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Abstract 14 
Low-level moisture is a crucial factor in tornadogenesis, yet the sources of moisture for 15 

tornadoes in China remain largely unexplored. This study investigates the moisture sources and 16 
transport pathways for spring and summer EF1+ tornadoes in northern (CNN), central (CNC), and 17 
southern China (CNS) from 1980 to 2021. Using the Hybrid Single-Particle Lagrangian Integrated 18 
Trajectory (HYSPLIT) model and a Lagrangian-based moisture uptake algorithm, we find that 19 
tornadoes in CNN and CNC are characterized by significant moisture recycling (~27.2% from 20 
CNN and ~51.0% from CNC), whereas tornadoes in CNS predominantly draw moisture from the 21 
South China Sea (~71.3%). Ten tornado moisture transport channels from different regions are 22 
identified using k-means clustering (3 for CNN tornadoes, 3 for CNC tornadoes and 4 for CNS 23 
tornadoes). Proportions of moisture uptake for each moisture channel are also quantified. 24 
Synoptic-scale patterns associated with moisture channels reveal that moisture transport pathways 25 
are significantly influenced by the activity of the western North Pacific subtropical high (WNPSH). 26 
When the WNPSH is anomalously strong, moisture is usually transported through pathways 27 
originating from the East China Sea, the southern part (south of 25°N) of the western North Pacific, 28 
and the South China Sea. Conversely, under the influence of monsoon flows and low-pressure 29 
systems over China, moisture channels predominantly originate from land and the Bay of Bengal. 30 
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 33 
1. Introduction 34 

Tornadoes are violently rotating columns of air typically associated with a funnel-shaped 35 
cloud extending downward from the base of a parent cumulonimbus updraft (Markowski & 36 
Richardson 2010). They are among the most destructive severe weather phenomena associated 37 
with localized convective storms (Bluestein 2013), capable of causing extensive damage to human 38 
life and property. Tornadoes generally form in environments characterized by high vertical wind 39 



 

 

shear, large convective instability, and abundant low-level moisture (Brooks et al. 1994; 40 
Markowski et al., 2002; Thompson et al., 2003; Coffer & Parker 2015; Zhang et al., 2023). 41 
Analysis of tornadic storm soundings by Fawbush and Miller (1952) revealed a moist layer at low 42 
levels with an average relative humidity as high as 85%. Abundant low-level moisture contributes 43 
to storm precipitation, which in turn increases the potential for evaporation and baroclinic 44 
generation of vorticity, thereby enhancing the likelihood of tornadogenesis (Brooks et al. 1994). 45 
The low-level moisture also ensures sufficient convective available potential energy (CAPE) for 46 
the storm updrafts that are important for supporting low-level flow convergence and vortex 47 
intensification. It also affects the lifting condensation level (LCL) of low-level air parcels and both 48 
CAPE and LCL are important parameters within the composite significant tornado parameter (STP) 49 
that has predictive skill for significant tornadoes (Thompson et al., 2003; Zhang et al., 2025).  50 
Advancing the skillful forecasting of tornadoes necessitates understanding the sources and 51 
transport mechanisms of boundary-layer moisture to regions of tornadic storms. 52 

Two primary methods for identifying water vapor origins are Eulerian moisture budget 53 
analysis and the Lagrangian approach. From the Eulerian perspective, precipitation is determined 54 
by variations in precipitable water, local evaporation, and moisture convergence/divergence by 55 
large-scale circulation (Trenberth & Guillemot 1995). However, a limitation of Eulerian analysis 56 
is that moisture in the target region cannot be easily traced back to its source (Nie & Sun 2022). 57 
Lagrangian trajectory models, such as the Hybrid Single-Particle Lagrangian Integrated Trajectory 58 
(HYSPLIT) model (Stein et al. 2015), the Lagrangian particle dispersion (FLEXPART) model 59 
(Stohl et al. 2005), and the Lagrangian Analysis Tool (Sprenger & Wernli 2015), can be used to 60 
address this limitation. Using the HYSPLIT model, Molina and Allen (2019) revealed a seasonal 61 
cycle in the origins and advection patterns of moisture contributing to winter and spring tornadoes 62 
in the United States. They found that the Gulf of Mexico was the predominant moisture source, 63 
accounting for more than 50% of the total contribution. The western Caribbean Sea and North 64 
Atlantic Ocean also contribute to winter tornadoes, while land areas of the contiguous United 65 
States play a more influential role during late spring. 66 

In China, tornadoes have also caused significant damage and fatalities. They typically occur 67 
in late spring and summer (Fan & Yu 2015), and their environments exhibit moderate to high low-68 
level humidity (Zhang et al. 2023). While moisture sources for precipitation in China have been 69 
studied (Hua et al. 2017; Huang et al. 2018; Jiang et al. 2017; Nie and Sun 2022; Wang et al. 2023; 70 
Yao & Jiang 2023), the origins of boundary-layer moisture fueling tornadoes remain unexplored. 71 

When studying the environments of significant tornadoes [those rated (E)F2 or greater] in 72 
China, Zhang et al. (2023) divided the country into northern (CNN), central (CNC), and southern 73 
China (CNS). They found that tornado environments in CNN are characterized by higher shear 74 
and lower humidity, those in CNC by moderate shear, CAPE, and humidity, and those in CNS by 75 
the most conducive humidity conditions, lower CAPE, and weak shear. The main synoptic 76 
backgrounds for tornadoes in the three subregions are the North China cold vortex (midlevel), the 77 
Meiyu frontal system, and tropical cyclones (Zheng 2020). Therefore, investigating and comparing 78 
moisture sources for tornado cases in CNN, CNC, and CNS are important. Such regional analysis 79 
provides a better understanding of the characteristics of moisture sources for tornadoes over China 80 
and the understanding can help predict/project tornado occurrences in these regions at time scales 81 
ranging from short-range, sub-seasonal, and seasonal to the climate time scales. 82 

In this paper, a climatological dataset of 179 tornado cases from the spring and summer 83 
seasons between 1980 and 2021 is used to identify the moisture sources and transport pathways 84 
for tornadoes over China. The study aims to address the following questions: 1) What are the 85 



 

 

distributions of moisture sources for tornadoes in CNN, CNC, and CNS? 2) What are the common 86 
moisture transport pathways for tornadoes in China? 3) What are the characteristics of moisture 87 
sources and the synoptic-scale patterns for each moisture transport pathway?  88 

The rest of this paper is organized as follows. The data, Lagrangian model, and analysis 89 
methods employed in this paper are presented in Section 2. Section 3 shows the distributions for 90 
backward trajectories of tornado moisture and Section 4 presents the results of trajectory clustering. 91 
Characteristics of moisture sources along backward trajectories are detailed in Section 5. 92 
Anomalous synoptic-scale circulations associated with the moisture channels are discussed in 93 
Section 6. A summary and conclusions are provided in Section 7. 94 

2. Data and methods 95 

2.1 Data  96 

Tornado records of China are not as comprehensive or reliable as those of the United States 97 
(Zhang et al., 2023). In this study, 179 tornado cases that are recorded in the spring and summer 98 
seasons are included. Information on earlier tornadoes is obtained from “The Collection of 99 
Meteorological Disasters Records in China” (Ding 2008), the “Yearbook of Meteorological 100 
Disasters in China” (China Meteorological Administration, 2005–2022) and some are from reports 101 
on the Internet, but the EF scales are not given in these sources. Yu et al. (2021) assessed tornado 102 
intensities using the EF scale based on damage indicators from the U.S. National Weather Service 103 
survey standard. In China, standardized tornado damage surveys were not implemented until 2012 104 
(Zheng et al., 2016; Bai et al., 2017; Meng et al., 2018; Cai et al., 2021), and even then, these 105 
surveys have not always been comprehensive. Some later tornadoes are more carefully 106 
documented by the Foshan Tornado Research Center (Huang et al., 2019; Li et al., 2020; Cai et 107 
al., 2021; Zhi et al., 2022). Because weak tornadoes are more difficult to record completely, this 108 
paper only considers relatively strong tornadoes rated EF2+ from 1980 to 2001 and those rated 109 
EF1+ from 2002 to 2021, while no EF5 tornado has been recorded in China. Due to the limited 110 
number of operational weather radars, EF1 tornadoes were not reliably recorded before 2002. The 111 
reliability of weak tornado reporting was also relatively low. Therefore, only EF2+ tornadoes are 112 
considered from 1980 to 2001, while EF1 tornado cases are also included between 2002 and 2021. 113 
To assess the possible impact of not including EF1 tornado cases in the earlier period, we 114 
performed moisture analyses on the cases from the two periods separately and found no substantial 115 
differences between the two periods. Moisture sources are found to vary more substantially across 116 
tornadoes in different regions than across tornado intensities. The results for the separate periods 117 
are not shown. As the environments of typhoon tornadoes are often characterized by very different 118 
circulation patterns and environments (Edwards et al., 2012), typhoon tornadoes are removed from 119 
the dataset in this paper.  120 

The fifth-generation European Centre for Medium Range Weather Forecasting (ECMWF) 121 
reanalysis data (ERA5; Hersbach et al. 2020) are used to drive the HYSPLIT model. The hourly 122 
ERA5 dataset has a horizontal resolution of 0.25°. The relatively high hourly resolution is very 123 
beneficial to the accuracy of the time integrated trajectories. Additionally, daily ERA5 dataset is 124 
used for composite circulation analyses of tornado moisture channels. 125 



 

 

2.2 Backward trajectory calculations 126 

Backward trajectories are generated using the HYSPLIT model. PySPLIT (Warner 2018), a 127 
Python-based package for generating HYSPLIT air parcel trajectories and along-trajectory 128 
meteorological data, is used to run the HYSPLIT model. Trajectory information is provided hourly 129 
by the HYSPLIT model. 130 

Small spatial adjustments at the starting point can impact trajectory modeling, resulting in 131 
discernibly different paths, even if starting points begin within the same meteorological model grid 132 
cell (Stohl 1998). To reduce the sensitivity of trajectory modeling, a three-dimensional matrix is 133 
employed for each tornado event, similar to the approach of Molina and Allen (2019) and Molina 134 
et al. (2020). Each matrix contains 5 × 5 × 6 (150) points with a horizontal grid spacing of 0.1° 135 
centered on the tornado location and a vertical spacing of one-tenth of the height of the planetary 136 
boundary layer (HPBL) from the mid-HPBL level to the full HPBL level. HPBL is an output 137 
variable in ERA5, calculated based on the bulk Richardson number (Seidel et al., 2012), and has 138 
been shown to perform better than in other reanalyses (Guo et al., 2024). The Lagrangian residence 139 
time of moisture between evaporation from the lower surface and precipitation to the ground is 4–140 
5 days (Läderach & Sodemann 2016). During this residence time, moisture undergoes various 141 
physical and dynamic meteorological processes in the atmosphere. The integration time length of 142 
the Lagrangian model is 120 hours in this study. 143 

Tornadoes in CNN are often triggered by dry lines (dry fronts) and the associated strong 144 
boundary layer convergence (Yuan et al., 2023). Due to integration errors in the trajectory model, 145 
especially given the limited spatial and temporal resolutions of the data, some backward 146 
trajectories that originate near the front may be traced back into the cold and dry air behind the 147 
front, even though their starting points are on the warm and moist side. Such trajectories are not 148 
representative of the moist inflow air feeding the tornadic storms. In such cases, shifting the center 149 
of the starting point matrix eastward or southward toward the inflow direction, the backward 150 
trajectories can better reflect the tornado moisture source. Although a small number of cold dry 151 
trajectories are still present after such adjustments, they constitute only a minor portion of the total 152 
trajectories in the same tornado cases and cannot affect the primary conclusions of the analysis. 153 
Backward trajectories for tornadoes in CNN are generated with the above adjustments, when 154 
necessary, while those for tornadoes in CNC and CNS remain unchanged. 155 

2.3 Moisture source attribution 156 

The moisture uptake (MU) diagnostic, proposed by Sodemann et al. (2008), identifies sources 157 
of moisture along calculated trajectories. This diagnostic is based on the changes in specific 158 
humidity along trajectories. Many studies employ this diagnostic method to identify moisture 159 
sources for various meteorological events, such as snowfall or rainfall over China (Cheng et al., 160 
2021; Huang et al., 2018; Yang et al., 2019). The specific humidity of an air parcel, measured 161 
every 6 hours along its trajectory, generally represents the net effect of evaporation (E) into and 162 
precipitation (P) forming within the air parcel (James et al., 2004; Stohl & James, 2004): 163 
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where ∆𝑞 > 0 denotes a moisture increase and ∆𝑞 < 0 represents a moisture decrease over a 6 h 165 
period: 166 



 

 

∆𝑞(𝑡) = 𝑞3𝑥(𝑡)6 − 𝑞3𝑥⃑(𝑡 − 6	ℎ)6.      (2) 167 

Here, 𝑥⃑(𝑡) is the parcel position at time t. The assumption is that turbulent fluxes enable moisture 168 
exchange between an air parcel and the surrounding boundary layer air when the parcel enters the 169 
boundary layer. To ensure thermodynamic significance in the MU calculation, an evaporative 170 
threshold of ∆𝑞 ≥ 0.2𝑔	𝑘𝑔%&  is set, as values of ∆𝑞 < 0.2𝑔	𝑘𝑔%&	 are considered negligible 171 
(Sodemann et al., 2008; Molina & Allen, 2019). An MU location is identified along a trajectory if 172 
a moisture increase occurs (∆𝑞 ≥ 0.2𝑔	𝑘𝑔%&) and the altitude of the air parcel is below HPBL. A 173 
moisture increase above HPBL is assumed to be caused by other physical or numerical processes, 174 
such as convection, evaporation of precipitating hydrometeors, and subgrid-scale turbulent fluxes, 175 
rather than an evaporation source at the surface (Sodemann et al., 2008). 176 

An air parcel can experience repeated evaporation and precipitation cycles during its multi-177 
day journey. Due to precipitation occurring along the way, the moisture from earlier evaporative 178 
sources gradually has a diminishing impact on the precipitation at the destination. Hence, the 179 
meteorological event is a weighted sum of the previous MU. The fractional MU is the ratio of the 180 
uptake amount to the moisture in the air parcel. Moving forward in time, starting from the end 181 
point and progressing to the start point of the backward trajectory: At an uptake location n below 182 
HPBL, calculate the fractional contribution 𝑓' of the uptake amount ∆𝑞' to the moisture in the air 183 
parcel 𝑞' as 184 

𝑓' =
∆"!
"!

.                       (3) 185 

A new MU event reduces the importance of previous MU events and the fractional contributions 186 
of all moisture uptakes at previous times m are recalculated with respect to the new moisture uptake 187 
at time n: 188 

𝑓( = ∆""
"!

,         	𝑚 > 𝑛.                       (4) 189 

At the point of precipitation, the previous fractional MU in the air parcel is discounted due to the 190 
precipitation amount (∆𝑞 ≤ −0.2𝑔	𝑘𝑔%&): 191 

∆𝑞() = ∆𝑞( + ∆𝑞' ⋅ 𝑓(						for	all			𝑚 > 𝑛.       (5)            192 

The MU diagnostic is employed to identify moisture sources, and therefore, only the starting 193 
points of backward trajectories with relative humidity values of 65% or higher are considered in 194 
this study. 195 

2.4 Trajectory clustering 196 
To identify the main moisture transport pathways of tornadoes in China, k-means clustering 197 

(Wilks 2011) is employed to cluster mean trajectories of every matrix for the CNN, CNC, and 198 
CNS regions separately. Firstly, the two-dimensional trajectory data (latitude and longitude 199 
coordinates) are converted into one-dimensional Hausdorff distance data (Rote 1991). The 200 
Hausdorff distance between each pair of trajectories is calculated, resulting in a symmetric distance 201 
matrix. This matrix measures the similarity between trajectories. Then, this distance matrix is input 202 
into the k-means algorithm for clustering the trajectories. 203 



 

 

3. Distributions of moisture transport trajectories and moisture origins for tornadoes 204 

A total of 27450 parcels (8250/12000/7200 parcels from CNN/CNC/CNS regions) are 205 
released to track the tornado moisture sources. After applying the filtering criteria described in 206 
section 2.3, 25429 parcels (6810/11612/7007 parcels from CNN/CNC/CNS regions) remain. 207 
There is a high density of parcel trajectories both over land and sea for tornadoes in the CNN 208 
region (Figure 1a). On land, most trajectories are in eastern China, following a southwest-northeast 209 
orientation. This orientation may show that the atmospheric circulations affected by the 210 
distribution of plains in China influence the tornado moisture pathway, for it exhibits a similar 211 
southwest-northeast pattern. In maritime areas, air parcels are primarily distributed over the sea 212 
near the east coast of China. Most of the air parcels that reach tornadoes in CNC are primarily 213 
distributed over central and southern China, as well as the regions from the Bay of Bengal to the 214 
Indochina subcontinent, the South China Sea and the western North Pacific (Figure 1b). For 215 
tornadoes in CNS, trajectories are mostly concentrated over the South China Sea and thinly 216 
distributed over land (Figure 1c). Different trajectory distributions for tornadoes in CNN, CNC, 217 
and CNS are clearly influenced by geographic locations of the tornadoes and the atmospheric 218 
circulations that transport the moisture, resulting in quite distinct routes over land and sea. The 219 
concentration of trajectories in these areas highlights the key transport channels for tornado 220 
moisture, which will be discussed in more detail next. 221 

 222 
Figure 1. Backward-trajectory counts normalized by the total number of trajectories for air 223 
parcels for tornadoes in each of the (a) CNN, (b) CNC, and (c) CNS regions. Red dots 224 
denote tornado locations. 225 

To provide a more detailed analysis of the proportions of moist inflow air that feed tornadoes 226 
in different regions, the geographical area spanning 0°N to 60°N and 80°E to 150°E is divided into 227 
10 subregions (Figure 2a). These subregions include the land areas of North Asia (NA), northern 228 
China (CNN), central China (CNC), southern China (CNS), and Indochina (IDC), as well as the 229 
mostly maritime regions of the Bay of Bengal (BOB), the South China Sea (SCS), the East China 230 
Sea (ECS), the northern part of the western North Pacific (NWNP), and the southern part of the 231 
western North Pacific (SWNP). The definition of the ECS also includes the Bohai Sea and the 232 
Yellow Sea. Figure 2b shows the proportion of air parcel origins (backward trajectory end points 233 
120 hours earlier) located over the 10 sectors for tornadoes in CNN, CNC, and CNS. For tornadoes 234 
in CNN, a considerable proportion of 22.9% of air parcels originate from the CNN land region. 235 



 

 

Compared to tornadoes in other regions, the land-origin proportion for tornadoes in CNN is notably 236 
larger at 44.3%. The East China Sea, the South China Sea and the northern part of the western 237 
North Pacific are also key origins of air parcels, contributing 18.7%, 14.0% and 13.3%, 238 
respectively. Additionally, more than 80% of air parcels for tornadoes in CNC and CNS originate 239 
from maritime regions, with the South China Sea contributing the largest share. Especially for 240 
tornadoes in CNC, 53.9% of air parcels originate from the South China Sea. Both of them have 241 
approximately 10% of air parcels originating from the Bay of Bengal. More air parcel origins are 242 
located over the southern part of the western North Pacific for tornadoes in CNS compared to CNC 243 
(14.3%; 11.5%). Overall, tornadoes in the CNN region are often strongly influenced by nearby 244 
land. In contrast, the tornadoes in the CNC and CNS regions experience longer-range air parcel 245 
transport, where the air parcels typically travel greater distances before reaching these areas. 246 

 247 
Figure 2. (a) 10 regional divisions include North Asia (NA), northern China (CNN), central 248 
China (CNC), southern China (CNS), Indochina (IDC), the Bay of Bengal (BOB), the 249 



 

 

South China Sea (SCS), the East China Sea (ECS), the northern part of the western North 250 
Pacific (NWNP), and the southern part of the western North Pacific (SWNP). (b) 251 
Proportion of trajectory origins in 10 sectors for tornadoes in CNN, CNC, and CNS regions. 252 

4. Trajectory clustering 253 

4.1 Cluster numbers with k-means for the subregions 254 

The same type of meteorological event often has different moisture transport pathways. Cheng 255 
et al. (2021) disentangled 15 dominant moisture channels along four corridors reaching the Somali 256 
Jet, South Asia, Bay of Bengal, and Pacific basin for the warm-season rain belts in East Asia. 257 
Huang et al. (2018) found five characteristic trajectories and corresponding circulation patterns of 258 
moisture transport for wintertime extreme precipitation events over South China. Here, we use k-259 
means clustering to classify trajectories for tornadoes in CNN, CNC, and CNS separately. 260 

A cluster number of 3, 3, and 4 is selected for tornadoes in CNN, CNC, and CNS, respectively, 261 
representing distinct moisture channels originating from different oceanic or terrestrial sources. 262 

 263 

4.2 Moisture channels for tornadoes in the CNN region 264 

The average trajectory and average specific humidity along all trajectories in each cluster or 265 
moisture channel are shown in Figure 3 for tornadoes in the three subregions. The mean specific 266 
humidity and relative humidity at tornado locations for each channel are displayed in the upper 267 
left corner. The text in the bottom right corner indicates the frequency of occurrences for each 268 
channel. For tornadoes in CNN (top row in Figure 3), the N_ECS and N_CNN are two predominant 269 
tornado moisture channels, accounting for about 58.7% and 34.8% of total trajectories in the CNN 270 
region (Figures 3a and 3b). Their corresponding tornado locations exhibit lower specific humidity. 271 
This is consistent with the lower humidity characteristic observed in the average tornado 272 
environment in CNN (Zhang et al., 2023). The N_ECS channel (Figure 3a) originates over the 273 
East China Sea. It then travels across Shandong Province, continuing northward and passing 274 
through the Bohai Sea. Another important moisture channel named N_CNN (Figure 3b) starts in 275 
the CNN region and moves southward towards the Yellow Sea, where it then curves clockwise 276 
and returns to the CNN region again. The NCN channel provides the least favorable moisture 277 
conditions for CNN tornadoes (𝑞 = 11.7𝑔	𝑘𝑔%&; Figure 3b).  278 

Tornadoes in CNN also receive moisture transported from the relatively remote South China 279 
Sea (N_SCS, Figure 3c). The N_SCS only accounts for about 6.5% of all moisture channels in the 280 
CNN region. The relatively low frequency underscores the status of N_SCS as a rare pathway. 281 
This least popular moisture transport pathway, starts over the South China Sea and moves 282 
northwestward before reaching the CNS region. Upon arrival in CNS, it shifts direction to 283 
northeastward and continues across the CNS and CNC regions, finally entering the CNN region. 284 
Despite its relatively lower occurrence frequency, this pathway contributes to the complexity of 285 
moisture sources affecting tornado formation in CNN.  Interestingly, the longest N_SCS channel 286 
has the lowest average relative humidity. This phenomenon may be related to the fact that the 287 
tornado locations in this channel are the southernmost among all tornadoes in CNN, where the 288 
temperature tends to be higher. 289 



 

 

4.3 Moisture channels for tornadoes in the CNC region 290 

The main moisture channel for tornadoes in CNC (middle row in Figure 3) originates from 291 
the South China Sea, identified as C_SCS (Figure 3d). C_SCS contributes to 79.8% of all moisture 292 
trajectories in the CNC region. In this channel, air parcels from the South China Sea move 293 
northward, first entering the CNS region and then veering northeastward to reach the CNC region.  294 

There are two atypical moisture transport channels, C_SWNP and C_BOB, each occurring 295 
with a frequency of approximately 10.1%. The C_SWNP channel originates over the southern part 296 
of the western North Pacific (Figure 3e). As the channel moves across the ocean, it follows a 297 
northwestward direction before reaching the land. Another distant moisture channel, C_BOB 298 
(Figure 3f), exhibits a similar occurrence frequency to C_SWNP. This pathway originates from 299 
the Bay of Bengal and follows a predominantly northeast route. As it progresses, it traverses 300 
through Indochina, the South China Sea, and CNS before eventually reaching the target region, 301 
highlighting the influence of remote moisture origins on tornadoes within CNC.  302 

4.4 Moisture channels for tornadoes in the CNS region 303 

The trajectories for the moisture channels for tornadoes in the CNS region are plotted in the 304 
bottom row of Figure 3. The South China Sea serves as an important origin of air parcels for 305 
tornadoes in CNS, with the S_SCS channel (Figure 3g), which accounts for about 63.8%.  Over 306 
the sea, S_SCS follows a curve, transitioning from a westward direction to a more southward 307 
trajectory before eventually reaching land.  308 

There are three unusual moisture transport channels (S_SWNP, S_ECS and S_BOB) in the 309 
CNS region, with frequencies of approximately 14.9%, 12.8%, and 8.5%, respectively. The 310 
moisture channel originating from the southern part of the western North Pacific (S_SWNP, Figure 311 
3h) follows a similar trajectory to that of C_SWNP. Additionally, there is a unique channel called 312 
S_ECS (Figure 3i), which originates in the northern East China Sea and continues to flow toward 313 
the CNS region along the eastern coastline.  The S_BOB pathway (Figure 3j) originates in the Bay 314 
of Bengal, traverses the western part of the Malay Peninsula, then crosses the Gulf of Thailand, 315 
and continues through the Indochina Peninsula and the South China Sea.  316 

5. Moisture uptake 317 

5.1 Characteristics of moisture sources for tornadoes in three subregions 318 

Figure 4 shows the box-and-whisker graphs of MU (moisture contribution) proportion across 319 
10 subregions defined in Figure 2a for tornado cases in (a) CNN, (b) CNC and (c) CNS regions. 320 
The lower whisker extends to the 5th percentile, and the upper whisker extends to the 95th 321 
percentile. The dot and horizontal line within each box represent the mean and median, 322 
respectively, calculated from the data between the lower and upper whiskers. The upper quartile 323 
corresponds to the 75th percentile and the lower quartile corresponds to the 25th percentile. For 324 
tornadoes in CNN (Figure 4a), most moisture contributions are from terrestrial subregions. The 325 
largest moisture contribution is from the CNN region, ranging from 1.3% to 80.8% with a mean 326 
value of 27.2%. This indicates that tornadoes in CNN exhibit an important moisture recycling 327 
process. Another key contributor is the East China Sea, with an average contribution of 22.1%. 328 
The third largest moisture source contribution comes from CNC (~21%). Despite having a mean 329 



 

 

value of 4.4%, the northern part of the western North Pacific is still a relatively important 330 
contributor, particularly when compared to other subregions, whose contributions are less than 2%. 331 

 332 
Figure 3. Specific humidity along the trajectories in each moisture channel identified by 333 
the k-means clustering algorithm. The top row contains 3 channels for the CNN tornadoes, 334 
middle row is for 3 channels for CNC tornados and the bottom two rows containing 4 335 
channels are for tornadoes in CNS. Only 1 in every 20 trajectories is plotted. The mean 336 
specific humidity and relative humidity of tornado locations for each channel are displayed 337 
in the upper left corner. The text in the bottom right corner indicates the frequency of 338 
occurrences for each channel. 339 

Although most of the air parcels (120 hours earlier) are from the South China Sea (Figure 2b), 340 
tornadoes in CNC (Figure 4b) have their largest moisture uptake contributions from moisture 341 
recycling (i.e., from the CNC region itself), with an average value of 51.0%. The CNS region is 342 
another important terrestrial contributor (~10%). The South China Sea stands as the primary 343 
maritime contributor with an average value of 25.0%. In addition, a smaller fraction of the moisture 344 
sources is from the East China Sea, with contributions varying between 0% and 25.7% 345 

Compared to tornadoes in the CNN and CNC regions, where terrestrial moisture sources 346 
dominate, the moisture sources of tornadoes in the CNS region exhibit a distinct pattern, with a 347 
substantial majority of moisture contributions coming from maritime sources. For tornadoes 348 
occurring in the CNS region, as illustrated in Figure 4c, remarkable moisture comes from maritime 349 
subregions. The South China Sea stands out as a significant contributor, accounting for a mean 350 
value of 71.3%, with its influence ranging from 21.1% to as much as ~100%, highlighting the 351 



 

 

dominant role of the South China Sea in supplying moisture for tornadoes in the CNS region. 352 
Moisture recycling, or the moisture contribution from the CNS region itself, ranks as the second 353 
largest contributor, with an average value of 13.0%. However, this is much lower than the 354 
contributions from the South China Sea. 355 

 356 
Figure 4. Box-and-whisker graph of the moisture uptake proportion across 10 divisions 357 
described in Figure 2a for (a) tornadoes in CNN, (b) tornadoes in CNC, and (c) tornadoes 358 
in CNS. 359 

5.2 Characteristics of moisture sources for moisture channels associated with CNN tornadoes 360 

Figure 5 presents the MU contribution proportions of each moisture channel in the subregions 361 
defined in Figure 2a. Figure 6 shows the vertical cross sections of the MU values normalized by 362 



 

 

their maximum for each moisture channel. The x-axis represents the distance from tornado events 363 
to MU locations. It is noteworthy that part of the MU is found below 250 m above ground level 364 
(Figure 6). At such low levels, the HYSPLIT trajectories may involve larger uncertainties, as 365 
turbulence is stronger in the lowest boundary layer. Nevertheless, the main results are not 366 
substantially affected by this limitation. Regarding the most popular channel of CNN tornadoes, 367 
which is characterized by travel over the East China Sea, N_ECS (Figure 3a), collects a larger 368 
proportion of MU values from the East China Sea (29%; Figure 5a). The largest terrestrial 369 
contributor is the CNC region at 34.1%, followed by moisture recycling (i.e., the CNN region), 370 
which accounts for 25.1%. This channel has surficial sources at a distance of 500 km (Figure 6a). 371 
This closer surface maximum source suggests that tornadoes associated with N_ECS primarily 372 
draw water vapor evaporated from the surface of the Bohai Sea.  373 

In addition, more than half of the moisture sources carried by the N_CNN moisture channel 374 
(Figure 3b) are from the CNN region (Figure 5b). As another common moisture channel for CNN 375 
tornadoes, N_CNN differs from N_ECS in that, in addition to sourcing 30.0% from the East China 376 
Sea, it also obtains 12% from the northern part of the western North Pacific (Figure 5b). Apart 377 
from a considerable proportion of MU values lying at the surface within a distance of 500 km to 378 
1000 km, peak MU values are observed within a horizontal distance of 500 km, and they are 379 
characterized by elevated moisture sources located at a height between 250 m and 500 m (Figure 380 
6b). MU values that occur at the surface are typically linked to soil moisture evaporation and 381 
vegetation evapotranspiration processes. However, for elevated MU values that occur above the 382 
surface (but at or below the HPBL), Molina and Allen (2019) discussed several possibilities. The 383 
possible reasons include: (i) air parcels interacting with buoyant air masses rising from below due 384 
to unstable thermodynamic vertical profiles extending above the HPBL, (ii) travel across cloud 385 
condensation, (iii) topographic errors related to the Rockies or the Caribbean (in their study), and 386 
(iv) precipitation falling along air parcel trajectories. 387 

 The longest channel, N_SCS (Figure 3c), transports 29.5% of moisture from the South China 388 
Sea and 62.1% from CNC (Figure 5c). The N_SCS channel sources peak moisture from nearby 389 
locations (< 500 km), and from elevated areas (Figure 6c), which may be associated with 390 
precipitation in this region. 391 

5.3 Characteristics of moisture sources for moisture channels associated with CNC tornadoes 392 

The popular moisture channel for CNC tornadoes, C_SCS channel (Figure 3d), draws 393 
significantly moisture sources from the CNC region, accounting for 53.2%. The South China Sea 394 
plays a secondary role in contributing 25% moisture for the C_SCS channel. In addition, the 395 
C_SCS channel also gains 14.4% moisture from the CNS region. The vertical cross-section of 396 
normalized MU for this channel reveals that most moisture sources are from nearby elevated 397 
regions (Figure 6d).  398 

Nearly half of the moisture sources transported by the easternmost C_SWNP channel (Figure 399 
3e) come from the CNC region (Figure 5e). This is consistent with the vertical cross-section of 400 
normalized MU for the CSW channel, which shows peak MU values occurring within 500 km 401 
above the surface (Figure 6e). Two additional maritime subregions mainly contribute to the 402 
remaining portions of moisture sources. They are the South China Sea (24.4%) and the southern 403 
portion of the western North Pacific (12.7%). The C_BOB channel originating from the Bay of 404 



 

 

Bengal (Figure 3f) exhibits the most diverse source regions (Figure 5f). This channel collects 40.6% 405 
of moisture sources from the South China Sea, with another substantial contribution of 34.0% from 406 
the CNC region. Notably, it carries 7.4% and 7.5% of moisture sources from the Bay of Bengal 407 
and Indochina, respectively—regions that rarely contribute to other moisture channels. The 408 
C_BOB channel is the only channel that carries more sources from the maritime area than the 409 
terrestrial area among moisture channels reaching the CNC region. Additionally, the vertical cross-410 
section for the C_BOB channel reveals that the peak MU values are elevated and occur within a 411 
100 km horizontal range (Figure 6f). 412 

5.4 Characteristics of moisture sources for moisture channels associated with CNS tornadoes 413 

The S_SCS moisture channel (Figure 3g) gains the majority of its moisture sources from the 414 
South China Sea, with proportions of 76.6% (Figure 5g). The remaining moisture primarily comes 415 
from the CNS region (19.5%). This channel mainly draws moisture sources from the surface 416 
(Figure 6g).  417 

The S_SWNP, originating from the southern part of the western North Pacific (Figure 3h), 418 
has 17.4% of the moisture sources coming from this region (Figure 5h). A significant 77.0% of 419 
moisture sources originate from the South China Sea, which is a major contributor to tornadoes in 420 
the CNS region. Most sources from these subregions are found both elevated and at the surface 421 
(Figure 6h). The moisture contribution brought by the S_ECS channel (Figure 3i) is almost evenly 422 
distributed among the South China Sea, the East China Sea, and CNS regions (34.3%, 30.7% and 423 
28.1%; Figure 5i). The S_ECS channel carries most moisture sources from the nearby surface 424 
(Figure 6i). The S_BOB channel originating from the westernmost position (Figure 3j) also carries 425 
more than half of the moisture (56.5%) from the South China Sea and some moisture from the Bay 426 
of Bengal and Indochina (11.0% and 15.3%; Figure 5j). It initially draws moisture from surface 427 
sources, but as it approaches the tornado sites, it primarily pulls from elevated sources (Figure 6j). 428 

6. Synoptic-scale circulation patterns 429 

6.1 Circulations for moisture channels associated with CNN tornadoes 430 

Tornado events in the CNS region predominantly occur during the spring season 431 
(approximately 77%). As the season shifts from spring to summer, enhanced continent-ocean 432 
thermal contrast strengthens the southwest monsoon flows, while the warming of the western 433 
Pacific favors the intensification and westward extension of the western North Pacific subtropical 434 
high (WNPSH). These two large-scale circulation systems together drive strong southerly winds, 435 
which in turn facilitate substantial northward transport of moisture. As the main precipitation 436 
regions shift from south China in the spring to the Yangtze River region, then north China from 437 
early through late summer, most frequent occurrences of tornadoes also shift northward. This 438 
deeper northward advancement of moisture contributes to the increased frequency of tornado 439 
occurrences in the CNC and CNN regions, where around 83% and 75% of tornadoes occur during 440 
the summer, respectively. To identify the critical synoptic-scale circulation patterns responsible 441 
for boundary-layer moisture transport for tornadoes in the CNN, CNC, and CNS regions, we 442 
perform a time evolution analysis of composite circulation for each moisture channel (Figures 7-443 
12). This analysis focuses on the 850-hPa layer, which aligns with most trajectories and avoids 444 
much of the orographic blockage. There may be mismatches between the MU heights and the 850-445 



 

 

hPa layer, but our focus is on the circulation patterns that primarily govern the trajectories, which 446 
are not strictly confined below 1 km and may extend to much higher altitudes during the five-day 447 
backward tracking period. Since tornadoes in different regions exhibit different seasonal 448 
tendencies, the 850-hPa geopotential height anomalies are calculated as the mean deviations of 449 
daily fields from the corresponding seasonal-mean daily climatology [spring (3-5 months) for 450 
tornadoes in CNS, and summer (6-8 months) for tornadoes in CNN and CNC] for the period from 451 
1980 to 2021. This approach aims to identify the anomalous systems that differentiate tornado-452 
forming periods from non-tornado periods within the tornado-prone season. 453 

 454 
Figure 5. Pie charts of the MU contributions from 10 divisions assigned to each tornado 455 
moisture channel. The top row contains MU proportions of 3 channels for the CNN 456 
tornadoes, the middle row is for MU proportions of 3 channels for CNC tornadoes and the 457 
bottom row contains MU proportions of 4 channels for tornadoes in CNS. Only moisture 458 
uptake contributions greater than or equal to 1% are shown. 459 

 460 



 

 

 461 
Figure 6. Vertical cross sections of normalized MU values for moisture channels. The top 462 
row contains vertical cross sections of 3 channels for the CNN tornadoes, the second row 463 
is for vertical cross sections of 5 channels for CNC tornadoes and the last row contains 464 
vertical cross sections of 4 channels for tornadoes in CNS. Heights are above ground level. 465 

One of the most common synoptic-scale patterns associated with CNN tornadoes is the 466 
cyclone-anticyclone coupling within the N_ECS channel. In this pattern, a northerly wind over 467 
East China Sea (~30°N) initially governs the early transport of moisture in the N_ECS channel 468 
(Figures 7a and 7b). In the later stage, the combined influence of a northern low-pressure system 469 
and a southern high-pressure system facilitate the N_ECS transport (Figures 7c and 7d). 470 

Another prominent pattern in the CNN region associated with CNN tornadoes (the N_CNN 471 
channel) involves the influence of a northern low-pressure system in China. On day -5, a northern 472 
low situated over the N_CNN moisture channel effectively blocks the southwest flow from 473 
reaching the target region (Figure 7e). This system forces the moist air southward, pushing it over 474 
the nearby sea (Figure 7f). By day -3, the moist air over the sea is positioned between the north 475 
low and the advancing southwest flow. Under the influence of the southward-moving north low, 476 
this moist air is gradually funneled back toward the tornado locations (Figures 7g and 7h). The 477 
north-low pattern of the N_CNN channel resembles the cold vortex-type tornadoes in China 478 
(Zheng 2020). Yuan et al. (2023) analyzed the environmental characteristics of tornadoes in 479 
Liaoning Province and found that 87% were associated with cold vortex systems. Their conceptual 480 
model for tornadoes under typical synoptic conditions suggests that moist air is transported from 481 
the Bohai Sea to the tornado locations. Building upon this, our study uses Lagrangian trajectories 482 
to track moist air over 5 days (from day -5 to day 0) and found that tornadoes under such a north-483 



 

 

low pattern typically draw air from the local region, which moves southward toward the Bohai Sea 484 
and subsequently travels back toward the tornado locations, consistent with the findings of Yuan 485 
et al. (2023) regarding the final stage of moisture transport. 486 

 487 
 488 



 

 

Figure 7. Time evolution of the composite 850-hPa geopotential height (purple lines; unit: 489 
gpm), geopotential height anomalies (shaded; unit: gpm) and horizontal wind (vectors; unit: 490 
m/s) for the N_ECS (a–d) and N_CNN (e–h) moisture channels. Day-0 marks the onset of 491 
the event. Shading is displayed only where the anomalies reach the 95% confidence level, 492 
based on a two-tailed Student’s t-test. The red star marks the location of the moisture 493 
channel at the corresponding time and the green line denotes the average trajectory of the 494 
moisture channel. 495 

 496 

In addition to the north low-south high coupling patterns and the northern low-pressure system, 497 
we also identify a less common pattern for tornadoes in the CNN region.  The pattern of the N_SCS 498 
moisture channel is characterized by the westward extension of the western North Pacific 499 
subtropical high (WNPSH; approximately 25-40°N). On Day -5, there is an anomalous southwest 500 
monsoon and an anomalous cyclone over the South China Sea, both of which facilitate the 501 
transport of moist air over the region (Figure 8a). Additionally, from Day -5 to Day -0, the WNPSH 502 
expands westward and strengthens, effectively controlling the N_SCS moisture channel and 503 
directing its transport along the eastern circulation of WNPSH (Figures 8a-8d). By Day -1, a low-504 
pressure anomaly appears over the eastern side of the Tibetan Plateau, subsequently expanding 505 
eastward with anomalous values exceeding 40 gpm (Figures 8c and 8d). This low-pressure system 506 
also plays a critical role in the final stage of moisture transport with the N_SCS channel for 507 
tornadoes in CNN. 508 

 509 
Figure 8. As in Figure 7, but for N_SCS moisture channel. 510 

 511 



 

 

6.2 Circulations for moisture channels associated with CNC tornadoes 512 

The synoptic-scale patterns that govern moisture channels for tornadoes in CNC are closely 513 
linked to the activity of WNPSH, the southwest monsoon flows, and the mid-latitude low-pressure 514 
system. When the WNPSH is unusually strong, its dominant circulation steers the primary 515 
moisture channels toward CNC, facilitating the moisture needed for tornado formation. In contrast, 516 
during periods when the WNPSH weakens or decays, the southwest monsoon flows originating 517 
from the Bay of Bengal and the mid-latitude low-pressure system located approximately 30-60°N 518 
become the primary drivers of moisture transport into the region.  519 

Following a pattern similar to the N_SCS channel (Figures 8a-8d), the C_SCS channel (the 520 
most popular channel for tornadoes in CNC) also benefits from the westward extension of the 521 
WNPSH and the eastward expansion of a mid-latitude low-pressure anomaly (Figures 9a-9d). Due 522 
to the relatively limited extent of the WNPSH anomaly, the moisture transport channel is confined 523 
to a shorter path.  524 

 525 
Figure 9. As in Figure 7, but for C_SCS moisture channel. 526 

Most of the moisture channels for tornadoes in the CNC region are controlled by the 527 
westward-moving WNPSH, while a small portion of the moisture channels (C_SWNP and C_BOB) 528 
are influenced by other anomalously moving WNPSH or the southwest monsoon. The moisture 529 
transport pattern for the C_SWNP channel is primarily controlled by the anomalously strong 530 
northward extension of the WNPSH (Figures 10a-10d). The WNPSH gradually intensifies and 531 
shifts northward from Day -5 to Day 0, effectively transporting moist air from distant oceanic 532 
regions to the target area. Meanwhile, starting on Day -3, the strong southwesterly monsoon flows 533 
also contribute to moisture transport, playing a complementary role in this process. Another 534 



 

 

channel pattern, C_BOB, is observed under a weakened WNPSH, where the moisture channel 535 
primarily follows the monsoon flow direction (Figures 10e and 10f). As the moist air reaches 536 
around 25°N over land, it is further influenced by the southward extension of a low-pressure 537 
system, which helps guide the moisture transport (Figures 10g and 10h).  538 

 539 
Figure 10. As in Figure 7, but for C_SWNP (a-d) and C_BOB (e-h) moisture channels. 540 



 

 

 541 
Figure 11. As in Figure 7, but for S_SCS (a-d) and S_SWNP (e-h) moisture channels. 542 
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6.3 Circulations for moisture channels associated with CNS tornadoes 544 

In spring, when many of the CNS tornadoes form, abundant moisture is transported from the 545 
ocean to the CNS region, providing the necessary conditions for tornado formation. The popular 546 
channel named S_SCS associated with CNS tornadoes is influenced by the westward-extending 547 
and weakened WNPSH governs the S_SCS channel from Day -5 to Day -3 (Figures 11a and 11b). 548 
The strong southwesterly winds in the low-pressure system governs the later stage transport 549 
(Figures 11c and 11d).    550 

Circulations that govern the unusual channels named S_SWNP, S_ECS and S_BOB are also 551 
identified. The S_SWNP channel is influenced by the westward shift of the WNPSH, following a 552 
predominantly east-west trajectory (Figure 11e-11h). Then, the eastward-developing low-pressure 553 
system controls the channel (Figure 11g and 11h). Unlike other channels originating from southern 554 
oceans, the S_ECS moisture channel draws from northern oceans. This channel is primarily 555 
influenced by the southward extension of a mid-latitude trough (Figures 12a and 12b). Before Day 556 
-3, the trough pushes the S_ECS channel southward to the Taiwan Strait, after which it continues 557 
to move due to the westward expansion of the WNPSH (Figures 12c and 12d). When the southwest 558 
monsoon flows intensify further, the moisture channel originates from the western side of 559 
Indochina (S_BOB; Figures 12e-12h), rather than the South China Sea (S_SCS; Figures 11a-11d). 560 
The low-pressure system also serves as a key contributor to this channel. 561 

7. Summary and conclusions 562 

This study uses the HYSPLIT model (Stein et al., 2015) and a Lagrangian-based algorithm 563 
(Sodemann et al., 2008) to investigate moisture sources and transport pathways for spring and 564 
summer tornadoes in the CNN, CNC, and CNS regions over the period from 1980 to 2021. The 565 
ERA5 data are used to drive the HYSPLIT model and produce time-evolving composite circulation 566 
analyses. The backward trajectories reveal that tornadoes in the CNN region are primarily 567 
influenced by air parcels originating nearby. In contrast, tornadoes in the CNC and CNS regions 568 
are characterized by long-range air parcel transport, with air masses typically traveling greater 569 
distances before reaching the target areas. The k-means clustering method (Wilks, 2011) is applied 570 
to classify the trajectories of the three regions, resulting in the identification of ten moisture 571 
channels (3 for CNN, 3 for CNC and 4 for CNS tornadoes) originating from the CNN region, East 572 
China Sea, southern part of the western North Pacific, South China Sea, and Bay of Bengal. Apart 573 
from the prominent N_ECS and N_CNN channels, the less common N_SCS channel also 574 
contributes moisture to tornadoes in the CNN region. C_SCS is recognized as the primary channel 575 
for transporting moisture to the CNC region, while other unusual channels for tornadoes in the 576 
CNC region include C_SWNP and C_BOB. For tornadoes in the CNS region, S_SCS is a 577 
frequently observed channel, along with less popular channels identified as S_SWNP, S_ECS, and 578 
S_BOB (see Figure 3 for the definitions of these moisture channels). 579 

 580 



 

 

 581 
Figure 12. As in Figure 7, but for S_ECS (a-d) and S_BOB (e-h) moisture channels. 582 

 583 

The Lagrangian analyses show distinct characteristics of moisture sources for tornadoes in the 584 
CNN, CNC, and CNS regions. For tornadoes in CNN and CNC, the primary moisture contributions 585 
or uptake along the trajectories come from terrestrial sources, while for tornadoes in CNS, 586 



 

 

maritime sources dominate. Moisture contributions for tornadoes in each region are concentrated 587 
within a few key subregions. For CNN tornadoes, the contributions primarily come from four areas: 588 
the CNN region itself (~27.2%), the East China Sea (~22.1%), the CNC region (~21.0%), and the 589 
northern part of the western North Pacific (~4.4%). Specifically, the N_ECS channel primarily 590 
collects moisture uniformly from the CNC region, with a substantial contribution from the East 591 
China Sea as well as the CNN region. Besides, most moisture sources in N_ECS are at the surface. 592 
The N_CNN moisture channel is predominantly sourced from the CNN region, with important 593 
contributions from the East China Sea and the northern part of the western North Pacific. The 594 
N_CNN channel mainly draws elevated sources. The infrequent N_SCS channel sources moisture 595 
mainly from the CNC region and the South China Sea. In addition, this channel primarily draws 596 
moisture from elevated sources. 597 

For tornadoes in CNC, the dominant moisture sources are the CNC region (~51.0%), the South 598 
China Sea (~25.0%), and the CNS region (~10.2%). The C_SCS channel mainly sources moisture 599 
from the CNC region, with significant contributions from the South China Sea and the CNS region. 600 
Compared to the C_SCS channel, the less popular C_SWNP channel has additional sources from 601 
the southern part of the western North Pacific. Another less frequent C_BOB channel has the most 602 
diverse sources, primarily taking moisture from the South China Sea and CNC region, and is 603 
unique in having more maritime contributions than terrestrial ones. All three channels draw their 604 
peak moisture from elevated sources. 605 

Tornadoes in the CNS region rely heavily on just two subregions: the South China Sea (71.3%) 606 
and the CNS region itself (13.0%). A total of 4 channels is identified by the k-means clustering for 607 
CNS tornadoes. The most popular channel named S_SCS draws most of its moisture sources from 608 
the South China Sea, and the CNS region also provides a minor contribution of moisture. In 609 
addition to drawing abundant moisture from the South China Sea, the rare S_SWNP channel also 610 
collects moisture from the southern western North Pacific. The special S_SEC channel, which 611 
transports moisture southward to the CNS region, consistently gathers moisture from the South 612 
China Sea, the East China Sea, and the CNS region. The infrequent S_BOB channel collects a 613 
significant amount of moisture from the South China Sea, with additional contributions from the 614 
CNS region, Indochina, and the Bay of Bengal. The S_SCS and S_ECS channels mainly draw 615 
moisture from the surface, whereas the S_SWNP and S_BOB channels also receive contributions 616 
from elevated sources. 617 

As demonstrated in this paper, although the moisture channels may supply moisture to the 618 
same region, their characteristics can differ significantly. The associated synoptic-scale patterns 619 
provide valuable insights into the reasons for these differences. Figure 13 shows the schematic 620 
diagram of circulations for moisture channels in different regions. In spring, the WNPSH and the 621 
monsoon flows are typically weak (Figure 13c), allowing abundant moisture from the Southern 622 
Ocean to reach the nearby CNS region rather than the deeper CNC or CNN regions. Approximately 623 
77% of tornadoes in the CNS region occur during this season. The west-northwest moisture 624 
channels (S_SCS and S_SWNP) are affected by the WNPSH but with weaker intensity in spring. 625 
During the later transport period, these channels are influenced by an anomalous low-pressure 626 
system. When the monsoon flows intensify further, the less common S_BOB moisture channel 627 
originates from the western side of Indochina instead of the South China Sea, with the low-pressure 628 
system playing a key role. The special S_ECS moisture channel primarily originates from northern 629 



 

 

oceans, influenced by the southward extension of a mid-latitude trough and the westward 630 
expansion of the WNPSH. 631 

As the seasons transition from spring to summer, the strengthened WNPSH and monsoon 632 
flows significantly enhance moisture transport northward. This increased northward moisture 633 
transport correlates with a higher frequency of tornado occurrences in the CNC and CNN regions, 634 
where approximately 83% and 75% of tornadoes occur during the summer, respectively. In the 635 
CNN region, channels are affected by the low-pressure system and the WNPSH (Figure 13a). The 636 
N_ECS pattern involves cyclone-anticyclone coupling, where a weakening northern low-pressure 637 
system allows the southern high-pressure system to extend northward, facilitating moist air 638 
transport. The N_CNN channel is influenced by a north low-pressure system that blocks southwest 639 
flow and redirects moist air. The rare N_SCS moisture channel is characterized by the westward 640 
expansion of the WNPSH. It is also affected by the mid-latitude low-pressure anomaly in China. 641 
Channels in the CNC region are influenced by the monsoon flows (Figure 13b). The most popular 642 
C_SCS channel has a similar pattern to the N_SCS channel. The C_SWNP is influenced by the 643 
northward extension of the WNPSH. Besides, the C_SCS channel is also affected by a mid-latitude 644 
low-pressure system. In a weakened WNPSH state, the CBO channel is more influenced by the 645 
southwest monsoon flows and low-pressure systems.  646 

In summary, the circulation patterns associated with tornado moisture channels indicate that 647 
when the WNPSH is anomalous, moisture is usually transported to tornadoes through channels 648 
originating from the East China Sea, the southern region of the western North Pacific and the South 649 
China Sea. In contrast, when under the main influence of the monsoon flows and a low-pressure 650 
system over China, moisture channels usually originate from land and the Bay of Bengal.  651 

 652 
Figure 13. Schematic diagrams illustrating the main characteristics of the circulation 653 
patterns for a total of 10 moisture channels related to tornadoes in the (a) CNN, (b) CNC 654 
and (c) CNS regions. The L denotes a low-pressure anomaly and H denotes a high-pressure 655 
anomaly. The lighter color of WNPSH and less monsoon flows in (c) indicate that the 656 
synoptic-scale systems for CNS tornadoes are weaker. The black star denotes the 657 
destination of every moisture channel. 658 

 659 
We do acknowledge that the sample size of tornadoes in China is small compared to that of 660 

tornadoes in the United States although, as mentioned earlier, the general spatial distributions of 661 
moisture sources for tornadoes in different regions of China do not change for subsets of tornadoes 662 
in years 1980–2001 and 2002–2021. One caveat with the moisture source attributions performed 663 
here is the limited spatial resolution of the ERA5 data, and the fact that convective storm 664 



 

 

updrafts/downdrafts are not explicitly represented in the data. Trajectories that would otherwise 665 
enter the updrafts/downdrafts will not be accurate, but it is hoped that such trajectories comprise 666 
only a small fraction of the total number given that updrafts/downdrafts usually occupy a small 667 
fraction of total horizontal area. To account for the direct effect of updrafts and downdrafts, 668 
convection-resolving simulation or reanalysis datasets will have to be used, which are not currently 669 
available. The use of HYSPLIT also has limitations, as noted in the paper. Some air parcels feeding 670 
tornadoes in the CNN region are traced back to the cold air behind the front, and part of the 671 
moisture sources are located below 250 m above ground level, where turbulence is stronger and 672 
HYSPLIT simulations may involve greater uncertainties. 673 
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