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Abstract Extreme rainfall events in Taiwan pose significant forecasting challenges due to complex
multiscale interactions. Although orographic lifting is known to trigger convection, its role in modifying
atmospheric stability, specifically through the formation of moist absolutely unstable layers (MAULs), remains
underexplored. This study presents the first investigation demonstrating that terrain can induce MAULs and
enhance extreme rainfall in mountainous terrain in Taiwan, a mechanism not previously documented.
Convection‐permitting simulations show that terrain‐driven moisture convergence and layer lifting promote
deeper and more persistent MAULs. Removing the terrain substantially limits the MAUL development,
associated with weaker rainfall. Furthermore, the MAUL volume rapidly increases prior to the most intense
rainfall, suggesting its potentital as an indicator of extreme precipitation. These findings highlight the role of
terrain in modulating both the thermodynamic environment and extreme rainfall, underscoring the importance
of accurately representing orographic effects in numerical weather prediction.

Plain Language Summary Extreme rainfall in mountainous regions, such as Taiwan, poses a
significant threat to life and property, yet predicting exactly when and where these storms will strike remains
difficult. In this study, we investigated how complex topography influences the formation of severe storms.
Using high‐resolution computer simulations of a heavy rainfall event, we found that mountains did more than
just block the wind; they acted like a ramp that forces moist air to rise in a deep, continuous layer. This process
created a highly unstable atmospheric condition known as a “Moist Absolutely Unstable Layer” (MAUL). Our
results show that this mountain‐induced instability was associated with explosive storm growth. When we
removed the mountains in our simulation, this unstable layer could not form effectively, and the rainfall was
much weaker. Crucially, we found that the size of this unstable layer grew rapidly just before the heaviest rain
began. This suggests that monitoring this specific type of instability could help meteorologists better predict
extreme rainfall events in the future.

1. Introduction
Terrain plays a fundamental role in modulating moist convection and extreme rainfall (Houze, 2012). While
previous studies have focused on the mechanical effects of orographic lifting on initiating deep convection on a
global scale (e.g., Antonelli & Rotunno, 2025; Caracena et al., 1979; Du et al., 2020; Maddox et al., 1978; Miao
& Yang, 2020; Miao & Yang, 2022; Rasmussen & Houze, 2012), the specific role of complex topography in
modifying the thermodynamic environment remains less understood. Beyond its mechanical effects, orographic
lifting can destabilize the atmosphere by lifting moist, conditionally unstable air to saturation, forming moist
absolutely unstable layers (MAULs; Bryan & Fritsch, 2000)—saturated layers where the lapse rate exceeds the
moist adiabatic rate, promoting rapid convective growth (Bryan & Fritsch, 2000; Kirshbaum et al., 2018).

A growing number of observational and modeling studies (Table S1 in Supporting Information S1) have iden-
tified the presence of MAULs in a variety of storm environments across different geographic regions. Bryan and
Fritsch (2000) andMechem et al. (2002) highlightedMAULs withinMCSs over the midlatitude United States and
the tropical western Pacific, respectively. In both studies, the MAULs extended horizontally for hundreds of
kilometers along the axis of mesoscale convective systems (MCSs) and vertically up to ∼100 mb, primarily
formed by mesoscale lifting induced by cold pools. Takemi (2007) further noted that MAULs facilitated new cell
generation at the leading edge of simulated squall lines. Schumacher and Johnson (2008) similarly found deep
(∼1–2 km) MAULs in flash‐flood‐producing MCSs, associated with mesoscale convective vortices. Zou
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et al. (2023) found MAULs within a narrow cold frontal rainband associated with an atmospheric river in Cal-
ifornia, driven by large‐scale frontal convergence.

Recently, MAULs have been documented in several heavy rainfall events in East Asia. Choi et al. (2011) found
deep (∼200 mb) MAULs aligned along linear MCSs in the Korean Peninsula, maintained by strong vertical
motion due to the presence of a low‐level jet. Takemi and Unuma (2020) analyzed Typhoon Hagibis (2019) and
identified MAULs over 2 km deep in eastern Japan, associated with abundant moisture and the circulation of the
typhoon. Tsuji et al. (2021) examined moisture transport during heavy rainfall events in western Japan and
indicated that a MAUL was present in the mid‐to‐lower troposphere around the time of peak precipitation,
occurring more frequently during intense rainfall. Hua et al. (2020) examined a heavy rainfall event in the
mountainous region of North China and revealed shallow MAULs (<1 km) generated by orographic gravity
waves.

Although some research has hinted at a possible link between terrain and MAULs (Hua et al., 2020; Takemi &
Unuma, 2020), the role of terrain in inducing MAULs and enhancing localized extreme rainfall has not been
explicitly demonstrated and explored. This knowledge gap is particularly significant for Taiwan, a region
characterized by steep topography, tropical moisture, and frequent low‐level jets. To our knowledge, no prior
studies have investigated the role ofMAULs during heavy rainfall events in Taiwan. This study addresses this gap
by investigating the hypothesis that terrain can induceMAUL formation and enhance extreme orographic rainfall.
Using high‐resolution numerical simulations of an extreme rainfall event over northern Taiwan during the
Taiwan‐Area Heavy rain Observation and Prediction Experiment/Prediction of Rainfall Extremes Campaign In
the Pacific (TAHOPE/PRECIP) IOP 2, we demonstrate for the first time that terrain‐forced mesoscale lifting is a
crucial mechanism for generating deep and persistent MAULs that characterize the environment for extreme
precipitation.

2. Case Overview and Numerical Experiments
2.1. Case Overview

This study investigates an extreme rainfall event that occurred over complex terrain during the TAHOPE/PRECIP
IOP 2. Overall, this event unfolded within a strongly forced regime featuring southwesterly flow and a frontal
boundary near northern Taiwan (Miao et al., 2025). Figure S1 in Supporting Information S1 shows a moist
environment: 700‐hPa RH exceeded 80% over the ocean north of Taiwan and ∼70% inland. At 850 and 925 hPa,
prevailing southwesterly monsoonal winds transported high‐θe air (>342 K) toward Taiwan, where a leeside low
pressure was observed northeast of the island.

The heaviest rainfall occurred along the SnowMountain Range (SMR; see Figure 1 in Miao et al., 2025), with 12‐
hr accumulations exceeding 150 mm (Figure S1e in Supporting Information S1). Additional heavy rainfall was
also observed along the eastern coastal region. Since this study focuses on orographic extreme rainfall over the
SMR, Figure S2 in Supporting Information S1 presents Hovmöller diagrams of column‐maximum radar
reflectivity along and across the SMR. As noted by Miao et al. (2025), two main convective episodes occurred
during this event: 12–14 LST and 15–17 LST. The intense convection remained confined to the mountainous
terrain, while the radar echo was much weaker over the Taipei Basin.

2.2. Numerical Model Configuration and Validation

This study employs the Advanced Research version of the Weather Research and Forecasting (WRF‐ARW)
Model, version 4.5.2 (Skamarock et al., 2019), to simulate this extreme rainfall event over northern Taiwan. A
two‐way nested domain configuration is used, consisting of three domains with horizontal grid spacings of 13.5,
4.5, and 1.5 km, respectively (Figure S3 in Supporting Information S1). The model uses 55 vertically stretched
levels and a model top at 20 hPa. The outermost domain employs a time step of 15 s. The simulation period spans
from 1200 UTC 30 May to 1200 UTC 31 May 2022. Model outputs at intervals of 10 min are used for analyses,
except for the trajectory analysis, which utilizes 5‐min output data.

Physical parameterizations include the Kain–Fritsch cumulus scheme (Kain & Fritsch, 1993) applied only to the
outermost domain (Δx = 13.5 km), the WDM6 microphysics scheme (Lim & Hong, 2010), the Rapid Radiative
Transfer Model (RRTM) for longwave radiation (Mlawer et al., 1997), the Dudhia (1989) scheme for shortwave
radiation, and the Yonsei University (YSU) planetary boundary layer scheme (Hong & Pan, 1996). Initial and
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lateral boundary conditions were provided by the NCEP Final (FNL) Operational Global Analysis data, available
every 6 hr with a horizontal resolution of 0.25°.

The control (CNTL) simulation demonstrates reasonable skill in capturing the synoptic to mesoscale environment
associated with this event (Figures S1 and S4 in Supporting Information S1). It reproduces the moist region (RH
>70%) near northern Taiwan at 700 hPa, which is consistent with the reanalysis. The simulation also captures the
low‐level southwesterly flow transporting high‐θe air toward Taiwan, the formation of a leeside low pressure
northeast of the island, and the position of the surface front offshore of northern Taiwan. While the CNTL un-
derestimates the light rainfall along the western coast, it successfully captures the heavy rainfall over the northern
mountainous region and eastern coastal area (Figure 1a and Figure S1e in Supporting Information S1). In
addition, the simulated convection evolution over the terrain aligns with observations (Figures S2 and S5 in
Supporting Information S1), reproducing the two distinct convective episodes and the confinement of strong
reflectivity over the SMR. These results indicate that the CNTL reasonably captures the key features of the event,
providing a reliable framework for investigating the role of terrain in MAUL formation and extreme orographic
rainfall. To further examine the effects of terrain, a sensitivity experiment without Taiwan's topography (NTER)
was conducted using identical model configurations as the CNTL, except for the terrain height. In the NTER
experiment, the topography of the Taiwan island was modified to 0 m AMSL across all nested domains to ensure
consistency, and the land‐use categories were kept identical to those in the CNTL simulation.

2.3. Moisture Flux Convergence

Moisture flux convergence (MFC) is a widely used diagnostic tool for evaluating atmospheric conditions
favorable for convective initiation and development (Banacos & Schultz, 2005; Rasmussen & Houze, 2016; Wu
et al., 2020). Following Banacos and Schultz (2005), MFC is calculated with the formula,

Figure 1. 0800–2000 LST accumulated rainfall (mm) from the (a) CNTL (the gray box indicates the northern Taiwan
domain) and (b) NTER simulations. 0.5‐km moisture flux (colored; unit: g kg− 1 m s− 1) and horizontal wind (barbs; full barb
is 10 kt, half barb is 5 kt) at 1330 LST for (c) CNTL and (d) NTER. Terrain heights are contoured by gray lines at 100, 300,
700, 1,300, 2,000, and 2,500 m. Simulated 1.5‐km radar reflectivity (colored; unit: dBZ) and horizontal winds (vectors) for
CNTL at (e) 1300 LST and (f) 1400 LST, and for NTER at (g) 1300 LST and (h) 1400 LST. Terrain heights are contoured by
gray lines at 100, 300, 700, and 1,300 m. The purple lines in (f) indicate NW–SE and NE–SW cross sections used for
analyses. The northern Taiwan domain in (e)–(h) covers a spatial extent of approximately 84 km × 92 km.
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MFC = − u
∂q
∂x

− v
∂q
∂y

− q(
∂u
∂x

+
∂v
∂y

)

where u and v represent the zonal and meridional wind components, respectively, and q denotes the specific
humidity. The first two terms correspond to the horizontal advection of moisture, and the third term represents the
moisture increase by wind convergence. In this study, we calculate the vertically integrated MFC from 0 to 3 km
above mean sea level (AMSL). Spatial averages are computed over the northern Taiwan domain (Figure 1e).

2.4. MAUL Identification and MAUL Volume

Following Takemi and Unuma (2020), a MAUL is defined where ∂θe/∂z < 0 and RH > 99%, with θe calculated
according to Bolton (1980; Equation 39). To quantify its total extent, we calculate the MAUL volume in the
northern Taiwan domain. First, for each grid column, we determine the total MAUL depth by summing all
contiguous vertical segments that satisfy the MAUL criteria and span at least three model levels. This specific
constraint is introduced to filter out shallow instability in the high‐resolution simulation. The MAUL volume is
then computed by integrating the depths of only those columns where the total MAUL depth exceeds 0.5 km to
effectively isolate physically significant instability (Naka & Takemi, 2023, 2025).

3. Results
3.1. Terrain Enhanced MFC and Induced MAUL Over Northern Taiwan

The CNTL simulation produces intense, localized rainfall along the Snow Mountain Range (SMR), with a
maximum accumulation of ∼200 mm (Figure 1a). In contrast, the NTER experiment simulates substantially
weaker and more scattered rainfall over northern Taiwan, with a peak accumulation of only ∼90 mm and
significantly reduced coastal rainfall (Figure 1b).

A key question is how the terrain influences the development of this extreme orographic rainfall event under the
prevailing southwesterly monsoon flow. The CNTL simulation shows strong low‐level moisture flux over
northern Taiwan (maximum ∼320 g kg− 1 m s− 1; Figure 1c). Located within the wake region of the southwesterly
monsoon flow, northern Taiwan experiences enhanced moisture transport, where the wake flow interacts with sea
breeze and upslope winds (Figures S6–S8 in Supporting Information S1), channeling moisture toward the SMR.
In contrast, the NTER experiment simulates a much weaker moisture flux over northern Taiwan
(∼160 g kg− 1 m s− 1; Figure 1d), and this contrast is consistent across heights and times (Figures S6 and S7 in
Supporting Information S1). Moreover, the CNTL captures a convergence line offshore of eastern Taiwan, with
intensified moisture flux along its southern flank, while the NTER fails to reproduce this feature and shows a
considerably weaker flux magnitude (Figures 1c and 1d). These differences underscore the critical role of terrain
in redistributing and intensifying moisture transport under a southwesterly monsoon regime.

Extreme rainfall can result from high rainfall intensity, prolonged rainfall duration, or a combination of both
factors. Thus, it is crucial to discuss the role of terrain in both of these processes (Cornejo et al., 2024; Doswell
et al., 1996). Figures 1e and 1f show that low‐level convergence associated with upslope flow develops along the
SMR, supporting convection development and confining strong convection over the terrain (Figure S5 in Sup-
porting Information S1), which is consistent with the observational findings of Miao et al. (2025). In NTER, the
southwesterly monsoon flow penetrates into northern Taiwan (Figures 1g and 1h), and once convection forms, it
propagates southeastward following a sea‐breeze‐induced convergence line toward the ocean. The absence of
terrain in NTER leads to more transient convection with fast propagation, highlighting the role of orography in
maintaining persistent deep convection over the SMR.

In support of the preceding discussion, Table S2 in Supporting Information S1 presents the time‐averaged,
vertically integrated (0–3 km AMSL) MFC over northern Taiwan. The CNTL run exhibits a value of
44.5 × 104 kg s− 1 m− 2, approximately 18% higher than NTER (37.8 × 104 kg s− 1 m− 2), with both simulations
showing dominance of the wind convergence term. This result indicates the role of terrain in enhancing low‐level
moisture accumulation and promoting a more humid environment over northern Taiwan (Figure S9 in Supporting
Information S1).
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To examine the convective structure, Figure 2 presents vertical cross sections of simulated radar reflectivity and
equivalent potential temperature (θe) along a southeast–northwest cross section. In the CNTL simulation
(Figures 2a and 2b), convection initiates over the SMR by 1200 LST and rapidly intensifies (not shown), with 40‐
dBZ reflectivity extending upward to 9–10 km by 1300–1400 LST. This convective structure is associated with
persistent upslope flow and strong updrafts (w > 6 m s− 1). The ascending inflow forms a ∼2‐km‐deep layer of
θe > 352 K (Figures 2c and 2d), associated with the development of MAULs (regions with ∂θe/∂z < 0 and
RH> 99%) over the slope region. TheseMAULs are pronounced during 1300–1400 LST and are accompanied by
intense convection and updrafts. The CNTL simulation exhibits features similar to the MAUL conceptual model
proposed by Bryan and Fritsch (2000; their Figure 5), including a potentially unstable environment in the mid‐to‐
lower troposphere, the presence of MAULs near the inflow region, and the intrusion of descending low‐θe air
from the opposite side of the inflow into the convection.

In contrast, the NTER simulation shows markedly shallower convection (Figures 2f and 2g), with 40‐dBZ
reflectivity reaching a height of only 4 km and weaker updrafts. The θe structure in NTER (Figures 2h and 2i)
indicates a thinner layer of inflow (∼1 km). MAULs are also less extensive in NTER, suggesting that the absence
of terrain suppresses the formation of deep and broad MAULs.

Figure 2. (a–d) The northwest‐southeast cross sections (location shown in Figure 1f) for the CNTL simulation, averaged over
a 15‐km width. (a, b) Radar reflectivity (colored), vertical velocity (blue contoured at − 1, 1, 3, and 6 m s− 1; dashed line for
downdraft), and airflow (vectors). (c, d) Equivalent potential temperature (colored), relative humidity (white contoured at
70%, 90%, and 99%), and airflow (vectors). (e) 60‐min forward trajectories initialized at 1300 LST in the CNTL simulation,
colored by height (m). (f–j) As in (a–e), but for the NTER simulation.
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Previous research on MAULs suggests that these unstable layers are often associated with layer‐lifting inflow
(Bryan & Fritsch, 2000; Mechem et al., 2002). To further examine the impact of Taiwan's topography on the
nature of inflow ascent, 60‐min forward trajectories were initialized at 1300 LST. These trajectories were
calculated and plotted using the Visualization and Analysis Platform for Atmospheric, Oceanic and Solar
Research (VAPOR; Clyne & Rast, 2005; Clyne et al., 2007) software. In the CNTL, tracers originating from the
Taipei Basin are lifted upslope as a coherent layer, with most tracers reaching the upper level (Figure 2e). In
contrast, the NTER exhibits a parcel‐based ascent pattern, where only near‐surface tracers are lifted, and the
majority remain below 5 km (Figure 2j). These results suggest that terrain facilitates layer lifting conducive to
MAUL formation and promotes the development of deep convection, noting the potential smoothing on the
trajectory due to the 5‐min model output resolution.

3.2. The Relationship Between MAUL and Extreme Rainfall

Figures 3a and 3b show time–height plots of MAUL grid counts within the northern Taiwan domain, where the
count at each level represents the horizontal area coverage. It is evident that the CNTL produces broader and
deeper MAUL structures, with the 500‐grid contour (corresponding to a horizontal area of∼1,125 km2) extending
from near the surface up to ∼5 km (Figure 3a). In contrast, the NTER shows more limited MAUL coverage,
largely confined between 1 and 3.5 km (Figure 3b). Notably, only the CNTL exhibits significant MAUL presence
below 1 km after 1300 LST, consistent with the enhanced relative humidity (Figure S9 in Supporting

Figure 3. Temporal evolution of MAUL and its relationship with subsequent rainfall in the northern Taiwan domain (domain
is shown in Figure 1e). Time‐height diagrams showing the number of MAUL grids at each level for the (a) CNTL and
(b) NTER simulations. Note that each grid cell represents a horizontal area of 2.25 km2. (c) Time series of the total MAUL
volume (km3) for CNTL (blue line) and NTER (orange line). (d) Time series of next‐hour rainfall statistics (mm), comparing
CNTL (blue lines) and NTER (orange lines). Line styles represent the maximum (dash‐dotted), 99th percentile (dotted), 95th
percentile (dashed), and domain‐averaged (solid) rainfall.
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Information S1). These results again highlight the important role of terrain‐enhanced MFC in sustaining deep and
persistent MAULs.

To further examine the relationship between MAUL and extreme rainfall, Figures 3c and 3d show a time series of
MAUL volume and next‐hour rainfall over land within the northern Taiwan domain. In the CNTL, the MAUL
volume begins increasing rapidly after 0900 LST, exceeds 2,000 km3 around 1100 LST, and reaches over
6,500 km3 by 1530 LST (Figure 3c). In contrast, the NTER exhibits a more gradual increase, with the MAUL
volume surpassing 2,000 km3 around 1300 LST and a lower peak of ∼5,000 km3 by 1500 LST. Correspondingly,
extreme rainfall in the CNTL occurs earlier and is more intense than in the NTER (Figure 3d). For example, the
maximum 1‐hr rainfall in the CNTL (∼125 mm) peaks nearly 2 hr earlier than in the NTER (∼100 mm). A similar
pattern is observed in the 99th percentile rainfall, whereas the 95th percentile maxima are comparable between the
simulations. The domain‐average rainfall peak is marginally higher in the NTER. These differences indicate that
the maximum rainfall in the CNTL is more spatially concentrated over the SMR (Figure 1a; ∼200 mm), while the
NTER exhibits a broader distribution (Figure 1b; ∼90 mm), suggesting that terrain confines convection to
mountainous regions and enhances localized extreme precipitation.

Notably, the analysis reveals that significant MAUL development precedes heavy precipitation in this case. In
both CNTL and NTER, the MAUL volume begins to increase rapidly 1–2 hr before the peak rainfall rates are
observed (Figures 3c and 3d). We also note a tendency for intense rainfall rates (>40 mm/hr) to occur only after
the MAUL volume has become substantial (Figure S10 in Supporting Information S1). This temporal relationship
suggests that MAUL development may serve as an indicator of a thermodynamic environment favorable for
extreme precipitation.

4. Summary and Discussion
This study provides the first investigation of how terrain induces MAULs and enhances extreme rainfall in
Taiwan. Using convection‐permitting simulations (Δx = 1.5 km), we show that Taiwan's topography plays a
critical role in enhancing low‐level MFC in the wake region of the southwesterly monsoon. Specifically, the
interaction of the wake flow with sea breeze and upslope winds transports abundant moisture toward the
mountains, where orographic layer lifting generates deep and persistent MAULs. This physical mechanism,
summarized in Figure 4, contrasts sharply with the weaker parcel‐based convection seen in simulations without
terrain, highlighting that terrain‐induced MAULs characterize a thermodynamic environment favorable for
extreme precipitation.

Our findings extend the classical understanding of MAUL formation by identifying orographic layer lifting as a
crucial and previously underexplored pathway, particularly in tropical, moisture‐rich environments. While prior
research has established the necessity of dynamically forced mesoscale ascent for sustaining MAULs, it has
largely focused on other mechanisms like cold pool lifting (Bryan et al., 2007; Bryan & Fritsch, 2000; Mechem
et al., 2002). Our results demonstrate that terrain‐modulated flows provide a dual contribution: they supply the
necessary dynamical ascent while simultaneously enhancing the local MFC. This synergy creates a more humid
environment that is conducive to moist absolute instability (Mechem et al., 2002; Takemi & Unuma, 2020; Tsuji
et al., 2021), facilitating the deep MAULs associated with the orographic extreme rainfall.

The results underscore the diagnostic potential of the MAUL as an indicator of extreme rainfall, as its occurrence
is associated with precipitation intensification. Our analysis reveals that the rapid growth of the MAUL volume
precedes the most intense rainfall, consistent with the suggested causal links in Naka and Takemi (2025). While
orographic lifting provides the primary mechanical trigger, the emergence of a MAUL likely facilitates a
structural transition from discrete cellular convection to a slab‐like overturning mode, potentially enhancing
precipitation intensity (Takemi, 2007). Given that our simulations are convection‐permitting, detailed overturning
morphology should be interpreted qualitatively and may be resolution dependent (Bryan et al., 2003).

Although this study focuses on a single case, the process‐based insights lay the groundwork for a broader
investigation. Future research should assess the generality of these findings across multiple events and incor-
porate high‐resolution observations to validate the simulated MAUL structures and their relationships with
precipitation (e.g., Naka & Takemi, 2025; Tsuji et al., 2021). Furthermore, evaluating the representation of these
terrain‐MAUL dynamics in operational weather and regional climate models will be essential for improving the
prediction of high‐impact weather over complex terrain.
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