bulgaria and one in Centralsouth Bulgaria. There are two date fields and
one drop-down selection menu for the selection of past event visualisation. II subsection
includes six charts for Showalter Index (SHI), Severe Weather Threat Index (SWEAT), Lifted
Index (LI), K Index (K), Total Totals Index (TT) and Temperature at Lifted Condensation
Level (TLCL). The indices are computed from radiosonde stations Sofia and Bucharest. The
displayed data is for the last 7 days with an option for past event selection and visualisation.
The third subsection consists of a chart for the current day of the thunderstorm classification
functions based on II and IWV for station Sofia Plana. The chart data is updated every 60 s,
synchronised with the event indicator and IWV subsection. Date fields are located above
the chart to select a time period for past event visualisation.

3. Results
3.1. Real-Time Processing Evaluation: May–September 2021

Real-time GNSS ZTDs (RT1) obtained in the period 1 May–30 September 2021 were
evaluated with respect to a Post-Processing (PP) solution. While the real-time solution
was generated continuously using the Kalman filter and the real-time precise products,
the post-processing solution was performed daily using the backward smoother and the
final precise products. All other processing strategy characteristics and G-Nut/Tefnut
configurations were identical for both solutions. The precise products used in the real-time
and post-processing solution stemmed from the IGS Real-time Service [4] and the IGS final
product, respectively.

Figure 2 displays daily (colour) and monthly (black) ZTD biases (green) and standard
deviations (blue) for the station POPO, while Figure 3 shows ZTD statistics for the whole
period and all processed stations in Bulgaria. The comparison demonstrates that all long-
term biases are below 5 mm but may still vary up to a centimetre in a short-term evaluation
daily. An overall precision is below 9 mm for all the stations with almost an identical
performance on a monthly or daily basis. As the evaluation concerns the summer season,
a similar or better performance is expected in winter too, when considering that water
vapour content and its variations in the atmosphere is significantly lower. Hence, we may
state the ZTDs estimated in real time are performing well within the requirements for
nowcasting, i.e., below 15 mm.

http://suada.phys.uni-sofia.bg/?page_id=4656
http://suada.phys.uni-sofia.bg/?page_id=4656
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(a)

(b)

Figure 2. Daily statistics for May–September, 2021 of the ZTD comparisons (real–time minus
post–processing) for station Popovitsa (POPO); (a) systematic error and (b) standard deviation.

Figure 3. ZTD statistics (real-time minus post-processing) for all stations and the period May–
September 2021.

3.2. IWV from WRF and RT GNSS: May–September 2021

One of the benefits of GNSS IWV is for the evaluation of NWP model performance.
In this work, for the first time, the real-time IWV is compared with the WRF model in
Bulgaria (IWV+) with a temporal resolution of 15 min. Presented in Figure 4 are monthly
box and whisker plots of IWV (red box) and IWV+ (green box) for 10 stations and the
period May–September 2021. The GNSS IWV median is over 5 kg/m2 lower than WRF for
all stations in May and September 2021. In addition, for Sofia, an independent comparison
between IWV from WRF and radiosonde is conducted and the wet model bias is confirmed
(not shown). For June, July and August, the IWV media from GNSS and WRF have close
values, but the spread is seen in the 70 and 90 percentile is much higher in GNSS. This
clearly indicates that the model can benefit from real-time evaluation with GNSS IWV.
This motivates the implementation of the Storm Demo web portal option for real-time
comparison of IWV and IWV+.
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(a) (b)

(c) (d)

(e)

Figure 4. GNSS IWV (red box) and WRF IWV+ (green box) monthly box and whisker plots for the
period May–September 2021 (a–e).

3.3. Thunderstorm Classification Function for Sofia Plana

For the GNSS station Sofia Plana (SOFI), monthly classification functions are obtained
by Guerova et al. [10]. Presented in Figure 5 are (1) the values of classification function (F)
of post-processed real-time IWV and II (blue bars) and (2) recorded thunder events (red
bars) from May to September 2021. Positive values of F indicate thunder event (TH) while
negative no thunder (NTH). The month with the largest number of TH events is June with
63, while September has only 16 TH events. May, July and August are with 26, 33 and
26 TH events, respectively. The classification function is mostly positive in June and mostly
negative in July (Figure 5). As seen in Figure 5 there are clusters of positive and negative F
values. For the majority of the cases with positive F values, there are registered TH events.
However, there are also cases with no TH registration, but positive F value as well as cases
with negative F values and TH registration. As a next step an overall evaluation of F on a
monthly basis is conducted. The monthly mean and standard deviation of F are as follows:
(1) −1.75 and 2.41 for May, (2) 0.00 and 1.32 for June, (3) −1.62 and 1.31 for July, (4) −0.47
and 2.06 for August and (5) −2.68 and 2.72 for September 2021. The month with the largest
monthly F value is June and this corresponds to the largest number of 61 thunderstorm
registrations. In comparison, the month with an F minimum (−2.68) is September, with
only 16 thunderstorm registrations (red bars in Figure 5).

Figure 5. Classification function for GNSS station SOFI (blue bars) and thunderstorm registrations
(red bars) from May to September 2021.
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3.4. Case Study—Hail storm 28–29 August 2021

For August 2021, the National Institute of Meteorology and Hydrology (NIMH) issued
Meteoalarm warnings for severe weather events as follows: (1) yellow code issued for
16 days, (2) orange code for 6 days and (2) red code for 1 day [28]. Widespread severe
hail storms were recorded between 24 and 30 August. The synoptic conditions during
the last week of August are described in the Hydro-Meteorological Bulletin of NIMH;
Ref. [28] thus, here, a brief summary is offered. On 25–26 August, a cold atmospheric front
passed from west to east through Bulgaria with observed heavy convective precipitation
and thunderstorms. Between 27 and 31 August, Bulgaria and the Balkan Peninsula were
under the influence of the blocked cyclone situated over Central Europe and the blocked
anticyclone over the Black sea (see Figure 6). On 28–29 August, two cold atmospheric fronts
passed near the surface. Temporary intense rains and thunderstorms were reported. On
those days, intense cloud seeding activities were performed by the HSA in central south
Bulgaria. On 30 August, with the cold front retreated, the temperature decreased and a
ridge developed over Bulgaria.

(a) (b)

Figure 6. Maps of composite anomalies of (a) temperature at 850 hPa and (b) geopotential height at
500 hPa for the period 24–30 August 2021.

3.4.1. IWV and Radar Reflectivity

As seen in Figure 7a GNSS IWV at station Gelemenovo increased rapidly on 25 August
and decreased on 30 August. Clearly seen is that the daily mean values before 25 August
are in the range of 22–26 kg/m2. After 25 August IWV values stay above 31.7 kg/m2 (red
line in Figure 7) and indicate moist air mass over the Centralsouth Bulgaria. In the period
26–29 August the daily mean IWV is above the monthly threshold for thunderstorm activity
for Gelemenovo of 31.7 kg/m2 (red line in Figure 7b). In addition, for 28 and 29 August,
the IWV increase is calculated for the time interval between 6 and 16 UTC (Table 2). Clearly
seen is that for the GNSS stations Gelemenovo, Popovitsa and Petrovo, the hourly increase
is by a factor of 2, 4 and 2 higher on 28 August compared to 29 August. It is interesting to
be noted that on 29 August, a “yellow” Meteoalarm code is issued by NIMH for the regions
where three GNSS stations are located. At Popovitsa clear difference is seen between IWV
on 28 and 29 August (blue bars in Figure 8). In addition, plotted with orange bars in
Figure 8 is the maximum altitude of 45 dBZ radar reflectively. At Gelemenovo, the 45 dBZ
altitude reaches 14 km on 28 August but is below 8 km on 29 August. The mean altitude
of 45 dBZ at Popovitsa is 8.9 and 5.0 km between 14:00–19:30 UTC on 28 and 29 August,
respectively. Linking the IWV with maximum and mean altitude of 45 dBZ gives a clear
correlation between faster IWV increase and the vertical extension of the convective system.
While this is a logical and expected result, it is to be noted that for the first time, it has been
obtained for this location and will likely be of interest for hailstorm nowcasting. In addition,
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the added value of the sub-hourly temporal resolution in Figure 8 is demonstrated clearly
to be well suited for this type of analysis.

(a) (b)

Figure 7. GNSS IWV at (a) Gelemenovo and (b) Popovitsa for the period 20–30 August 2021. The red
line indicates the monthly IWV threshold for August. The dashed yellow line marked the day with
“yellow” and the Meteoalarm code is issued by NIMH.

(a)

(b)

(c)

(d)

Figure 8. IWV (blue bars) and the altitude of 45 dBz (orange bars) at (a) Gelemenovo, (b) Popovitsa,
(c) Petrovo and (d) Staro selo on 28–29 August 2021.
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Table 2. IWV hourly increase between 6 and 16 UTC on 28 (second column) and 29 August (third
column).

Station Name 28 August 2021 29 August 2021

Gelemenovo 0.62 0.34
Popovitsa 0.56 0.14
Petrovo 1.04 0.53

Staro selo 0.63 0.56

3.4.2. ZTD Gradients: 28–29 August

As a next step of the storm analysis, the GNSS-derived ZTD gradients in Bulgaria are
compared to the 4 surface weather maps covering the Balkan peninsula at 12 and 18 UTC
on 28 and 29 August. The gradients in northwest Bulgaria and Sofia are in a dominant
northwest direction being the smallest at 12 UTC on 28 August (Figure 9b) and the largest
at 18 UTC on 29 August (Figure 9h). This can be explained by the position of the frontal
system on 28 and 29 August. On 28 August, the frontal system is found north and west of
Bulgaria (Figure 9a,c), while on 29, it passes over Bulgaria (Figure 9e,h). Much different in
both magnitude and direction are the gradients in central-south Bulgaria. At 12 and 18 UTC
on 28 August, the ZTD gradients are larger compared to the same time on 29 August. It is
to be noted that at 18 UTC, the gradient direction is: (1) south at Gelemenovo, (2) east at
Popovitsa and (3) south at Petrovo and Staro selo.

(a) (b)

(c) (d)

Figure 9. Cont.
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(e) (f)

(g) (h)

Figure 9. Surface weather charts for the Balkan peninsula at (a) 12 UTC on 28 August, (c) 18 UTC
on 28 August, (e) 12 UTC on 29 August and (g) 18 UTC on 29 August. ZTD gradients over Bulgaria
at (b) 12 UTC on 28 August, (d) 18 UTC on 28 August, (f) 12 UTC on 29 August and (h) 18 UTC on
29 August.

3.5. Storm Demo Web Portal 20–31 August 2021

As an example of the Storm Demo web portal, the period 20–31 August 2021 is
selected. Figure 10 shows the graphical visualisation of the IWV, Severe Weather Threat
Index (SWEAT) and classification function computed using IWV and a combination of
three instability indices (Total Totals, Showalter and SWEAT) are show. The real-time
IWV (yellow dots in Figure 10a) is computed for the GNSS station Sofia Plana and is
compared to the forecast IWV by the WRF model (green dots on Figure 10a). The temporal
resolution is 15 min. The SWEAT index is computed for the radiosonde station in Sofia,
Bulgaria (blue dot) and Bucharest, Romania (green dot) and plotted in Figure 10b. The red
colour in Figure 10b is the 25–75 monthly percentile interval for August computed for the
period 2010–2020. The temporal resolution of the SWEAT is much lower, with 2 values per
day. As seen from Figure 10b, for Sofia, SWEAT values are higher than the 75 percentile
in the period 25–29 August 2021. Lastly, the thunderstorm classification function (F) is
computed by combing the information from GNSS and radiosonde data from Sofia as
described in Guerova et al. [10] and presented in the third subsection of the Storm Demo
web portal (Figure 10c). By design, positive value of F indicates possible thunderstorm
activity. As seen in Figure 10c the F values are: (1) mostly negative before 25 August,
(2) positive on 25 and 26 August in the range 2.5–6.5 and (3) mostly positive from 27 to 31
August but with a much smaller range up to 2.5. Observed thunderstorm activity (https:
//www.blitzortung.org/en/historical_maps.php?map=10 (accessed on 3 August 2022)) in
Sofia on 25 August are at 4 UTC and from 11 to 23 UTC. No thunderstorms are recorded on
26 August.

https://www.blitzortung.org/en/historical_maps.php?map=10
https://www.blitzortung.org/en/historical_maps.php?map=10
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(a)

(b)

(c)

Figure 10. Storm Demo web portal sections (a) IWV, (b) SWEAT index, and (c) classification function.

4. Discussion

In this manuscript, we present a GNSS-based Storm nowcasting demonstrator (Storm
Demo). Storm Demo is the first of its kind prototype that is based on real-time sub-hourly
tropospheric products aimed at hail suppression service. Verification of real-time ZTD
for the period May–September 2021 shows precision below 9 mm, which satisfies the
nowcasting requirements defined by the World Meteorologic Organisation. The real-time
IWV data is combined with Instability Indices derived from radiosonde observations
to compute classification functions for thunderstorm nowcasting for the period May–
September 2021. The probability of detection of thunderstorms for the period is 83%, while
the false alarm ratio is 38%. Two main reasons can contribute to the false alarm ration.
Firstly, the temporal resolution of radiosonde data is 24 h and the sounding is at 12 UTC,
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which is not optimal for convection monitoring. Secondly, the selection of IWV is based on
the maximum value before the storm. It is likely that a machine learning approach can help
with optimising IWV selection. For example, the study by Benevides et al. [29] is the first
that reports a link between the rate of change of IWV and rainfall for Portugal. In addition,
use of independent observations like lightning data with high temporal resolution (5 min)
will likely further improve both probabilities of detection and false alarm ratio. During the
severe hail storms on 28 and 29 August, the hourly rate of IWV change was found to be
correlated with the altitude of the 45 dBZ. This is an expected but interesting result with the
potential for further exploitation in operational hail suppression by closely monitoring the
hourly increase of IWV before the storm initiation. Machine learning study in Poland [30]
for thunderstorm nowcasting also confirms the added value of GNSS tropospheric products,
including but not limited to IWV. In this study, the real-time GNSS gradients are used for
the time in Bulgaria during the severe hail storm on 28–29 August. They have been found to
have added value for understanding the regions with airflow convergence and divergence
in Southcentral Bulgaria. The design of the Storm Demonstrator is complemented with a
publicly accessible web portal with user-friendly visualisation and timely update in real-
time mode. One limitation of this study is the low spatial coverage of the currently available
GNSS network in Bulgaria, which limits the interpretation of the storm environment.
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