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Abstract Summer extreme rainfall frequently occurs in the Dabie Mountain (DM). The combined effects of
synoptic patterns and local topography on the spatiotemporal variations of extreme rainfall in the summers from
2008 to 2020 have been investigated using an objective classification method. Results show that extreme rainfall
in the DM mainly occurs under two typical synoptic patterns (P1 and P2). In the lower troposphere, the P1 type
is characterized by southwesterly (easterly) winds south (north) to the DM, while the P2 type features
southwesterly winds over the DM. These differences arise from the varying position of the Meiyu front. Under
both types, extreme rainfall intensity reaches its diurnal maximum at around 09:00 local solar time (LST)
because the low‐level southwesterly ageostrophic wind peaks in the early morning induced by inertial
oscillation. The southwesterly ageostrophic winds bring abundant water vapor into the DM, resulting in the
extreme rainfall along the windward slope. Extreme rainfall intensity decreases rapidly after 09:00 LST under
the P2 type but sustains its maximum level for several hours under the P1 type. Two factors contribute to the
prolonged high extreme rainfall intensity under the P1 type. One is the convergence between southwesterly and
northeasterly ageostrophic flows over the DM. The other is the strengthening of the low‐level vortice over the
DM from late morning to early afternoon. Overall, the synoptic patterns influence extreme rainfall by regulating
the low‐level ageostrophic winds and the interactions between multi‐scale systems and the DM.

Plain Language Summary Summer extreme rainfall often occurs in the DM. This study explores
how the interactions between atmospheric circulations and local terrain influence the daily timing and
geographic distribution of extreme rainfall in the summers from 2008 to 2020. The results show that extreme
rainfall is most common under two typical circulation patterns (Pattern 1 and Pattern 2). Under Pattern 1, winds
blow from the southwest south of the DM and the east north of the DM. Under Pattern 2, southwesterly winds
dominate over the DM. Under both patterns, extreme rain peaks around 09:00 AM along the windward slopes,
since the humid southwesterly ageostrophic winds peak in the early morning. After 09:00 AM, the rain
decreases quickly under Pattern 2 but keeps at the maximum level for several hours before decreasing under
Pattern 1. Two factors contribute to the longer high extreme rainfall intensity under pattern 1. First, upward
motion increases when northeasterly ageostrophic winds north of the DM meet the southwesterly ageostrophic
winds south of it. Second, a weather disturbance develops over the DM, strengthening from late morning into
early afternoon. Overall, synoptic patterns shape when and where extreme rainfall occurs by controlling low‐
level ageostrophic winds and how different weather systems interact with the DM.

1. Introduction
The Yangtze‐Huai River Basin (YHRB) suffers from extreme rainfall every summer (from June to August),
resulting in severe floods and significant economic losses in this region. The main extreme rainfall episode of
the YHRB in the summer is called Meiyu, normally starting in early June and ending in mid July. It is caused
by an east‐west‐oriented elongated rainband associated with a quasi‐stationary front (Ding, 1992; Tao, 1987).
Along the frontal zone, mesoscale convective systems (MCS) have been observed to form and develop under
favorable conditions, directly leading to most of the local extreme rainfall events (Ding, 1993; Fang, 1985;
Ninomiya, 2000). The terrain of the YHRB is generally flat but complexly distributed with isolated mesoscale
mountains (Zheng et al., 2016). The Dabie Mountain (DM) (as shown in Figure 1), with its main peaks
exceeding 1,500 m (Wang & Tan, 2006), is one of the most representative and relatively isolated mesoscale
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mountains in the YHRB. Located in the background of several multi‐scale weather systems, the DM is
identified as one of the topographic rainfall centers of the YHRB in summer (Ni et al., 2018; Wu et al., 2022; F.
Zhang et al., 2020; A. Zhang et al., 2020; Zhang & Wang, 2021). It also plays an important role in the
initiation, development, and propagation of mesoscale convection along the Meiyu rainband (Sun et al., 2004;
Wang et al., 2016; Wang & Tan, 2009; Zheng et al., 2020). Therefore, investigating the features of extreme
rainfall in the DM is of great importance in recognizing and understanding the underlying mechanism of
extreme rainfall more thoroughly and further reducing losses caused by hazards (Carbone et al., 2002).

The diurnal variation of precipitation, as feedback from certain thermal and dynamical drivers resulting from
different environmental conditions and inhomogeneous underlying surfaces, exhibits distinct regional and sea-
sonal characteristics (Dai, 2001; Wallace, 1975; Yang & Slingo, 2001; Yu et al., 2014; Yuan et al., 2012). In the
YHRB, the diurnal cycle of Meiyu precipitation has a bimodal structure in atypical Meiyu years but only one peak
at 09:30 LST during normal Meiyu years (F. Zhang et al., 2020; A. Zhang et al., 2020). Zeng et al. (2023) also
suggest that the diurnal cycle of Meiyu precipitation shows one predominant morning (or late afternoon) peak
when the Meiyu front is strong and located relatively southward (or weak and located northward).

In addition to the characteristics of the diurnal variation of summer precipitation, previous studies have also
revealed the possible underlying mechanisms. The afternoon peak is generally associated with convective pre-
cipitation. This type of precipitation results from the thermal instability caused by solar heating during the
daytime so it occurs frequently in the afternoon (Xu & Zipser, 2011). However, the morning precipitation peak in
the YHRB is driven by complex factors, with three mechanisms proposed so far to explain it. The first mechanism
is the establishment of a low‐level jet with abundant moist air in the early morning. The boundary‐layer jet at the
height of 1,200 m over the YHRB is established in the early morning due to the inertial oscillation of low‐level
wind fields (Fu et al., 2019; Xue et al., 2018). It exhibits a clear occurrence peak three to 4 hours before the rainfall
peak (Cui et al., 2023; Du et al., 2012). The second mechanism involves multiscale thermal circulations induced
by the topographic forcing. The large‐scale mountain‐plain solenoid (MPS) between the central mountains and
the eastern plains has a distinct upward branch from nighttime to early morning over the plains, which strengthens
the morning rainfall (Chen et al., 2012; Sun & Zhang, 2012; Zhang et al., 2014). The land‐sea breezes (Chen
et al., 2014; Wang et al., 2021) and the localized MPS (He & Zhang, 2010) also contribute to the morning
precipitation peak. The third mechanism is associated with the life cycle of the mesoscale convective vortices
(MCVs). There are two types of MCVs associated with the diurnal cycle of extreme rainfall near the DM, both of

Figure 1. Terrain height distribution of the YHRB. The DM region is marked by the red rectangle. The area used for the PCT
is represented by the blue rectangle in the small map. The range of the large figure is also the area used for the PCT.
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which are meso‐α‐scale convective systems with a horizontal scale of approximately 300 km (Ding, 1992;
Fang, 1985). One is theMCVs defined as the Dabie vortices (DBVs), which are triggered most frequently at 06:00
LST and 18:00 LST near the DM (Fu et al., 2017; Zhang et al., 2015). The other is the eastward‐propagating
MCVs along the Meiyu rainband, which normally arrive at the DM and adjacent areas from morning to late
afternoon, bringing rainfall to the regions they pass through (Zhang et al., 2018).

As mentioned above, previous research has mainly focused on the diurnal variations and the underlying mech-
anisms of large‐scale precipitation, such as precipitation in the YHRB and South China. However, there is a lack
of a systematic explanation for the mechanisms of the diurnal variations of localized precipitation, such as
mesoscale orographic precipitation. Moreover, numerical simulation and case studies have frequently been used
to investigate the physics of the diurnal cycles of precipitation under specific circulation backgrounds. The un-
derstanding of the long‐term statistical characteristics and mechanisms of precipitation under different synoptic
patterns remains quite limited. Therefore, this study aims to address the questions as follows: What are the typical
synoptic patterns dominating the extreme rainfall in the DM? What are the characteristics of the spatial distri-
bution and diurnal cycles of extreme rainfall under different synoptic patterns? What are the underlying mech-
anisms of the diurnal cycles of extreme rainfall under different synoptic patterns?

The rest of the paper is organized as follows: Section 2 describes the data and methods used in this research. The
spatiotemporal distribution of extreme rainfall under typical synoptic patterns and the possible mechanisms
responsible for the diurnal variations of extreme rainfall are presented in Section 3 and Section 4 respectively.
Section 5 provides the summary and discussion.

2. Data and Methods
2.1. Observational and Reanalysis Data

The high spatiotemporal precipitation product for the summers (June–August) from 2008 to 2020 is provided by
the National Meteorological Information Center of China (Shen et al., 2014). This product is generated based on
rain gauge observations and the CMORPH (The Climate Prediction Center morphing method) precipitation
product (Joyce et al., 2004) over China using probability density function‐optimal interpolation (PDF‐OI)
methods (Shen et al., 2014). This data set with hourly temporal resolution and 0.1° × 0.1° horizontal resolution
can capture detailed information on rainfall in the DM.

The fifth generation of the ECMWF (European Center for Medium‐Range Weather Forecasts) atmospheric
reanalysis (ERA5) data set in the summers from 2008 to 2020 is used to classify the synoptic patterns and
investigate the environmental characteristics of extreme rainfall. This data set with a horizontal resolution of
0.25° and temporal resolution of 1 hr has 37 vertical levels ranging from 1,000 to 1 hPa in total, providing precise
estimation of historical atmospheric quantities consistently (Hersbach et al., 2020). Previous studies have used
ERA5 data to classify large‐scale circulations in the YHRB, providing a basis for using the data set in the present
study (Clark et al., 2021; Xu et al., 2023; Zeng et al., 2023; Zhang et al., 2021).

2.2. Criteria for Identifying the Extreme Rainfall Days

Based on the hourly precipitation data during the summers from 2008 to 2020, the daily accumulated precipitation
(PA) is first computed as the regionally averaged total precipitation for each day in the DM region. A day is
classified as a rainfall day if the daily mean precipitation (PI), defined as PA divided by 24 hr, exceeds 0.1 mm/hr.
The peaks‐over‐threshold method (Jones et al., 1999) is used to identify the extreme rainfall days for which PA is
considered extreme to the rest of the rainfall days. Compared to fixed definitions of extreme precipitation, this
percentile‐based method can be applied across diverse regions and time periods regardless of seasonal and
regional variations, and has been widely adopted in previous studies (Tu et al., 2010; Yan et al., 2019). In the
present study, the threshold is set at the 90% percentile, and the DM region is denoted by the red rectangle in
Figure 1 (Wang et al., 2021). There are 1,094 rainfall days in total, among which 109 are classified as extreme
rainfall days. These extreme rainfall days have PA exceeding 19.89 mm/day and contribute to approximately 60%
of the total cumulative PA in the DM during summer (Figure 2b).
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2.3. Objective Synoptic Classification Method

The obliquely rotated principal component analysis in T mode (PCT hereafter) is applied to the ERA5 reanalysis
data to objectively classify synoptic‐scale circulations over the YHRB (Huth, 1993, 1996a, 1996b, 2000). PCT is
based on rotational principal component analysis (PCA) but arranges the input matrix differently, with the col-
umns representing the observing time and the rows representing the grid points. This method has been integrated
into an open‐source software package called “cost733class” (Philipp et al., 2010, 2016).

Studies have been conducted to investigate the circulation patterns over China based on the PCT method
(He et al., 2017; Rao et al., 2019; Wang et al., 2021; Xu et al., 2022). There are several reasons why PCT is chosen
among many circulation classification methods in the present work. On one hand, several experiments have been
conducted on the same data set to compare the effects of k‐means, SOM (self‐organizing map), and PCT based on
the cost733class algorithm. Results show that the three methods yield similar circulation patterns. On the other
hand, several studies have demonstrated that PCT is highly effective at reflecting the underlying physical
mechanisms and is less dependent on the choice of pre‐set parameters compared to other classification methods
(Huth, 1996a, 1996b; Philipp, 2009). Given that one of the aims of this study is to explore the underlying physical
mechanisms of circulations, PCT is a relatively more suitable method.

2.4. Barnes Band‐Pass Filter

The analysis of mesoscale systems needs to be based on high‐spatiotemporal resolution observations. However, it
is difficult to obtain long‐term historical observation data (Chen, 1994). The Barnes band‐pass filter is an
objective time‐to‐space analysis technique (Barnes, 1973) that can be used to extract mesoscale information from
conventional data. A band‐pass filter can be obtained by the difference between two low‐pass filters (Xu &
Ding, 1988). Details including equations and some pre‐set parameters can be found in Appendix A of Xu
et al. (2017).

In the present study, the Barnes filter is used in two ways. First, the horizontal wind (U and V hereafter) and the
relative vorticity (RV hereafter) at 875 hPa are filtered using two low‐pass filters. The components U1, V1, and
RV1 are obtained by passing the U, V, and RV through the first low‐pass filter with g = 0.3 and c = 1,500. The
components U2, V2, and RV2 are obtained by passing the U, V, and RV through the second low‐pass filter with
g = 0.3 and c = 60,000. The mesoscale components Um, Vm, and RVm are then computed by subtracting U1, V1,
and RV1 fromU2, V2, and RV2. The response function for the mesoscale band‐pass filter is plotted by the blue line
in Figure 2a. The plot indicates that waves between 200 and 1,000 km are mostly retained, comparable to the
horizontal scale of the MCV. Second, the geopotential height at 875 hPa is filtered using a low‐pass filter by
choosing g = 0.3 and c = 30,000 to get the geostrophic wind field following Xue et al. (2018). The response
function for the low‐pass filter is plotted as the red line in Figure 2a. The low‐pass filter applied to the geopotential

Figure 2. (a) Response function of the mesoscale band‐pass filter (red) and the low‐pass filter (blue) in terms of wavelength following Barnes (1973). (b) Cumulative
percentage (blue line) and cumulative PA percentage (red line) of rainfall days whose PA is below a certain number. The black dashed lines indicate that the PA of the
top 10% rainfall days is above 19.89 mm/day.
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height damps out waves shorter than 500 km while allowing waves longer than 1,000 km to pass, thereby
minimizing noise in the geostrophic winds calculated from the geopotential height.

2.5. Calculation of the Momentum Budget Analysis

Analysis of the momentum budget is conducted to investigate the mechanisms responsible for the diurnal
variation in wind field. Following Du et al. (2015) and Fu et al. (2019), the horizontal momentum equation can be
written as Equations 1 and 2:
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The six terms of Equations 1 and 2 represent the tendency of wind (TW, term 1), horizontal advection (HA, term
2), vertical advection (VA, term 3), pressure gradient force (PGF, term 4), Coriolis force (CF, term 5) and
frictional force (FF, term 6). Since there is no explicit method for calculating FF, term 6 is determined by sub-
tracting the sum of terms 2 through 5 from term 1. The advection term (AD) is the sum of terms 2 and 3. The
Coriolis force on the ageostrophic wind term (CFA) is calculated by adding terms 4 and 5 which can be explained
by Equations 3 and 4 as follows (Luo & Du, 2023):

PGF = − ∇φ = f k⃗ × vg→ ; (3)

PGFy + CFy = −
∂φ
∂y
− f u = f ug − f u = − f ua = CFAy ; (4)

In order to further clarify the causes of the diurnal variation in ageostrophic wind, the diagnostic equations of
ageostrophic wind are derived from the horizontal momentum equations following Xia et al. (2023):
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The five terms on the right‐hand side of Equations 5 and 6 represent the following: the local wind tendency (LT,
term 1), inertial advection (IA, term 2), baroclinic effects due to the temperature gradient (BE, term 3), vertical
transport of the ageostrophic wind (VTA, term 4), and boundary layer friction (BLF, term 5). Term 5 is calculated
by subtracting the sum of terms 1 through 4 from the total ageostrophic wind. Since the VTA term is significantly
smaller than the other four terms, it is not analyzed in the present study.

3. Spatiotemporal Distribution of Extreme Rainfall Under Typical Synoptic Patterns
3.1. Characteristics of Synoptic Patterns and Distribution of Associated Extreme Rainfall

In the present study, PCT is applied to the standardized ERA5 geopotential height, horizontal wind, and tem-
perature at different levels (200, 700, and 850 hPa) over the YHRB (110°E–122°E, 27°N–45°N) during rainfall
days in the summers from 2008 to 2020 (1,094 days in total) to get four synoptic patterns. The levels, variables,
and domain size used for the classification are chosen based on several experiments to obtain the most realistic
and physically interpretable circulation patterns. The number of synoptic patterns is determined through a two‐
step process combining statistical analysis and empirical validation. An elbow point is first identified near the
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fifth principal component based on the explained variance curve as indicated in Figure 3a (Cattell, 1966; O'Lenic
& Livezey, 1988). However, due to the gradual decline and absence of a clear‐cut elbow point, we also conduct
PCT on four, five, and six nodes as part of sensitivity testing. Results show that by choosing four nodes, the
synoptic patterns are representative and exhibit a low repetition rate.

Figure 3. (a) Explained variance ratio of the first 15 principal components before rotation. The blue bars and the black
numbers above the bars represent the explained variance ratio of each component, with the gray line and markers showing the
decreasing trend. (b–e) The composite mean geopotential height at 850 hPa (shading) under the four synoptic patterns. The
first (second) number is the occurrence frequency (unit: %) of each pattern among all rainfall days (extreme rainfall days).
The black box indicates the DM and the red rectangle indicates the domain used for the PCT objective synoptic classification.
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All four patterns are ranked in descending order of occurrence frequency during the extreme rainfall days in the
summers from 2008 to 2020 and their geopotential height at 850 hPa is shown in Figures 3b–3e (hereafter named
P1 to P4). The total occurrence of the P1 and P2 types accounts for about 92.66% of the 109 extreme rainfall days
and 67.41% of the 1,094 rainfall days (Figures 3b–3e), indicating that extreme rainfall is most likely to occur
under these two patterns. Meanwhile, the extreme rainfall amount under the P1 and P2 types constitutes
approximately 90% of the total extreme rainfall amount (Figure 4b). Therefore, we treat the P1 and P2 types as the
typical synoptic patterns leading to occurrences of extreme rainfall, and they will be analyzed in detail in the rest
of the article.

Under the P1 type, the southwesterly (easterly) winds prevail over the southern (northern) side of the DM
(Figures 3b and 6a). In contrast, the P2 type is characterized by uniform southwesterly winds over the DM
(Figures 3c and 6c). This difference is associated with the northward shift of the Western North Pacific Sub-
tropical High (WNPSH) under the P2 type. This corresponds to the monthly occurrence frequency of synoptic
patterns shown in Figure 4a. The P1 and P2 types primarily occur in June and July, aligning with theMeiyu season
in East Asia. The P1 type occurs more frequently in June, while the P2 type is more prevalent in July.

As one of the most representative terrains in the YHRB, the DM is a relatively isolated precipitation center (Chen
et al., 2024). Figure 5a indicates that the center of extreme rainfall in the DM is located along the southwestern
windward slope with an extreme rainfall amount of around 57.6 mm/day. The extreme rainfall amount is greater

Figure 4. (a) The number of days during different months under each pattern. (b) The contribution of the total extreme rainfall
amount under each pattern to the total extreme rainfall amount (bars) and the extreme rainfall amount under each pattern
(asteroids).

Figure 5. The composite spatial distribution of extreme rainfall amount (shading) and terrain height of 200 and 1,500 m (black lines) on all extreme rainfall days (a),
extreme rainfall days under the P1 type (b), and extreme rainfall days under the P2 type (c). The red box is the DM region and the blue dashed line indicates the position
of the vertical cross‐section.
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under the P1 type than under the P2 type (asteroids in Figure 4b), suggesting that both the occurrence frequency
and the extreme rainfall amount contribute to the higher total extreme rainfall amount under the P1 type compared
to the P2 type. The spatial distribution of extreme rainfall amount under the two typical patterns is presented in
Figures 5b and 5c. The strongest extreme rainfall centers are concentrated along the southwestern windward slope
under both patterns. We can conclude that the DM plays an important role in locking the extreme rainfall on the
windward slope of the terrain effectively. Moreover, a Meiyu front‐related, east‐west‐oriented rainband also
develops on the southern side of the mountain under the P1 type, suggesting that the extreme rainfall process
under this pattern is more complex.

3.2. Features of Favorable Environments for Extreme Rainfall

The large‐scale circulations on extreme rainfall days are similar to those on rainfall days, yet the position and
strength differ. Thus, the favorable conditions for extreme rainfall under the P1 and P2 types are investigated in
this subsection. The 850 hPa wind field is analyzed because the low‐level wind field is directly linked to pre-
cipitation and is used for synoptic pattern classification.

The westward extension and intensification of the WNPSH during extreme rainfall days can be observed in the
5,880‐gpm contour at 500 hPa in Figure 6, as this contour is commonly used to indicate the position of the
WNPSH (Shuqing & Ming, 1999; Zeng et al., 2023). Together with the low‐pressure system strengthening to the

Figure 6. The composite horizontal wind vectors (arrows) and wind speed (shading) at 850 hPa of the P1 type on rainfall days
(a) and extreme rainfall days (b). As in panels (c, d), but for the P2 type. The red rectangle is the DM region. The orange solid
line is the composite geopotential height of 5,880 at 500 hPa, while the purple solid line in panels (b–d) indicates the position
of the front. The region covered by the gray dots in panels (b, d) means that the differences in the geopotential height between
the rainfall days and the extreme rainfall days is above the significant level of 0.95. The black numbers in the top left corners
of (a–d) represent the net water vapor fluxes entering the DM region.
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west, the increased geopotential height gradient near the DM enhances the southwesterly wind. To further
evaluate the relationship between the lower tropospheric environment and extreme rainfall quantitatively, the net
moisture fluxes into the DM region through four boundaries are indicated by the black numbers at the top of
Figure 6. The moisture flux is vertically integrated from 1,000 to 700 hPa, as it has proven to account for about
80% of the column‐integrated moisture flux (Chen et al., 2013, 2017). The prevailing southwesterly winds,
carrying abundant warm water vapor from the Bay of Bengal and the South China Sea (Clark et al., 2021; Xue
et al., 2018), encounter the DM, causing extreme rainfall along the windward slope.

The Meiyu front also contributes to extreme rainfall under the two patterns. We define the area of a relatively
larger meridional gradient of the potential pseudo‐equivalent temperature at 850 hPa (larger than 4 K/0.25°) as the
general area of the front following Zeng et al. (2023) (purple line in Figures 6b and 6d). Under the P1 type, the
front is located over the DM, with the convergence zone of the winds from both sides of the front within the DM
region. Under the P2 type, the front shifts northward, pushing the convergence zone beyond the DM region. Thus,
the Meiyu front has a greater influence on extreme rainfall under the P1 type than under the P2 type, aligning with
the spatial distribution of extreme rainfall shown in Figure 5c.

In summary, during extreme rainfall days, much stronger prevailing southwesterly winds bring sufficient
moisture into the DM region under the two synoptic patterns. The humid and warm airflow is blocked and lifted
by the terrain leading to the increase of precipitation intensity (Houze, 2012). In addition to the prevailing wind,
the interactions between the Meiyu front and the DM are also crucial for the differences of extreme rainfall under
different synoptic patterns. In the next section, the diurnal variations of extreme rainfall under the two typical
patterns and their underlying mechanisms will be further explored.

4. Possible Mechanisms for the Diurnal Variations of Extreme Rainfall
4.1. Diurnal Cycles of Extreme Rainfall

Figure 7 shows the diurnal variations of the extreme rainfall intensity in the DM region and the spatial distribution
of extreme rainfall intensity under the two typical synoptic patterns. The diurnal variations of extreme rainfall
under the P1 and P2 types are significantly different from each other.

Under the P1 type, the extreme rainfall intensity increases from midnight to early morning until it reaches
1.94 mm/hr at 06:00 LST. During this time, the precipitation intensifies on the southwestern windward slope of
the DM and gradually becomes an extreme rainfall center (Figures 7b and 7c). From 06:00 LST to 08:00 LST, the
extreme rainfall center first dissipates, and then the Meiyu front rainbelt in the south part of the DM appears
(Figures 7c and 7d). From 08:00 LST to 12:00 LST, the extreme rainfall intensity stabilizes at around 2.1 mm/hr
as the Meiyu front rainbelt gradually organizes (Figures 7d and 7e). After 12:00 LST, the extreme rainfall in-
tensity decreases throughout the rest of the day. In general, the extreme rainfall under the P1 type gradually
transitions from orographic precipitation to frontal precipitation. Under the P2 type, the extreme rainfall intensity
continues to increase in the early morning, reaching its maximum of around 2.21 mm/hr at 09:00 LST and then
gradually decreasing. The continuously intensifying precipitation in the morning concentrates on the south-
western windward slope of the DM (Figures 7k–7n); thus the extreme rainfall of the P2 type is primarily man-
ifested as orographic precipitation on the windward slope of the DM.

4.2. Diurnal Cycles of Low‐Level Wind

As discussed above, the low‐level wind field is closely related to extreme rainfall and its diurnal cycles. In this
subsection, the low‐level winds are divided into geostrophic and ageostrophic components to further explore the
underlying physical mechanisms of the different diurnal cycles of extreme rainfall under the P1 and P2 types. The
geopotential height, processed through the Barnes low‐pass filter as mentioned in Section 2.3 is used to calculate
the geostrophic and ageostrophic winds following equations in Section 2d of Wang et al. (2021).

Under both synoptic patterns, the geostrophic wind speed is about twice that of the ageostrophic wind speed.
However, the daily variation in geostrophic wind speed is less than half that of the ageostrophic wind speed,
indicating that geostrophic winds remain relatively steady, while ageostrophic winds primarily drive diurnal
variations in the wind field (Figure 8). Given that geostrophic winds are non‐divergent by definition, convergence
and divergence are primarily driven by ageostrophic winds. Therefore, we primarily analyze the diurnal variations
in ageostrophic winds and their impacts on the diurnal cycles of extreme rainfall.
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Figures 8a–8e show the diurnal variation in ageostrophic winds on the extreme rainfall days under the P1 type
along vertical cross‐sections (blue dashed line in Figure 5). The selected vertical cross‐section passes through the
extreme rainfall center on the southwestern windward slope of the DM and is oriented perpendicular to the slope.
Given that the low‐level southwesterly winds are also nearly perpendicular to this slope (Figure 6), the cross‐
section aligns with the low‐level southwesterly winds over this region. The horizontal ageostrophic wind of
the vertical cross‐section consists of the superposition of the u and v components of the ageostrophic wind
projected onto the plane.

Under the P1 type, low‐level southwesterly geostrophic wind prevails in the southwestern DM, while north-
easterly geostrophic wind dominates the northeast. The southwesterly ageostrophic wind over the southern DM
peaks around 03:00 LST (Figure 8b), with convergence maximizing two hours later at 950 hPa (0.45 × 10− 5 s− 1).
In the early morning, strong and moist low‐level southwesterly ageostrophic wind, superimposed on south-
westerly geostrophic flow (Figure 8g), converges upstream of the DM. The DM continuously blocks and lifts the
prevailing southwesterly wind throughout the day, with these effects intensifying in the morning as the south-
westerly wind peaks. This process ultimately triggered the precipitation peak on the southwestern windward slope
several hours later, consistent with Xue et al. (2018). This time lag is primarily attributed to the development of
moist convection (Fu et al., 2019). Subsequently, the northeasterly ageostrophic wind on the northeastern side
strengthens and peaks at 07:00 LST. At 875 hPa above the DM, it converges with the southwesterly ageostrophic
wind along the front, reaching a maximum convergence of 0.4 × 10− 5 s− 1 (Figure 8d). This leads to the transition
of orographically induced precipitation into Meiyu frontal precipitation between 08:00 LST and 12:00 LST.
Under the P2 type, a persistent southwesterly geostrophic wind dominates the DM. The diurnal cycle of the
southwesterly ageostrophic wind and its associated convergence resembles that of the P1 type. However, the
northeasterly ageostrophic wind is positioned north of the DM region. Although it converges with the

Figure 7. Diurnal variations of regionally‐averaged extreme rainfall intensity (black lines, the DM region denoted by the red rectangle) and the range of standard
deviation (shading) under the P1 (a) and P2 types (j). The spatial distribution of extreme rainfall intensity every 3 hours starting from 02:00 LST of the P1 type is shown
from (b to i). As in (k–r), but for the P2 type. The black solid lines indicate the terrain height of 200 and 1,500 m.
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southwesterly ageostrophic wind, this convergence is weaker than in the P1 type and occurs farther north,
contributing little to the extreme rainfall in the DM.

The diurnal cycles of low‐level ageostrophic winds and their associated convergence are in good agreement with
the diurnal cycles of extreme rainfall as shown in Figure 8. Since the strongest southwesterly ageostrophic winds
occur at 875 hPa under both synoptic patterns, the following analysis focuses on this level. Under the P1 type, the
ageostrophic wind over the southwestern side of the DM rotates clockwise to align with the southwesterly
geostrophic wind, strengthening the southwesterly wind and creating the strongest convergence along the
southwestern windward slope at 05:00 LST (Figure 9d). Over the northeastern side of the DM, the ageostrophic
wind also rotates clockwise, peaking as a strong northeasterly wind at 07:00 LST (Figure 9e), and converges with
the southwesterly ageostrophic wind within the DM region, as the front lies within this area. Under the P2 type,
ageostrophic winds on either side of the front exhibit similar clockwise rotations. However, the DM is primarily
affected by the ageostrophic wind south of the front since the front is located at the northern side outside the DM
region.

The above analysis proves that the diurnal variation in low‐level ageostrophic wind is the primary driver of the
diurnal cycle of extreme rainfall in the DM. Under both synoptic patterns, the extreme rainfall center along the
southwestern windward slope is related to the diurnal peak of the southwesterly ageotrophic wind southwest of
the DM, which is blocked and lifted by the DM. The prolonged high extreme rainfall intensity under the P1 type
can be attributed to the convergence of the southwesterly and northeasterly ageostophic winds. This difference is
induced by the different circulations and their interactions with the terrain under varying synoptic patterns.

Figure 8. Diurnal variations in ageostrophic wind vectors (arrows), horizontal ageostrophic wind speed (shading), and divergence contributed by ageostrophic wind
(contour in green solid lines, values shown by the numbers along the vertical profile, unit: 10‐5/s) on extreme rainfall days under the P1 type projected onto the vertical
cross‐section (blue solid line in Figures 5b and 5c) every two hours starting from 01:00 LST are shown from (a to e). As in panels (f–j), but for geostrophic wind and
divergence contributed by geostrophic wind. As in panels (k–o), but for ageostrophic wind and divergence contributed by ageostrophic wind on extreme rainfall days
under the P2 type. As in panels (p–t), but for geostrophic wind and divergence contributed by geostrophic wind. The vertical wind has been reduced by half to show it
more clearly. The black shading at the bottom of each picture indicates the terrain height (unit, m) along the vertical cross‐section.
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4.3. Mechanisms of the Ageostrophic Wind

The previous subsection demonstrates that the diurnal variations in low‐level ageostrophic winds can explain the
diurnal cycles of extreme rainfall under the two synoptic patterns. However, the causes of these diurnal variations
in ageostrophic winds require further clarification.

As shown in Figure 9, ageostrophic winds rotate clockwise around geostrophic winds. When they align, the low‐
level wind in the direction of the geostrophic wind reaches its daily peak. To identify the forces driving the
morning low‐level wind maximum due to the diurnal variation in ageostrophic wind, we analyze the time series of
wind acceleration and the forces of the horizontal momentum budget along the y‐axis in Figure 10. The daily
mean southwesterly winds are approximately perpendicular to the southwestern windward slope of the DM and
the daily mean geostrophic wind closely resembles the daily mean total wind. Consequently, the coordinate axes
are rotated such that the new y‐axis is aligned with the direction of the southwesterly winds, as illustrated in
Figure 9. The terms in Equation 2 are averaged over the two dashed red rectangles in Figure 9, representing the
horizontal momentum budget analysis for the southwestern and northeastern regions of the convergence area. The
terms in the northeastern region have been sign‐reversed to align with the direction of the northeasterly wind. The
diurnal variation of the AD term is comparatively smaller than that of the other terms, so it is not analyzed.

Under both synoptic patterns, the horizontal momentum budget analysis shows similar characteristics. On the
southwestern side of the DM, the southwesterly wind strengthens at night, with the CFA and TW terms showing
consistent trend and sign. This indicates that the PGF and Coriolis force dominate the acceleration of the
southwesterly wind. During the daytime, especially in the morning when the TW term peaks, the southwesterly
wind weakens. At this time, the TW and FF terms share the same sign, and the variation in the TW term is

Figure 9. The composite daily mean geostrophic wind vectors (blue arrows) and geopotential height (red lines) at 875 hPa on extreme rainfall days under the P1 type
(a) and the P2 type (j). Diurnal change of the composite ageostrophic wind vectors (arrows) and divergence caused by the ageostrophic wind (shading) at 875 hPa on
extreme rainfall days of the P1 type from (b–i) every two hours starting from 01:00 LST. As in panels (k–r), but for the P2 type. The shallow gray lines denote the terrain
height of 200 and 1,500 m. The yellow rectangle in panels (a, j) represents the DM region. The axis in panel (a) is the axis used for the horizontal momentum budget
analysis in subsection 4.3. The red dashed line rectangles in panels (b–i) and (k–r) denote the area used in the horizontal momentum budget analysis.
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significantly influenced by the FF term, suggesting that the FF governs the deceleration of the southwesterly
wind. On the northeastern side of the DM, the deceleration of the southwesterly wind is accompanied by the
acceleration of the northeasterly wind. During the daytime, the strengthening northeasterly wind converges with
the southwesterly wind, enhancing the frontal zone in the morning. The mechanisms driving the diurnal variation
of the northeasterly wind are similar to those of the southwesterly wind.

The results are consistent with Blackadar's theory of inertial oscillation, explaining the nighttime‐to‐morning
acceleration of low‐level winds on both sides of the front during extreme rainfall days under both synoptic
patterns. During the daytime, a well‐mixed boundary layer allows ground friction to influence the entire layer,
maintaining a near balance among PGF, Coriolis force, and friction. At night, surface cooling increases static
stability, suppressing deep vertical mixing. The upper boundary layer becomes free from friction, and the three‐
force balance breaks down. Therefore, winds deviate from the geostrophic balance state through inertial oscil-
lation, leading to the occurrence of ageostrophic winds. The low‐level winds become super‐geostrophic and
accelerate during nighttime (Blackadar, 1957; Du et al., 2015; Fu et al., 2019).

To further investigate the causes of the differences in ageostrophic winds during extreme rainfall days under the
two synoptic patterns, we derived the diagnostic equations of ageostrophic winds by transforming the horizontal
momentum equations, based on Xia et al. (2023). Figure 11 exhibits the diurnal variations in ageostrophic winds
and their components after decomposition. During extreme rainfall days under both synoptic patterns, ageo-
strophic winds on the northern and southern sides of the front show clockwise diurnal variations and converge in
the morning. Under the P1 type, convergence occurs within the DM region, while under the P2 type, it is located

Figure 10. Variations of the TW term, the CFA term, the AD term, and the FF term in the horizontal momentum equation averaged over the southwestern and
northeastern regions indicated by the dashed line red rectangles in Figure 9 at 875 hPa under the P1 type (a, b) during extreme rainfall days and the preceding 12 hours.
As in panels (c, d), but for the P2 type.
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north of the DM region. The diagnostic results show that ageostrophic winds are mainly driven by the LT and BLF
terms, with other terms contributing minimally and not discussed further. The LT term dominates the diurnal
clockwise rotations of ageostrophic winds, although its wind speed is smaller than that of the BLF term.While the
diurnal variations of the BLF term are less pronounced, its wind speed is greater. Under both synoptic patterns, the
BLF term primarily contributes to the convergence of ageostrophic winds from both sides of the front. However,
the intensity and locations of convergence differ. Since the magnitude of the BLF term is proportional to the total
wind speed and its direction generally points to the right of the horizontal wind, the differences in convergence are
mainly driven by variations in large‐scale circulations.

In summary, during extreme rainfall days under both synoptic patterns, the diurnal variations in the ageostrophic
winds on both sides of the front are primarily driven by inertial oscillation. However, under the P1 type, the
convergence region is located directly above the DM and is relatively stronger. Whereas under the P2 type, it is
situated to the north of the DM and is weaker. These differences are primarily attributed to variations in large‐
scale circulations.

4.4. Diurnal Cycles of Low‐Level Vortice

The above sections have demonstrated that the inertial oscillation of the low‐level ageostrophic wind plays an
important role in modulating the diurnal cycle of extreme rainfall. However, under both synoptic patterns, fronts
are present during extreme rainfall days. In previous studies, MCVs have been found to exist along the Meiyu
front. These MCVs contribute to the occurrence of extreme rainfall and exhibit certain diurnal variation char-
acteristics (Zhang et al., 2018). Under both synoptic patterns, the Barnes band‐pass filtered horizontal wind field
and relative vorticity field at 875 hPa reveal a low‐level vortice over the DM and surrounding areas. Thus, in this
subsection, we will examine whether the low‐level vortice has a distinct diurnal cycle related to the diurnal cycle
of extreme rainfall.

At approximately 114°E, a low‐level vortice forms at different latitudes during extreme rainfall days under both
synoptic patterns (Figure 12). This vortice reaches a maximum horizontal extent of about 200 km at peak in-
tensity, matching the spatial scale of the DM. Under the P1 type, the low‐level vortice develops on the south-
western side of the DM region, strengthening from late morning to early afternoon, coinciding with the period of
sustained extreme rainfall. Similarly, under the P2 type, the low‐level vortice follows a comparable diurnal cycle
but is located north of the DM region, exerting minimal influence on extreme rainfall in the DM. Li et al. (2022)
demonstrated that the windward slope of the DM induces positive PV anomalies and then reinforces the local

Figure 11. Horizontal distribution of the diurnal variation in ageostrophic winds at 875 hPa (green arrows) contributed by the LT term (red arrows) and the boundary
layer friction (BLF) term (blue arrows) every two hours starting from 01:00 LST under the P1 type (a–e). As in panels (f–j), but for the P2 type. The black solid line
indicates the divergence contour of 0.4 × 10‐5/s contributed by the BLF term. The shallow gray lines denote the terrain height of 200 and 1,500 m.
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precipitation through the orographic lifting and blocking effects. Therefore, the low‐level vortice may interact
with the terrain and contribute to the maintenance of the high extreme rainfall intensity under the P1 type.
However, under the current assumptions, the mechanisms governing the formation and organization of this low‐
level vortice, as well as quantitative estimation of its contribution of this low‐level vortice to extreme rainfall
require further investigation.

5. Summary and Discussion
The DM, as a typical mesoscale terrain in the YHRB, serves as one of the primary precipitation centers during
summer. In the present study, we use statistical methods to investigate the factors contributing to the summer
extreme rainfall in the DM and its diurnal cycle under specific synoptic patterns. The main findings are as follows:

The occurrence and characteristics of the summer extreme rainfall in the DM are closely linked to specific
synoptic patterns. Summer extreme rainfall is most likely to occur under the southwesterly monsoon conditions,
accounting for 90% of the total extreme rainfall amount. Compared to the environments during rainfall days, the
multi‐scale weather systems associated with extreme rainfall are significantly stronger, featuring intensified low‐
level southwesterly winds, fronts, and low‐level vortices. Their interactions with the terrain enhance moisture

Figure 12. Diurnal change of the composite mesoscale relative vorticity (shading) and horizontal wind vectors after using a Barnes‐band‐pass filter at 850 hPa on
extreme rainfall days under the P1 type from (a to h) every three hours starting from 02:00 LST. As in panels (i–p), but for the P2 type. The red rectangle represents the
DM region. The purple dashed line is the front defined in Figure 6. The targeted low‐level vortice is indicated by the blue circle.
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transport and strengthen low‐level convergence in the DM, collectively creating a more favorable environment
for the development of extreme rainfall.

When extreme rainfall occurs under the P1 and P2 types, variations in the position of the Meiyu front lead to
different large‐scale circulations. However, the precipitation centers consistently form on the southwestern
windward slope, highlighting the spatial locking effect of the DM on extreme rainfall.

Under the influence of different large‐scale circulations, the diurnal cycles of extreme rainfall exhibit distinct
characteristics closely linked to the inertial oscillation of low‐level ageostrophic winds on the northern and
southern sides of the front. The southwesterly ageostrophic winds south of the DM peak around 03:00 LST,
contributing to the extreme rainfall peak at around 09:00 LST along the southwesternwindward slope.Meanwhile,
north of the DM, northeasterly ageostrophic winds peak around 07:00 LST and converge with the southwesterly
ageostrophic winds. Due to differences in the relative positions of the front and the DM region, the convergence
zone is located above the DM under the P1 type but shifts north of it under the P2 type. As a result, convergence
sustains intense extreme rainfall under the P1 type but has relatively weaker impact under the P2 type.

Driven by the southwesterly monsoon, the diurnal variations in low‐level ageostrophic winds result from the
Blackadar inertial oscillation. However, their characteristics vary across different synoptic patterns, interacting
with multi‐scale weather systems and the DM to shape distinct diurnal cycles of extreme rainfall by regulating
water vapor flux and upward motion. Since this study relies on statistical methods and reanalysis data with low
vertical resolution and relatively poor lower‐troposphere data quality, quantifying the contributions of uplift
motions associated with low‐level winds, low‐level vortices, and terrain to extreme rainfall remains challenging.
Additionally, the mechanisms governing the initiation and organization of low‐level vortices cannot be fully
understood through statistical analysis alone. In future research, we plan to conduct case studies of typical
extreme rainfall using observational data and composite simulation methods (Chen et al., 2016) to explore the
specific processes, detailed mechanisms, and quantitative contributions of various factors to extreme rainfall in
the DM.
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