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In this study, the impact of water vapor on the improvement of precipitation simulation in a
supercell event over eastern China is investigated by assimilating lightning data into the
weather research and forecast (WRF) three-dimensional variational system. The results
indicate that the vertical distribution of vapor plays a crucial role in convection precipitation
simulation. The WRF alone fails to capture the vertical distribution of vapor, especially at
higher altitudes, and vapor simulation is often weak in WRF. Assimilation of lightning data
enhances the range and intensity of precipitation forecasts; assimilation of pseudo water
vapor transformed from lightning data improves the convection intensification and updraft
height of supercells by rectifying the vertical moisture profile. Lightning data assimilation
can efficiently compensate for the paucity of observations during supercell growth, and the
benefits of lightning data assimilation are concentrated in areas where lightning data is
accessible. Further, the importance of microscale water vapor variations, which can be well
represented by assimilating pseudo-water vapor, in representing the supercell’s range and
intensity is highlighted.

Keywords: supercell forecast, lightning, data assimilation, pseudo water vapor, modelling

1 INTRODUCTION

Supercells are strong convective storms with deep and continuous rotating updrafts (Davies-Jones,
2015), accompanied by high-impact weather, such as strong winds, local rainstorms, hails,
downbursts, and even tornadoes (Thompson et al., 2003; Bluestein et al., 2019; van Den Broeke
2020; Montopoli et al., 2021), which can cause loss to life and property. Despite major advances in
numerical weather prediction, supercell forecast remains challenging due to their local, abrupt, high-
intensity, small-scale, fast moving speed, brief lifetime, and other characteristics. It is challenging to
comprehend the occurrence and evolution of supercells and increase the forecasting performance.

In the current stage, because of the insufficient physical details of mesoscale weather, especially for
cumulus-scale processes, as well as the limitation of model resolution and parameterization,
assimilation of different types of observation data to improve the model’s initial conditions is a
primary approach for improving the mesoscale weather system forecast performance. In general,
radar data, which can capture finer features of mesoscale weather, are assimilated into the model to
improve mesoscale weather simulation and forecasting in operating systems and can be applied to
nowcasting systems (Yang et al, 2012). Assimilating satellite data can effectively improve the
prediction performance of the general circulation models (Bauer et al., 2015). However, conventional
observations have coarse spatial and temporal resolutions and are influenced by clouds and aerosols;
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radar observations generally represent local information in a
lower atmosphere and are easily influenced by terrain height;
satellite radiances are assimilated in the models as their
contributions to the forecast improvement are generally better
for atmospheric temperature than for precipitation, and the
associated effects are limited to the lower atmosphere owing to
their source being the upper atmosphere. Therefore, for supercells
with shorter (several hours) lifecycle convection systems, how to
achieve maximum improvement effects by data assimilation
needs to be further explored in both technical and theoretical
aspects.

Lightning can identify areas of deep, mixed-phase convection
because it is an important phenomenon that occurs within
thunderstorm clouds (Mansell et al., 2007). Studies have
indicated that assimilating lightning data is a promising
approach to improve forecasts of severe convective
precipitation events. For instance, based on an empirical
lightning-convective rainfall relationship, Pessi and Businger

Pseudo-Vapor Assimilation Improve Supercell Forecast

(2009) showed that the assimilation of lightning data generally
improved the simulation of the evolution of a winter storm.
Lightning data assimilation can reproduce the observed cold
pools during forecast initialization (Mansell et al., 2010). The
results of Fierro et al. (2012) showed that the assimilation of
lightning data can significantly improve the forecast of tornado
outbreaks with respect to the timing and structures of convection
(Qie et al., 2014). showed that the representation of convection is
markedly improved when lightning data are assimilated.
Lightning data are non-conventional observations; they are
generally assimilated into a model by transforming them into
other model variables, such as temperature and moisture. Studies
have suggested that lightning data can be assimilated into a model
by transforming the data into vertical velocity (e.g., Gan et al,,
2021), proxy radar reflectivity (e.g., Yang et al., 2015; Chen et al,,
2020), ice-phase particles or graupel content (e.g., Allen et al,
2016; Wang et al., 2018; Chen et al., 2019; Kong et al., 2020), and
rainfall. The relationship between lightning and model variables
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FIGURE 1 | Observed radar reflectivity (unit: dB2) at (A) 1000 UTC, (B) 1100 UTC, (C) 1200 UTC, and (D) 1300 UTC on 9 August 2021.
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is not universal and is sensitive to storm location and climatic
state. When vertical velocity, proxy radar reflectivity are used as a
proxy variable of lightning, they are easily influenced by local
climate and convective intensity, thus may not suitable for
lightning data assimilation.

In general, the assimilation of lightning data has a shorter
impact time on the forecast because it lacks the adjustment for the
water vapor environment. Our recent results suggest that
lightning data can be transformed into pseudo water vapor
observations (Liu et al., 2021a; Liu et al.,, 2021b) and has been
proven to be a potential approach to improve the forecast
performance of convection. Therefore, investigating the water
vapor characteristics of convective system by assimilating
lightning data with the correct vapor condition could be a
potential approach to improve supercell forecasts. The
Lightning Mapping Imager (LMI) onboard FengYun-4A (FY-
4A) geostationary satellites continuously measures the total
lightning activity on high spatial and temporal resolution
(Yang et al, 2017). LMI is able to effectively detect lightning

events that occur during severe convective events over China (Liu
et al., 2020; Chen et al., 2021).

In this study, the lightning data were assimilated into the
weather research and forecasting (WRF) model by transforming
it into pseudo water vapor observations to reproduce supercell
precipitation. The impact and mechanism of lightning data
assimilation were also investigated, focusing on the effects of
water vapor on the forecast improvement of supercells. We
primarily addressed two issues: 1) what changes in water
vapor in supercells after lightning data assimilation? Second,
what is the mechanism for the improvement of the
representation of the supercell? Understanding these issues can
be beneficial for deepening our understanding of convection
processes.

Two numerical experiments were conducted on a supercell
event in eastern China. The next section introduces the model,
data, and experimental design as well as gives an overview of a
supercell event. The validation of the lightning data assimilation
against observations is presented in Section 3. The impact of

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 881579


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al. Pseudo-Vapor Assimilation Improve Supercell Forecast

08:30Z-09:00Z FY-4A CTH
23 o 1 g «. T

N
—_ N W s~ O,

42°N

"
© o

38°N —

- N W hd OO N

105°E

110°E 115°E 120°E
Topography Height (meters MSL)
[ T T T 7

1200 2000 2800

125°E

400 3600 4400
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lightning data assimilation on the forecast is discussed in Section
4. The concluding remarks are presented in the final section.

2 INTRODUCTION OF WEATHER, DATA,
AND METHODS

2.1 Overview of the Supercell Case

The supercell case selected in this study occurred near Beijing
City in eastern China, which was active from 1000 UTC to
1300 UTC on 9 August 2021, with a maximum wind speed of
21m s™' and a maximum gust of 29 m s~', accompanied by
heavy rainfall (over 30 mm h™') and hail. The strongest
precipitation occurred at 1200 UTC, with an in situ
observed maximum hourly precipitation of 34.4 mm.
Figure 1 shows the evolution of radar reflectivity from 1000
UTC to 1300 UTC. Results show that this was a typical
supercell weather case, with the characteristics of high
intensity (the strongest echo lasts for 50 dBZ), high speed
(speed of approximately 30 km h™'), and a small range (the
range of echo intensity exceeding 45 dBZ is approximately
30 km), and it moved from north to south.

Figure 2 shows the synoptic weather situation at 1200 UTC on
August 9, when the supercell was the strongest. The supercell
occurred at a trough extending to the southeast at 500 hPa, with
obvious cold advection (Figure 2A). At 750 hPa (Figure 2B), a
cyclonic vortex is active in the supercell’s northeastern direction,
facilitating the passage of warm, moist air from southern China
and maintaining unstable stratification. The near-surface data
showed that (Figures 2C,D), in the region of Beijing city, cold dry
air from the northwest and warm moist air from the southeast
met, promoting the accumulation of convective unstable energy
with high convective available potential energy.

2.2 Model, Data, and Experiment Design

An advanced research version of the weather research and
forecasting (WRF ARW) model (Skamarock et al., 2008) version
4.2 was employed to simulate this case. Two domains in a two-way
nested procedure were used, with grid spacing of 9 and 3 km
(Figure 3A), and the innermost domain covers the main activity
region of this supercell. A terrain-following (n) vertical coordinate
system was adopted in this study, including 50 vertical levels. The
physical parameterization scheme includes the Kain-Fritsch
cumulus scheme (Kain 2004; for the “d01” domain only); the
rapid radiative transfer model (Tacono et al., 2008) for longwave
radiation and the Dudhia scheme for shortwave radiation; the Noah
land surface scheme (Chen and Dudhia 2001); the ACM2 planetary
boundary layer scheme (Pleim 2007); and the revised fifth Mesoscale
Model (MMS5) surface layer scheme (Jiménez et al., 2012).

The initial and boundary conditions were derived from the
Global Forecast System (GFS), with a temporal resolution of 3 h
and a horizontal resolution of 0.25° x 0.25°. Observations used in
this study include atmospheric soundings, LMI lightning data
from the FY-4A geostationary satellite, in-situ observed
precipitation, and radar reflectivity image products. The data
were obtained from the China Meteorological Administration
(CMA). The ERA5 reanalysis data were used to analyze the
synoptic weather conditions, as shown in Figure 2. Note that
the simulation and observation data were interpolated at the same
grid resolution during the comparison.

The “control” experiment (referred as CTL) simulates from 0600
UTC 9 August to 1200 UTC 9 August 2021 without any data
assimilation, whereas the “lightning data assimilation” experiment
(referred as LDA) simulates pseudo water vapor created from FY-4A
lightning data. In the lightning data assimilation experiment,
assimilation was performed only in the innermost domain. The
pseudo-water vapor between the lifting condensation level (LCL)
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FIGURE 4 | Hourly precipitation from (A-C) 0,900 to 1000 UTC (D-f) 1,000 to 1100 UTC, and (G-I) 1,100 to 1200 UTC in (A,D,G) observations (B,E,H) control

and cloud top was first derived from the lightning frequency and then
assimilated using the three-dimensional variational (3DVAR) system.
The lightning frequency accumulated over 30 min from 0,830 to 0900
UTC. In the assimilation widow, when the observed lightning
frequency per grid cell exceeds zero, then the relative humidity of
the column in the background field less than 90% will be adjusted to
90%. The adjusted relative humidity field constitutes a three-
dimensional pseudo-water vapor observation (Liu et al., 2020). The
assimilation window was set from 0,830 to 0900 UTC, and the first 3 h
were regarded as the model spin-up period and thus excluded.

Figure 3B shows the accumulated lightning frequency in the
assimilation window from 0,830 to 0900 UTC, as well as the height
of the cloud top derived from the FY-4A satellite. The data from FY-
4A satellite indicated that the supercell is accompanied by vigorous
convection, with a mean cloud top above 15 km. More importantly,
several lightning events within the supercell were captured using the
FY-4A satellite. Because atmospheric sounding data are only
available at 0000 UTC and 1200 UTC, lightning data effectively
compensates for the lack of observation during this time period and
may be useful in improving the model’s initial conditions.
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The gray and blue bars indicate control experiment and assimilation experiment, respectively.

TABLE 1 | Forecast skill scores of accumulative precipitation forecast at different
thresholds for the control experiment (CTL) and the lightning assimilation
experiment (LDA), respectively.

Precipitation Period POD FAR FBI
threshold wre) CTL LDA CTL LDA CTL LDA
1.00 mm/h 09:00-10:00 0.7 047 000 000 017 017
10:00-11:00 000 050 1.00 000 000 050
11:00-12:00 000 082 1.00 000 000 082
3.00 mm/h 09:00-10:00 0.33 033 000 000 033 0.33
10:00-11:00 000 033 1.00 000 000 033
11:00-12:00 000 050 1.00 000 000 050
5.00 mm/h 09:00-10:00 050 050 000 000 050 050
10:00-11:00 000 033 1.00 000 000 033
11:00-12:00 000 033 1.00 025 000 0.44

The prediction performance of supercell precipitation is
evaluated using forecast skill scores, including equitable threat
score (ETS), the probability of detection (POD), false alarm ratio
(FAR), and frequency bias (FBI) (Clark et al., 2010). The forecast
skill scores are computed by hits (correct forecast of an event),

misses (observed but not forecast event), false alarms (forecast but
not observed event), and correct negatives (correct forecast of
nonevent). Forecast skill scores are defined as follows:

hits — chance

ETS = 1
hits + misses + false alarms — chance W
hit
POD= "> @)
hits + misses
false alarms
FAR= ——MMMM— 3
hits + false alarms ®)
hits + false alarms
FBl = ————— (4)
hits + misses
where,
(hits + misses) - (hits + false alarms)
chance =

hits + misses + false alarms + correct negatives

The larger ETS, POD and smaller FAR, the better of the forecast
skills. ETS = 1, POD = 1 and FAR = 0 indicate a perfect forecast,
while ETS = 0, POD = 0 and FAR = 1 stand for no forecast skill. FBI
>1 indicates wet bias and FBI <1 indicates dry bias.
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TABLE 2 | The root mean squared error (RMSE) of temperature and relative
humidity in control experiment (CTL) and lightning data assimilation
experiment (LDA).

RMSE (T, °C) RMSE (RH, %)
CTL 3.79 36.54
LDA 3.01 15.12

TABLE 3 | Comparison of pressure of liting condensational level (P ¢, unit: hPa)
and convective available potential energy (CAPE, unit: J kg™') between in-situ
sounding and simulations of control experiment (CTL) and lightning data
assimilation experiment (LDA).

P cL (hPa) CAPE (J kg™")
Obs 917 8
CTL 902 134
LDA 950 39

3 RESULTS

3.1 Improvement in Supercell and Its
Precipitation Forecast by Assimilating
Lightning Data

To evaluate the supercell and its precipitation forecast
improvement by assimilating lightning data, Figure 4
compares the spatial distribution of hourly precipitation

between simulations and observations at 0,900-1000 UTC,
1,000-1100 UTC, and 1,100-1200 UTC. The observation
result shows that the observed hourly precipitation
gradually strengthened from 0,900 UTC-1200 UTC in
Beijing City (Figures 4A,D,G). Although the control-run

accurately predicted the position of the observed
maximum precipitation, the precipitation was
underestimated  (Figures 4B,E,H). The maximum

precipitation, precipitation range, and their evolution are
better portrayed and are closer to observations with the
incorporation of lightning data (Figures 4C,F,I), implying
that by incorporating lightning data into the model, the
model’s performance at simulating supercell precipitation
can be improved.

Figure 5 depicts the performance of the precipitation forecast
following lightning data assimilation using an ETS. Table 1
compares the forecast skill scores of POD, FAR and FBI
between the CTL experiment and LDA experiment. The result
indicates that although the forecast performances were
comparable between the two experiments during 0,900-1000
UTC, the control run achieved no forecast skill at different
thresholds during 1,000-1100 UTC and 1,100-1200 UTC.
With the assimilation of lightning data, the ETS and POD
becomes larger at almost all times of the respective threshold,
the FAR becomes smaller and FBI closes 1, indicating that
lightning data assimilation outperforms the control run.
Moreover, the forecast improvement of lightning data
assimilation is most obvious for the 1 mm threshold, followed
by the 3 and 5 mm thresholds.
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Furthermore, Figure 6 compares the simulated radar
reflectivity between the two experiments at 1200 UTC 9
August when the observed supercell convection was the
strongest. The result shows that the two simulations
accurately simulated the location of the observed radar
reflectivity (Figure 1C), and the simulated wind fields are
similar to the ERAS5 reanalysis. Compared to the control
experiment, the simulated radar reflectivity with the
assimilation of lightning data has a bigger extent and
intensity, which is closer to observations made. In addition,
the forecast improvement is positioned mainly within the
supercell itself, indicating that the range of influence of
lightning data assimilation is limited.

3.2 Mechanism of Improving Supercell by
Assimilating Lightning Data

The above results indicate that compared to the control run,
the assimilation of lightning data evidently improves the
range and intensity of the precipitation simulation. Due to
satellite-based lightning data is transformed to pseudo water
vapor in the assimilation experiment, which means that
assimilation of lightning data presumably has a direct
impact on moisture conditions.

To better understand the causes of improvement in the
supercell event simulation, Figure 7 compares the skew-T
sounding results at 1200 UTC 9 August between observations
and simulations. The observed result shows that (Figure 7A) a
shear line is obvious in the lower atmosphere, where northeastlies
exist below 850hPa and southwestlies exist in a higher
atmosphere, providing suitable dynamic conditions for the
development of supercells. In addition, the atmosphere
between 700 hPa and 500 hPa was almost saturated, suggesting
that precipitation formed mainly in these layers. It is also notable
that the dew depression (temperature minus dew temperature) is
small above 500 hPa, suggesting that clouds are vigorous in

higher atmosphere. A comparison of the simulation results in
Figure 7B indicates that the assimilation of the lightning data
improves the representation of the thermodynamic structure of
the entire atmosphere when the supercell is active. Noticeable
improvement is evident, especially in atmospheres above
500 hPa, where the simulated dry bias in the control run is
alleviated by the incorporting lightning data. Figure 7 also
indicates that the most pronounced simulation discrepancies
between the two experiments are the thermodynamic
structures in the upper troposphere. The assimilation of
lightning data reduces the RMSE of temperature and relative
humidity (Table 2). The assimilation of lightning data results in a
wetter environment at higher altitudes, which encourages the
formation of precipitation.

Further comparison of the convective quantities in Table 3
also indicates that, assimilation of lightning data produces weaker
convective available potential energy (CAPE) and lower lifting
condensation level (LCL) that are closer to observations.

To further examine the improvement in moisture in the
supercell by assimilating lightning data, Figure 8 compares the
spatial distribution of relative humidity at 300 hPa between the
control and assimilation experiments. The results indicate that
assimilating lightning data amplifies the range and intensity of
humidity in the vicinity of the supercell center (Beijing City). In
addition, changes in the assimilation experiment are located
within the supercell itself (Figure 8C), indicating that
assimilating pseudo-water vapor can increase the water vapor
content in the supercell.

Furthermore, the vertical cross-section of the simulated
relative humidity and radar reflectivity between the control
and assimilation experiments (Figure 9) indicates that the
simulated relative humidity and radar reflectivity are very
similar below 6 km; however, the assimilation of lightning data
produces a more humid atmosphere and stronger radar
reflectivity above 6 km. In general, the cumulonimbus top is
approximately 12-15 km, which illustrates that this supercell is
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high and deep, while control experiment simulates a lower
supercell height, and assimilation improves the supercell’s
convection height. Observational studies have indicated that
the maximum cumulus cloud base in eastern China can reach
up to approximately 2,500 m in summer (Liu et al, 2016),
implying that lightning data assimilation changes the
thermodynamic profile in the whole cumulonimbus, ie., it
improves the supercell vertical structure and intensity.

A comparison of Figure 7-9 indicates that the simulation
improvement of the supercell by assimilating lightning data
occurs in the higher troposphere, and the simulation
improvement of moisture is most distinct, which improves
the convection intensity and updraft height. In other words,
pseudo-water vapor assimilation improves the simulation of
convection intensity and updraft height by enhancing the
water vapor content and vertical distribution, especially in
the upper part of the supercell, which is more favorable for
convection development due to near-saturated water vapor
conditions.

4 DISCUSSION

Currently, either ground-based or satellite-based lightning observation
systems, mainly observe the location of lightning and the intensity of
discharge radiation. Therefore, lightning observations, which are not
model variables, are difficult to assimilate directly into numerical
models. A suitable lightning proxy variable is crucial for the
assimilation of lightning observations. Studies have indicated that
vertical velocity (Gan et al, 2021), ice-phase particles or graupel
content (Qie et al,, 2014), and proxy radar reflectivity (Wang et al,
2014; Chen et al,, 2020) can be used as lightning proxy variable for
lightning assimilation. Papadopoulos et al. (2005) and Mansell et al.
(2007) used lightning data to adjust the water vapor content in
convective parameterization scheme to active convection. However,
this lightning data assimilation method relies on convective
parameterization scheme, and is not applicable to convective-scale
assimilation. Based on a Nudging method, an empirical formula was
proposed to increase the water vapor content at the location of lightning
occurrence (Fierro et al., 2015, 2016; Federico et al., 2019; Torcasio et al.,
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2021); although this is also an effective way to improve model’s moisture
field, however, uncertainties exist because of the empirical formula is not
suitable for different climatic state and convective intensities. Results of
our study indicate that, assimilating lightning data by transforming it to
pseudo-water vapor within clouds is an effective approach to improve
supercell prediction. Specifically, it is emphasized that suitable water
vapor conditions in upper atmosphere are also important for convective
system development. In theory, when water vapor is used as a lightning
proxy variable, it requires a relative longer spin-up period because of the
initialization of convection through the physical parameterization
scheme, which can be seen in the limited improvement of lightning
data assimilation in the first forecasting hour.

The framework proposed in this study is expected to be useful for
understanding the role of water vapor in the upper atmosphere in the
development of a supercell. Although the findings of this study are
based on only one case study, when compared to the findings of other
studies, it is affirmative that assimilating lightning data can distinctly
improve the water vapor in convections. Long-term verification or
additional cases are undoubtedly required to acquire more reliable
results. Besides, assimilation of water vapor in combination with other
proxy variables (vertical velocity, ice-phase particles, etc.) could be the
potential way to improve supercell simulation.

5 CONCLUSION

Based on the assimilation of lightning data derived from FY-4A
satellite, this study investigates the potential benefit of water
vapor characteristics and their associated changes in convective
scale event (supercell). Furthermore, the mechanism of
improving supercell simulation by assimilation was also
investigated. The major results are summarized as follows:

The mesoscale model generally fails to reproduce precipitation
during convection events. In this case, the vertical distribution of
water vapor has prominent biases in both its intensity and
location. These biases can be rectified by assimilating lightning
data if they are readily transformed into pseudo water vapor.
Therefore, assimilating lightning data has potential benefits for
convection forecasting in the numerical weather prediction.

Forecast improvement of supercells by assimilating satellite-
based lightning data is most prominent for thermodynamic
profiles in the atmospheres above 3km (700 hPa), with the
maximum improvement above 7 km (400 hPa). In particular, the
improvement in the moisture profile is most distinct, which means
that lightning data can effectively detect the bottom of convective
clouds, assimilation of satellite data can improve the vertical profile
of the convective system, and improve the forecasting of the supercell
accordingly.
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