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Abstract
Using hourly maximum wind speed and lightning location data from 2115 me-
teorological observation stations in Gansu Province from 2017 to 2021, com-
bined with ensemble forecast data from the European Centre for Medium-Range
Weather Forecasts, this study analyzes the spatiotemporal characteristics of
thunderstorm gales and statistical features of convective parameters in Gansu
Province, and conducts research on thunderstorm gale potential forecasting us-
ing a multi-index overlay method. The results show that: (1) Thunderstorm
gales in Gansu Province mainly occur from April to September, with the fre-
quency from May to July accounting for 65.3% of the annual total. During a
day, thunderstorm gales are concentrated between 15:00 and 21:00, peaking at
17:00, with very few occurrences from early morning to forenoon. (2) The dis-
tribution of thunderstorm gales is closely related to topography, characterized
by more occurrences in the central and western regions and fewer in the eastern
region, more on plateaus and fewer in valleys; high-value areas of thunderstorm
gales appear in the Gannan Plateau, while low-value areas appear in Longdong
and Longnan. Thunderstorm gales are predominantly level 8 and 9 winds, with
level 10 and above winds primarily occurring in the Hexi Corridor region and
the Gannan Plateau. (3) Based on convective parameters and index thresholds,
a probabilistic potential forecasting product for thunderstorm gales in Gansu
Province was obtained. Through case verification, the forecasted falling areas
show good consistency with the actual occurrence regions. The research results
indicate that this method has certain reference value for thunderstorm gale fore-
casting in Gansu Province.
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Abstract: Based on hourly extreme wind speed and lightning localization data
from 2,115 meteorological observation stations in Gansu Province, combined
with ECMWF ensemble forecasting data, this study analyzes the spatiotempo-
ral characteristics and convective parameter statistics of thunderstorm in Gansu
Province, and develops a potential prediction method using a multi-index nested
approach. Results show that: (1) Thunderstorm in Gansu Province mainly oc-
cur from April to September, with May to July accounting for 65.3% of annual
occurrences. Throughout the day, thunderstorm are concentrated between 15:00
and 21:00, peaking at 17:00, while occurrences are extremely rare from predawn
to morning. (2) The distribution of thunderstorm is closely related to terrain,
characterized by higher frequencies in central-western regions than eastern re-
gions, and more occurrences in plateaus than valleys. High-frequency zones
appear in the Gannan Plateau, while low-frequency zones occur in eastern and
southern Gansu. Thunderstorm predominantly reach categories 8–9, with cate-
gory 10+ events mainly in the Hexi Region and Gannan Plateau. (3) Potential
forecast probability products for thunderstorm were developed based on con-
vective parameters and threshold values. Case verification demonstrates good
consistency between forecasted areas and actual occurrence regions, indicating
that this method provides valuable reference for thunderstorm forecasting in
Gansu Province.

Key words: thunderstorm; activity characteristic; potential prediction; Gansu
Province

Thunderstorm refer to surface winds generated when downdrafts in convective
storms reach the ground and produce divergence [1]. Characterized by small
spatial scales, short duration, and strong destructive power, thunderstorm can
destroy forests, buildings, and electrical/communication facilities, obstruct ship-
ping and transportation, and pose severe threats to lives and property [2]. The
“Oriental Star”cruise ship disaster in Jianli, Hubei on June 1, 2015, caused
by an intense downburst-induced thunderstorm, resulted in 442 fatalities and
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ranks among China’s three major maritime disasters [3]. Since the 21st cen-
tury, rapid socio-economic development and urbanization have amplified losses
from thunderstorm. Their sudden onset and localized nature make forecasting
extremely challenging. In recent years, scholars worldwide have conducted tar-
geted research on thunderstorm spatiotemporal characteristics, physical mech-
anisms, and prediction methods. Numerous studies [4-7] reveal that thunder-
storm in China predominantly occur in summer afternoons and early evenings,
with higher frequency at high altitudes than low altitudes, showing significant
seasonal, diurnal, and regional variations. The physical mechanisms and early
warning of thunderstorm remain research priorities and challenges.

Liao et al. [8] studied Beijing thunderstorm characteristics and nowcasting, find-
ing that downdraft convective available potential energy, wind index, and lower
tropospheric temperature lapse rate have predictive significance. Ke et al. [9]
found that Hainan thunderstorm are mainly associated with afternoon thermal
effects and monsoon trough activities, with primary synoptic patterns being
southwestern heat low, monsoon trough, and cold front types. Wei et al. [10]
noted that summarizing convective parameter thresholds for different thunder-
storm types by region provides more guidance for forecasting and warning in
Hubei Province. Yan et al. [11] screened multiple dynamic and thermal in-
dicators during thunderstorm events, calculated thresholds, and established a
multi-index nested forecasting method for thunderstorm locations. These stud-
ies provide technical support for thunderstorm potential prediction, but research
on formation mechanisms and forecasting techniques has focused mainly on cen-
tral and eastern China, with limited studies on northwestern regions.

Located in China’s arid and semi-arid northwest, Gansu Province is influenced
by the westerlies, East Asian monsoon, and plateau climate, experiencing di-
verse meteorological disasters with frequent localized severe convective weather
including short-duration heavy rainfall, hail, and thunderstorm [12-14]. While
significant progress has been made in forecasting short-duration heavy rainfall
and hail in Gansu, thunderstorm research remains limited to case studies, lack-
ing systematic understanding. Gansu’s complex terrain and convective weather’s
weak unstable stratification characteristics differ significantly from plain regions,
creating forecasting challenges. To improve thunderstorm understanding and
forecast accuracy in Gansu, this study uses surface meteorological observations
and lightning data to identify thunderstorm processes, analyzes their spatiotem-
poral characteristics, combines ECMWF ensemble forecast data to examine con-
vective parameter statistics, and develops a potential prediction method using
multi-index nesting, providing valuable reference for thunderstorm forecasting
and warning in Gansu Province.

1.3 Identification Criteria and Case Selection
Thunderstorm observations were derived from hourly extreme wind observa-
tions and hourly lightning data (2017–2021) using quality-controlled data with
outliers removed. The China Meteorological Administration’s operational iden-
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tification standard for thunderstorm uses nearest-neighbor interpolation [15] to
grid lightning locator data onto 0.5°$×$0.5° latitude-longitude grids, creating
hourly cumulative lightning count grid data, which is then interpolated to veri-
fication stations using the nearest-neighbor method. When a station’s hourly
cumulative lightning count ≥ 1 and hourly gust wind speed ≥ 17 m・s−1, thun-
derstorm is identified. According to intensity classification standards, instan-
taneous or gust wind speeds of 17–24 m・s−1 represent general thunderstorm,
while $�25𝑚 · 𝑠^{-1}$ indicates severe thunderstorm [16].

Based on these criteria, 1,115 thunderstorm station occurrences were identified
in Gansu from 2017–2021. Case selection standards required either: (1) process
duration ≥ 2 hours, or (2) total station occurrences ≥ 10 times per process.
This yielded 28 regional thunderstorm weather processes in Gansu.

1.1 Study Area Overview
Gansu Province features complex and diverse topography, including mountains,
plateaus, plains, river valleys, deserts, and Gobi, with terrain sloping from south-
west to northeast [17]. The Hexi Corridor is a northwest-southeast oriented
narrow zone, approximately 1,000 km long but only tens of kilometers wide,
creating a narrow tube between southern and northern mountains that accel-
erates airflow and strengthens winds. Central Gansu represents typical Loess
Plateau landforms, southern Gannan is a high-altitude region, eastern Long-
dong comprises Loess Plateau hilly-gully areas, and southern Longnan features
alternating high mountains, steep ridges, and valleys/basins. Table 1 shows
Gansu’s regional divisions.

1.2 Data Description
Data include hourly extreme wind observations from 2,115 meteorological sta-
tions (strictly quality-controlled with outliers removed), hourly lightning loca-
tion data, and ECMWF ensemble forecast data with 1°$×$1° grid spacing and
6-hour temporal resolution.

2.1.1 Temporal Variation Characteristics
Thunderstorm station occurrences in Gansu show fluctuating interannual vari-
ations, with 286 occurrences in 2021. Monthly variation exhibits a single-peak
distribution (Table 1 ), primarily occurring from April to September, consistent
with Gansu’s severe convective weather season [18], with peak activity concen-
trated in May-July, accounting for 65.3% of annual occurrences. After Septem-
ber, occurrences drop sharply, with virtually no thunderstorm from November
to March.

Diurnal variation shows concentrated occurrence between 15:00–21:00, peaking
at 17:00 and accounting for 83.2% of daily occurrences. This is because after-
noon surface heating creates extremely unstable stratification, promoting active
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convection favorable for thunderstorm development [19]. Occurrences are mini-
mal from predawn to morning (04:00–12:00).

2.1.2 Spatial Distribution Characteristics
Figure 2 [Figure 2: see original paper] reveals that Gansu thunderstorm spatial
distribution features higher frequencies in Hexi, central Gansu, and the Gannan
Plateau, and lower frequencies in Longdong and Longnan. The high-frequency
zone is in the Gannan Plateau, with most areas exceeding 0.6 occurrences an-
nually and the maximum frequency of 1.4 at Hezuo Shangjiagala station. This
distribution primarily results from high altitude, abundant moisture, and fre-
quent plateau low trough influence in this region, which easily triggers convec-
tive weather and numerous thunderstorm [21,24-27]. Hexi and central Gansu
are secondary high-frequency zones, mostly 0.2–0.6 occurrences annually. The
Hexi Corridor’s narrow tube effect strengthens winds, and when combined with
thunderstorm activity, easily produces thunderstorm. Central Gansu, located
downstream of Hexi, is affected by westward thunderstorm cloud propagation,
with northern central Gansu prone to thunderstorm. Additionally, influenced
by the Tibetan Plateau slope and other terrain features, abundant moisture
and heat in summer afternoons easily generate convective cloud clusters mov-
ing southward, causing thunderstorm in southern central Gansu. Low-frequency
zones in Longnan and Longdong show <0.2 occurrences annually. These lower-
altitude regions with numerous valleys and basins experience terrain obstruction
and friction when thunderstorm downdrafts reach the surface, reducing wind
speeds that often fail to reach thunderstorm levels.

Monthly spatial distributions (figures omitted) show: April thunderstorm
mainly in central Gansu, Longnan, and the Gannan Plateau; May sees
increased frequency and expanded range across Hexi, central Gansu, northern
Longnan, and the Gannan Plateau; June further expands coverage with
high-value zones in western Hexi and western Gannan; July reaches peak
activity with thunderstorm across most of the province, high-value zones
in Hexi, central Gansu, and the Gannan Plateau; August shows gradually
decreasing activity and frequency, most notably in Longdong and Longnan;
September sees few thunderstorm except in western Gannan.

These differences arise because: April Hexi areas remain in frost zones with low
temperatures unfavorable for thunderstorm; May represents Gansu’s spring-
summer transition with increasing solar radiation and northward subtropical
high movement transporting southwestern warm-moist airflow to southern and
northern Gansu, where complex terrain activates local mesoscale convective sys-
tems, significantly increasing thunderstorm frequency; June-July features pre-
vailing summer monsoons at Gansu’s western edge of East Asian monsoon influ-
ence, with surface temperature, moisture content, and unstable energy reaching
annual maxima while westerly cold air creates cold-warm convergence that in-
tensifies convection; August sees weakened cold air activity to the north and
predominant southward moisture transport, making severe convection mainly
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heavy rainfall with reduced thunderstorm frequency; September experiences
lower temperatures and reduced energy, creating unfavorable conditions for con-
vection, while the high-altitude Gannan Plateau maintains faster near-surface
warming and vertical thermal instability that easily produces localized thunder-
storm.

2.2 Intensity Distribution
Classified by wind force levels, Gansu thunderstorm predominantly reach cate-
gories 8–9 (Figure 3 [Figure 3: see original paper]), with category 10+ winds
mainly distributed in Hexi and the Gannan Plateau. Most areas in Longdong
and Longnan have maximum winds <17 m・s−1. Category 10+ winds appear as
scattered isolated points, with the strongest winds in southern Lanzhou, south-
ern Linxia, and eastern Gannan Prefecture.

The wind speed box plot (Figure 3 [Figure 3: see original paper]) shows that
stations with speeds exceeding 25 m・s−1 (category 10+) account for only 2.9%
of total stations, beyond the upper control limit. Within control limits, median
wind speeds show small monthly variations, with May slightly higher than other
months. Median values correspond to approximately 19 m・s−1, 18 m・s−1,
and 21 m・s−1 respectively, indicating winds generally between categories 8–9,
consistent with spatial distribution patterns.

2.3 Statistical Characteristics of Convective Parameters in
Thunderstorm Processes
The above analysis shows strong seasonality and diurnal variation in Gansu
thunderstorm, with their generation closely related to thermal and dynamic
environments of convective system development [19,28]. Numerous parameters
characterize moisture, thermal, and dynamic fields. Based on correlation anal-
ysis between thunderstorm observations and physical quantities, 10 key param-
eters were selected: moisture parameters (water vapor flux FH700, FH500; wa-
ter vapor flux divergence IFVQ700, IFVQ850); thermal parameters (convective
available potential energy CAPE, K index, lifted index LI, A index, Showalter
index SI); and dynamic parameters (divergence D, vertical velocity W).

2.3.1 Convective Parameter Statistical Characteristics

Water vapor flux and divergence represent moisture transport and accumulation.
Key moisture parameters for Gansu thunderstorm are mid-lower layer water
vapor flux FH700 and water vapor flux divergence IFVQ700. Table 2 shows
median indices for April–September: FH700 and FH500 are positive, indicating
moisture transport; IFVQ700 and IFVQ850 are negative, indicating moisture
convergence.

Thermal instability parameters include numerous indices. ECMWF ensemble
forecasts provide commonly used CAPE, K, LI, A, and SI indices, which show
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good correlation with Gansu thunderstorm. Table 2 shows median indices for
10 physical quantities. May–July medians are stronger than other months, but
overall differences are small, with median means of 116.8 J・kg−1, 18.4°C, -0.8°C,
6.5°C, and 4.5°C respectively.

Divergence describes horizontal velocity field convergence/divergence intensity,
while vertical velocity indicates air parcel vertical motion—both showing good
correlation with Gansu thunderstorm activity. Through interpolation and corre-
lation analysis, low-level convergence combined with mid-level ascending motion
favors convective development. Table 2 shows 500 hPa divergence and 700 hPa
vertical velocity median indices. April only appears in central Gansu, making
April dynamic parameter thresholds unrepresentative. Therefore, reference val-
ues use May–September median indices, with small differences and mean values
of -0.6 Pa・s−1 and -0.6$×10^{-2}$ Pa・s−1 respectively.

2.3.2 Convective Parameter Index Selection and Forecasting Method

Based on three essential conditions for severe convective weather and considering
median indices from 10 physical quantities plus empirical forecasting, threshold
indices for Gansu thunderstorm physical quantities were established (Table 3 ),
creating a multi-index nested thunderstorm forecasting model. The ECMWF
ensemble contains 51 members. Each member is evaluated against the thresh-
olds, and probability values are calculated for each grid point. The probability
value (P) expression is:

𝑃 = 𝑚
𝑛 × 100%

where m is the number of members simultaneously satisfying all 10 factor thresh-
olds, and n is the total number of forecast members. When probability value P
≥ 60%, thunderstorm occurrence is considered likely; conversely, it is unlikely.

2.4 Thunderstorm Potential Forecasting Experiments
To verify the index nesting method’s effectiveness and threshold rationality, two
regional thunderstorm processes were selected for potential forecasting experi-
ments: (1) April 23–24, 2022 thunderstorm in central Gansu and the Gannan
Plateau (13:00–21:00), and (2) July 20, 2023 thunderstorm across most areas
east of Zhangye (05:00–08:00). Observations and ECMWF ensemble forecast
data were compared with probability forecast products.

Case 1: On April 23, 2022, influenced by eastward-moving plateau vortices,
thunderstorm developed over eastern Qinghai and affected the Gannan Plateau
from 16:00, rapidly expanding to central Gansu. Due to prolonged vortex main-
tenance over southern Gansu, numerous thunderstorm stations occurred, with
maximum wind speed of 28 m・s−1. Figure 4 [Figure 4: see original paper] com-
pares observations (left) and probability forecasts (right) for 16:00–18:00, 19:00–
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21:00, 22:00–00:00, and 01:00–03:00. Thunderstorm mainly occurred in southern
Wuwei, Lanzhou, Linxia, Gannan Prefecture, southeastern Qinghai, and north-
ern Sichuan. Probability forecasts showed values $�$60% in Lanzhou, Linxia,
Gannan, southeastern Qinghai, and northern Sichuan, providing good guid-
ance, though with lower probabilities for southern Wuwei and over-forecasting
for Dingxi, Longnan, and Pingliang.

Case 2: On July 20, 2023, from afternoon to night, influenced by a vortex over
the Hetao region, thunderstorm occurred in Zhangye and Jinchang, expanding
as the vortex intensified. From 13:00–15:00, thunderstorm mainly appeared in
southern Zhangye, Jinchang, Wuwei, Lanzhou, and Baiyin. Probability forecast
high-value zones also extended southward, showing generally consistent perfor-
mance and reflecting actual locations well, though with slightly smaller forecast
areas in Zhangye and Jinchang. From 16:00–18:00, northern thunderstorm weak-
ened while southern areas (Dingxi, Tianshui, Pingliang) developed. Probability
forecasts indicated ~60% probability in these regions, showing consistent devel-
opment in both scope and intensity. From 19:00–21:00, thunderstorm weakened
in northern areas and developed in southern Dingxi, Tianshui, and Pingliang,
with probability forecast centers reaching $�$60% but over-forecasting in south-
eastern Gannan, southern Baiyin, Pingliang, and Qingyang.

Overall, for large-scale thunderstorm events in Gansu, the multi-index nested
probability forecast product based on ECMWF ensemble data demonstrates
reference value, with thunderstorm activity centers corresponding well to $�$60%
probability zones and consistent trends in intensity and scope, though with some
over-forecasting in Longnan, Tianshui, Pingliang, and Qingyang.

3 Conclusions
1) Thunderstorm are most active in the Gannan Plateau with highest fre-

quency, followed by Hexi and central Gansu as relatively high-frequency
regions, while Longdong and Longnan show lowest frequency. Monthly
analysis indicates earlier onset in higher-altitude regions, with active pe-
riods in May–July for the Gannan Plateau and central Gansu, July for
Longdong, June–July for Hexi, and July–August for Longnan.

2) Thunderstorm mainly occur from April to September, with May–July ac-
counting for 65.3% of annual occurrences and peak activity at 17:00. Diur-
nally, thunderstorm concentrate between 15:00–21:00 (83.2% of daily oc-
currences), decreasing significantly after 22:00 and rarely occurring from
04:00–12:00. Thunderstorm predominantly reach categories 8–9, with cat-
egory 10+ events mainly distributed in Hexi and the Gannan Plateau.

3) Based on essential severe convective weather conditions, 10 convective
parameters with high correlation to Gansu thunderstorm were selected
from ECMWF ensemble forecast data. Median forecasting thresholds for
these parameters were calculated, and a multi-index nested method was
applied to develop thunderstorm potential forecast probability products.
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Verification of two regional thunderstorm processes shows good correspon-
dence between observed locations and $�$60% probability forecast areas,
with consistent trends in development intensity and scope. However, over-
forecasting occurs in Longnan, Tianshui, Pingliang, and Qingyang, requir-
ing forecasters to adjust based on specific lifting trigger conditions.
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