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Abstract

:

Based on the half-hourly Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG) data product (0.1°), the fifth-generation European Center for Medium-Range Weather Forecasting atmospheric reanalysis dataset (ERA5), sounding data, and the Weather Research and Forecasting Model (WRF-ARW), this study explored the developmental process of a typical extreme precipitation event in Liaoning Province on 2 June 2021. This study focused on the impact of Changbai Mountain on this precipitation process and its corresponding physical mechanisms. The research findings revealed that Changbai Mountain significantly affected the precipitation event in three main aspects: blocking drag, forcing uplift, and leeside convergence. The blocking drag caused by the mountain topography led to an extension in the duration of heavy rainfall. The dynamic lifting and leeside convergence associated with the mountainous terrain also substantially increased the amount of precipitation. Furthermore, the topography hindered the movement of the Bohai Bay cold pool and enhanced the intensity of the cold pool, contributing to the sustained extreme precipitation in Liaoning Province. Lastly, the terrain sensitivity experiment demonstrated that when the height of Changbai Mountain was reduced, the convergence uplift, moisture condensation, and cold pool intensity were weakened, leading to significant changes in precipitation intensity and spatial distribution. These findings further confirm the crucial role of Changbai Mountain in the occurrence and development of local precipitation in Liaoning Province.
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1. Introduction


Coastal mountainous regions, particularly in monsoon areas, are highly susceptible to extreme precipitation events due to the intricate interplay between land and sea and complex terrain, causing severe impacts on natural ecosystems and society [1]. Research indicates that large-scale circulation patterns, such as the North Atlantic Oscillation, Madden Julian Oscillation, and El Niño-Southern Oscillation, synoptic-scale disturbances, mesoscale convective systems, boundary layer convergence, and local terrain, all play pivotal roles in the dynamics of extreme precipitation [2,3,4]. Additionally, monsoonal circulation, moisture transport, and the downward propagation of high potential vorticity also influence the formation of extreme precipitation [5,6,7]. Nonetheless, predicting extreme precipitation accurately remains challenging due to the complex interaction between various physical processes across different spatial and temporal scales [8,9]. Thus, understanding the dynamic mechanisms behind extreme precipitation formation is of significant importance in enhancing flood forecasting and warning systems.



Extreme precipitation is governed and modified by various atmospheric and geographical factors; in particular, topography significantly influences the extreme precipitation in mid-latitude mountainous regions. Topographical forcing can be categorized into two main types: mechanical and thermal forcing, the specific mechanisms of which are contingent upon the environmental conditions, such as background wind speed, static stability, and the height and shape of the mountains. Mechanical forcing encompasses large-scale upward motion on the slopes and horizontal convergence induced by dynamic changes in wind direction [10]. Simultaneously, thermal variations caused by daytime solar radiation and nocturnal radiative cooling generate hydrostatic pressure gradients, leading to upslope or downslope winds along mountain surfaces, which favor convergence and orographic precipitation [11,12,13]. Undulating mountainous terrain can also impede the transport of moisture flux and increase the friction of the ground against the atmosphere, affecting the movement of precipitation cloud systems [14,15]. Furthermore, intricate topography interacted with cold pools and other factors, influencing the intensity, height, and movement of the cold pools, thereby affecting the convergence between colder, denser air within the cold pool and the surrounding environment [16]. While extensive research has been conducted on the influence of topography on precipitation, its mechanisms vary across different climate zones and even within the same climate zone at distinct locations, and therefore, specific studies in local regions are needed.



Liaoning Province is a typical coastal mountainous region in Northeast China, bordered by the Bohai Bay and the Yellow Sea to the south, facing the majestic Changbai Mountains to the east. Since the 1990s, the province has been more prone to extreme precipitation events in Northeast China, and it is projected that such occurrences will increase in the future, posing major risks to human lives, property, and sustainable socio-economic development [17,18]. However, studying precipitation patterns in the mountainous regions of Liaoning Province has been exceptionally challenging due to the scarcity of ground observation data and the limitations imposed by the mountainous terrain on weather radar detection [19,20]. With the rapid advancement of computer technology, various numerical models have been widely employed to investigate the orographic effects on regional precipitation. Previous studies have shown that the uplifting effect of topography enhances positive vorticity on the windward slopes, fostering accelerated vertical upward motion [5]. On the other hand, the obstructive effect of topography alters the wind direction at the bottom of the Northeast cold vortex, forming new convective clouds on the windward slopes and intensifying precipitation [21]. Furthermore, this topographical obstruction makes moisture converge on the windward slope, resulting in enhanced precipitation on the windward slope [22]. Despite the progress made in understanding the dynamic mechanisms of Changbai Mountain’s topographical impact on precipitation, the orographic effects on precipitation on the leeward side remain insufficient [23]. Meanwhile, few studies have been conducted to investigate the interaction between the cold pool and the local terrain, and existing research is mainly to explore the impact of cold pools on gales and tornadoes in Liaoning Province [24,25]. Moreover, using mesoscale numerical atmospheric models and observation data with limited resolution has constrained our cognitive grasp of the impact of Changbai Mountain on regional precipitation. Therefore, a better understanding of the influence of Changbai Mountain on precipitation is still needed.



On 2 June 2021, a typical extreme precipitation event occurred in Liaoning Province, China. This event was accompanied by lightning and tornadoes, resulting in multiple casualties and direct economic losses exceeding CNY 5 million. This study employed the mesoscale numerical model WRF-ARW to conduct convection-permitting simulations of this representative precipitation event. Additionally, we conducted sensitivity experiments to analyze the impact of different heights of Changbai Mountain on regional precipitation to reveal the mechanisms underlying the role of Changbai Mountain in local precipitation. Section 2 overviews the study area, data sources, and modeling techniques. Section 3 presents the main research findings, followed by Section 4 and Section 5, which consist of the discussion and conclusion. This research will contribute to elucidating the effect of Changbai Mountain on regional extreme precipitation and enhancing the predictability of such extreme events.




2. Model, Data and Methodology


2.1. Study Area


Liaoning is a coastal province located at the northern edge of the East Asian summer monsoon region (38–43°N, 118–125°E). Liaoning has a temperate continental monsoon climate, with an average annual precipitation of 500–1000 mm [26]. Liaoning Province is renowned as the ‘Golden Triangle’, owing to its advantageous coastal geographical position and its commercial and cultural strengths in the northeastern region [27]. Based on its topographical and hydrological features, Liaoning can be divided into three main regions: the eastern mountainous area, the western plateau, and the central plain [28,29]. Among these, the Changbai Mountain and the Qianshan mountain range dominate the eastern mountainous area, extending into the sea to form the Liaodong Peninsula. The Changbai Mountain, a dormant volcano, acts as a natural barrier in Northeast China, effectively blocking moist oceanic airflows and playing a vital role in Liaoning Province’s climate. Influenced by the East Asian monsoon and intricate topography, Liaoning Province experiences significant characteristics in its heavy rainfall, such as high intensity, concentrated time, localized occurrence, and suddenness. The eastern mountainous region of Liaoning Province receives the highest precipitation, whereas the western plateau experiences the lowest, and the central plain receives a moderate amount. This spatial pattern of annual precipitation decreases from southeast to northwest, resulting in the unique climatic features of the eastern humid and western semi-humid areas [30,31].




2.2. Model Configuration and Experiment Design


To investigate the influence of the topography of Changbai Mountain on extreme precipitation in Liaoning Province, this study employed the WRF-ARW Model version 4.3, a fully compressible, non-hydrostatic model, to conduct convection-permitting simulations [32,33]. The model was configured with two nested domains, encompassing a horizontal grid spacing of 9 km (308 × 300) and 3 km (481 × 481), along with 48 vertical levels with 10 hPa at the top of the atmospheric columns. The integration time step of the WRF model was set at 10 s, and the data output frequency was every 30 min. The Morrison parameterization scheme was employed for the microphysical processes, which has been widely applied in China [34,35]. The Planetary boundary and radiation schemes were the Mellor–Yamada Nakanishi Niino (MYNN) [36] and RRTMG [37] schemes, respectively. The topo_gmted2010_30s dataset was used to obtain topographical data, and the land surface processes were modeled using the unified Noah land surface model [38]. Due to the model’s horizontal resolution being less than 4 km, the cumulus convection parameterization scheme was deactivated in this study. More details about the model configuration can be found in Table 1.



This study comprises two sets of experiments, and by comparing the simulation differences between these two sets of experiments, we can assess the impact of Changbai Mountain on extreme precipitation in Liaoning Province. The simulation period for all experiments spans from 18:00 UTC on 1 June 2021, to 24:00 UTC on 2 June 2021, lasting 30 h, with the initial 6 h designated for model spin-up. Experiment 1 (EXP1) serves as the control experiment, employing the default elevation of the Changbai Mountain region to conduct convection-permitting simulations of a typical precipitation event. In Experiment 2 (EXP2), the model parameterization schemes and simulation area remain identical to EXP1, but the elevation of the Changbai Mountain region (122–132°E, 39.5–46°N) is reduced to one-tenth of the default height (Figure 1). The specific formula for this terrain adjustment is as follows:


    h g t   2   = 200 + (   h g t   1   − 200 ) × 0.1  



(1)




where the     h g t   1     and     h g t   2     represent the terrain height of Changbai Mountain in EXP1 and EXP2, respectively; 200 denotes the average elevation of the surrounding terrain of Changbai Mountain.




2.3. Observational and Reanalysis Data


The initial and lateral boundary conditions for WRF simulations were derived from the fifth-generation European Center for Medium-Range Weather Forecasting atmospheric reanalysis dataset (ERA5) spanning from 18:00 UTC on 2 June 2021, to 24:00 UTC on 2 June 2021. The ERA5 dataset provides a temporal resolution of 1 h and a horizontal resolution of 0.25° × 0.25°. Additionally, to validate the accuracy of the initial conditions provided by ERA5, this research employed sounding data from the esteemed University of Wyoming. For over two decades, this dataset has been widely used as a standard true value to verify the accuracy of the reanalysis dataset in global upper-air analysis [39,40]. In this study, sounding data for Dalian station (38.5°N, 121.5°E) on 2 June at 00:00 UTC were downloaded from the official database, which includes vertical profiles of height (m), pressure (hPa), temperature (°C), relative humidity (%), mixing ratio (g/kg), and wind speed (m/s).



To assess the simulation performance of the WRF model regarding precipitation in the study area, this research employed the Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG) data product, jointly developed by the National Aeronautics and Space Administration (NASA) of the United States and the Japan Aerospace Exploration Agency (JAXA). IMERG is a high-resolution and high-quality precipitation estimation data product widely used in meteorological, hydrological, and other research fields at both global and regional scales. This data product primarily relies on satellite microwave and infrared radiance data, as well as ground-based rainfall observations. By fusing multiple satellite data sources, IMERG provides precipitation estimates with a spatial resolution of 0.1° × 0.1° at half-hourly intervals on a global scale [41]. Currently, NASA offers three types of IMERG data products: IMERG Early, Late, and Final Runs. This study utilizes the IMERG-Final Run (V06 version) data product, which closely aligns with observed precipitation [42].




2.4. Methodology


To scrutinize the interplay between terrain and the surrounding atmospheric flow and to authenticate the blocking effect of Changbai Mountain on the atmospheric flow, the present study computed the Froude number. The Froude number signifies a dimensionless parameter that characterizes the relative magnitudes of the fluid’s inertial force and gravity and is conventionally employed for distinguishing the flow states of distinct fluids. A large Froude number (Fr ≥ 1) denotes that the air current can surmount the obstructing mountains, whereas a low Froude number (Fr < 1) indicates that the mountains will obstruct the air current [43]. The formula for calculating the Froude number is expressed as follows [44]:


    F   r   =   U   N H    



(2)




where U is the flow speed and N and H are Brunt–Väisällä frequency and the mountain height, respectively.



In addition, to comprehend the role of low-level cold pools in a preexisting cold front in the evolution of convective systems in the Changbai Mountain region [45], we calculated of the intensity of the cold pool, which can be measured by its propagation speed:


  C =  2   ∫  0   H    ( − B ) d z     



(3)






  B = g [   θ −   θ  ¯    θ   + 0.61     q   v   −     q   v    ¯    −   q   c   −   q   r   ]  



(4)




where C represents the intensity of the cold pool, H represents the depth of the cold pool, and B represents buoyancy, which is calculated using Formula (3).   θ   refers to potential temperature, while     q   v    ,     q   c     and     q   r     represent the mixing ratios of water vapor, cloud water, and rainwater, respectively.     θ  ¯    refers to the regional average of potential temperature, while       q   v    ¯    refers to the regional average of the mixing ratios of water vapor.





3. Results


3.1. Synoptic Background of the Precipitation Event


Based on the ERA5 reanalysis data on 2 June 2021, the atmospheric conditions in Liaoning Province were conducive to the formation of heavy precipitation. At 6:00 UTC, the Northeast Cold Vortex remained stable at 500 hPa, and the heavy rain area was located ahead of the trough at 500 hPa and to the left of the exit of the East Asia Upper-Tropospheric Jet Stream (EAJS) at 200 hPa. Consequently, the formation of heavy rainfall was influenced by the positive vorticity advection ahead of the trough and the upper-level divergence. Simultaneously, the thermal trough was behind the westerly trough, leading to cold air in the upper atmosphere of Liaoning Province (Figure 2a). The low-level jet (LLJ) at 850 hPa transported substantial heat and moisture into Liaoning Province, resulting in the total column precipitable water exceeding 40 mm (Figure S1). Additionally, the warm air from the LLJ converged with the northwesterly wind, forming a shear line along the northeast-southwest direction (Figure 2b). Along this shear line, convective available potential energy (CAPE) was found beyond 1400   J ·   k g   − 1     at mid-levels. At the surface, cyclonic circulation dominates near Liaoning Province, where the convergence of northwesterly and southerly winds at the base of the circulation formed a northeast-southwest-oriented cold front, extending from Bohai Bay to Jilin Province (Figure 2c). In summary, the interplay of the 500 hPa trough, the 850 hPa shear line, the coupling of high and low-level jets, and the surface cold front all contributed positively to the rapid development of convective systems and the favorable conditions for the formation of intense precipitation.



According to the 3:00 UTC sounding observation data in Anshan City, Liaoning Province (41°N, 122.5°E), the lower levels of the troposphere, particularly the 900–850 hPa level, exhibited relative humidity, while the levels at 800–400 hPa were comparatively drier. Additionally, at the near-surface 1000 hPa level, the CAPE reached as high as 1323 J·kg−1, and the lifting condensation level (LCL) was relatively low (938 hPa), indicating that the region was prone to triggering strong convection (Figure 3a). By 21:00 UTC on 2 June, the sounding data revealed a shift in near-surface wind direction to the northwest, accompanied by a decrease of approximately 5 °C in surface air temperature. The mid-level atmosphere showed a trend of drying and cooling, and the CAPE declined to 159 J·kg−1. These indicators collectively suggest that precipitation was either ongoing or had already occurred, and unstable energy had been released (Figure 3b).




3.2. Evaluation of Simulated Precipitation in the EXP1


As shown in Figure 4a, during the daytime (from 00:00 to 12:00 UTC on 2 June; UTC = LST − 8), the rain belt observed by IMERG extends from the Bohai Sea to Jilin Province, exhibiting a southwest-northeast orientation. Additionally, two distinct precipitation centers are evident, located in the central parts of Liaoning Province and Jilin Province, with both centers showing accumulated precipitation peaks exceeding 130 mm (Figure 4a). During the nighttime (from 12:00 UTC to 24:00 UTC on 2 June), the rain belt gradually shifts eastward towards the vicinity of Changbai Mountain, with only one precipitation center located in the southeastern region of Liaoning Province (Figure 4b). EXP1 can effectively reproduce the spatial distribution and evolution of the IMERG-observed rain belt, but there are discrepancies in the precipitation amounts between the observations and simulations. During the daytime, the spatial correlation coefficient between the simulated and observed precipitation is approximately 0.68, whereas at nighttime, this coefficient increases to approximately 0.79. This indicates that the WRF model performs well in simulating the spatial pattern of precipitation in the region. The peak of simulated accumulated precipitation is around 120 mm during the daytime and approximately 90 mm during the nighttime, showing a general underestimation of about 30 mm compared to the observed values. Additionally, the simulated rain belt exhibits a smaller spatial extent than the observed one, with the simulated daytime precipitation center situated more eastward and the nighttime precipitation center slightly northward in comparison to the observed centers (Figure 4c,d). In summary, despite a dry bias in the simulated precipitation, the WRF model can effectively capture the spatial pattern and evolution of the rain belt in the study area.




3.3. Impacts of Changbai Mountain on Precipitation


As shown in Figure 5a, the simulated rainfall belt in EXP1 exhibits a southwest-northeast orientation for 2 June, from 00:00 to 24:00 UTC, with the precipitation center mainly located within Liaoning Province, reaching a peak accumulated rainfall of approximately 130 mm. Furthermore, in the vicinity of Changbai Mountain, there is a weak precipitation center with a peak accumulated precipitation of approximately 90 mm (Figure 5a). The spatial distribution and pattern of the rain belt simulated by EXP2 are generally consistent with EXP1. However, compared to EXP1, EXP2 exhibits a narrower rain belt, and the intensity of the precipitation center is also weakened. The average hourly precipitation in the study area decreases by about 0.2 mm/h (Figure S2), and the precipitation center near Changbai Mountain almost disappears (Figure 5b). Spatially, the regions significantly influenced by the terrain in terms of precipitation are primarily concentrated in the central regions of Liaoning Province and in the vicinity of Changbai Mountain. In EXP2, the peak rainfall amount in the precipitation centers is reduced by more than 30 mm compared to EXP1, but there is a slight increase of approximately 20 mm in precipitation in the eastern regions of Jilin Province (Figure 5c). Notably, the wet bias in the precipitation between the two experiments mainly stems from the daytime precipitation simulated in eastern Jilin Province, whereas the dry bias in precipitation primarily originates from nighttime precipitation (Figure S3). Overall, the topography of Changbai Mountain favors the enhancement of precipitation intensity and coverage in Liaoning Province.




3.4. The Drag Effect of Changbai Mountain on Horizontal Wind


The terrain of Changbai Mountain, by attenuating the strength of westerly winds and slowing down the movement of the cold front, prolongs the duration of precipitation in Liaoning Province. In EXP1, at 5:00 UTC on 2 June, the convective system was triggered along the southwest-northeast-oriented cold front (Figure 6a). As the cold front proceeded eastward, the convective system propagated in the same direction under the influence of the prevailing westerly flows. By 12:00 UTC, the cold front had moved eastward to the central part of Liaoning Province, and the convective system was located in the eastern region of Liaoning Province, with the maximum intensity observed near Changbai Mountain (Figure 6b). At 18:00 UTC, the cold front’s movement was sluggish, and the linear convective system along the southwest-northeast direction persisted in the eastern part of Liaoning Province (Figure 6c). In comparison with EXP1, at 5:00 UTC on 2 June in EXP2, the convective system in the western part of Liaoning Province showed no significant change, but the intensity of the convective systems in the eastern part of Liaoning Province and eastern Jilin Province had strengthened (Figure 6d). At 12:00 UTC, an abnormal westerly wind of 15 m·s−1 appeared at position A (123–125°E and 41–42°N), indicating that the terrain’s friction and hindering effect weakened the strength of the westerly winds (Figure 6e), resulting in a slower movement of the westerly dominated cold front (Figure S4b). At the same time, upstream of the convective system’s movement direction (southeast of position A), positive abnormal radar reflectivity was observed, while downstream (northwest of position A), negative abnormal radar reflectivity appeared (Figure 6e,f). This suggests that Changbai Mountain decelerated the convective system’s movement speed, enabling the rain belt to persist over Liaoning Province.




3.5. The Effect of Topography on Vertical Wind


The topography of Changbai Mountain enhances the convergence of wind fields and vertical upward motion near the mountain by forcing the ascent of warm and moist air and creating orographic downslope winds due to thermal differences, thereby promoting precipitation formation. In EXP1, at 12:00 UTC, a strong gradient in pseudo-equivalent potential temperature (    θ   s e    ) appeared at 123.8°E on the eastern side of Changbai Mountain, indicating the position of the front. Ahead of the front,     θ   s e     gradually decreased with increasing altitude, indicating strong atmospheric instability in the region. The warm and moist airflow from the Bohai Sea uplifted and condensated due to the effects of the unstable stratification and orographic forcing and continued to rise upon encountering the upper-level cold front, leading to strong vertical updrafts throughout the atmosphere near Changbai Mountain. Furthermore, on the western side of Changbai Mountain, during the night, thermal differences between the mountain and the surrounding plains resulted in noticeable downslope winds near 123.5°E. The downslope winds converged with the northwesterly and southwesterly winds, enhancing vertical updrafts on the western side of Changbai Mountain and forming a secondary circulation with ascending motion on the warm side and descending motion on the cold side (Figure 7a). However, compared to EXP1, in EXP2, the near-surface vertical upward motion and water vapor condensation are relatively weaker, and the cloud–water mixing ratio is reduced to 0.5 kg·kg−1, and mainly exists above 700 hPa. As the westerlies moved to around 124°E, there was no convergence between the westerlies and the downslope winds, leading to a significant weakening of vertical updrafts over Liaoning Province (Figure 7b).




3.6. Impacts of Changbai Mountain on Cold Pool


The terrain of Changbai Mountain can impede the eastward movement of the cold pool, thus influencing the development of convection and the maintenance of the rainband. In EXP1, the early-stage precipitation formed a cold pool with a potential temperature below 290 K over the Bohai Sea through evaporative cooling. The colder air within the cold pool laterally diffused and converged with the southeast winds at the outflow boundary of the cold pool, resulting in the forced upward motion of warm and moist air, which favored the triggering of convection (Figure 8a). At 11:30 UTC, the cold pool slowly shifted eastward, and the convective cells triggered along the outflow boundary of the cold pool continuously moved northeastward, contributing to the sustenance of precipitation in Liaoning Province (Figure 8b). After terrain height reduction in EXP2, the cold pool shifted further eastward, exhibiting a faster eastward movement, and resulted in a decrease in the formation of new convective cells along the edge of the cold pool (Figure 8c,d)



In addition to impeding the movement of the cold pool, the topography of Changbai Mountain can also enhance the intensity and height of the cold pool, maintaining a balance between the cold pool and the southeast wind and vertical wind shear, thereby promoting the formation and sustenance of precipitation. In EXP1, at 11:00 UTC, a cold pool extending about 1 km upwards (perturbation potential temperature < −2 K) was observed over the Bohai Sea (Figure 9a). According to the RKW theory, the cold pool outflow velocity (C), which was calculated in the region (39–39.5°N, 120.8–121.2°E) in EXP1 was 14.43 m·s−1, nearly offsetting the inflow velocity of the lower-level southeasterly winds, which was 14.72 m·s−1. Simultaneously, at 11:00 UTC, the intensity of the lower-level vertical wind shear (ΔU) was 14.33 m·s−1, and the ratio of C to ΔU was 1.01, indicating a near balance between the strength of the cold pool and the lower-level vertical wind shear. This equilibrium between the cold pool and the vertical wind shear, as well as the southeastern winds, fosters the development of the convective system. In contrast, in EXP2, the height of the cold pool was reduced by approximately 0.1 km, and its position shifted eastward, resulting in the triggering of convection and upward motion also occurring easterly (Figure 9b). The strength of the cold pool weakened to 13.56 m·s−1, no longer maintaining equilibrium with the southeastern winds (9.76 m·s−1) and the vertical wind shear (ΔU = 8.31 m·s−1).





4. Discussion


4.1. Thermal and Dynamic Mechanisms Supporting the Extreme Precipitation


Previous research has demonstrated that the high positive vorticity at the 500 hPa level associated with the Northeast Cold Vortex can induce low-level cyclonic circulation, significantly influencing extreme weather events in northeastern China [21,46]. In this study, the 500 hPa Northeast Cold Vortex, along with the cyclones at 850 hPa and the surface level, created an ideal circulation background for heavy precipitation in Liaoning Province (Figure 2a–c). The 850 hPa wind shear, the surface cold front, and the coupling of the upper and lower-level jet streams provided the dynamic conditions necessary to trigger convection (Figure 2a–c and Figure 6). A substantial amount of moisture was transported into Liaoning Province through the low-level jet stream, resulting in the area’s precipitable water (48 mm) being 60% higher than the July average (28.58 mm) for Liaoning Province [47], thus providing ample moisture for the formation of extreme precipitation events (Figure S1). Additionally, higher CAPE values, lower LCL, and the dry and cold upper layers coupled with warm and moist lower layers also favor the initiation of convection (Figure 3a).



The influence of Changbai Mountain on precipitation varies between daytime and nighttime, stemming from the dynamic lifting mechanism of the terrain and its effect on hindering moisture. During the daytime, the terrain tends to weaken precipitation in the eastern part of Jilin Province (Figure S3c). In EXP1, moisture is blocked by Changbai Mountain and concentrated in the central part of Liaoning Province, where it undergoes lifting and condensation influenced by the cold front (Figure 10a). After reducing the height of the terrain, more moisture is transported to Jilin Province (Figure 10b,c), resulting in EXP2 simulating more daytime precipitation in the central region of Jilin Province (Figure S3c). During the nighttime, the terrain enhances precipitation in eastern Liaoning Province and Jilin Province (Figure S3d). In EXP1, moisture is blocked by the terrain, accumulating near the southeastern part of Liaoning Province (Figure 10d), and is then lifted and condensed by the dynamic lifting caused by the terrain and the downslope winds, providing favorable conditions for precipitation in Liaoning Province. However, in EXP2, after reducing the height of the Changbai Mountains, although more moisture is transported to the central part of Liaoning Province, the lack of dynamic lifting from the terrain results in less simulated precipitation in the eastern part of Liaoning Province (Figure 10e,f).



The cold pool in the Bohai Sea is considered another significant factor in enhancing and sustaining precipitation in Liaoning Province. The early precipitation forms a cold pool through evaporative cooling, and the convergence of the cold pool outflow with the southeast wind favors the formation of a linear convective system oriented from southwest to northeast (Figure 8a). Simultaneously, new convective cells are continuously triggered on the southwest side of the main convection and move northeastward under the influence of the prevailing southwestern winds, gradually merging into the primary convection, thereby contributing to the sustenance of precipitation in Liaoning Province (Figure 8b). The equilibrium between the warm and moist airflow and the outflow from the cold pool is considered another factor in maintaining the convection, as observed during the process of convective initiation on 2 June 2021 [48]. Moreover, the intensity and duration of convection triggered by the cold pool are highly sensitive to the low-level vertical wind shear in the surrounding environment. When the cold pool reaches equilibrium with the environmental wind shear, the lifting at the front edge of the cold pool becomes the strongest, making it more prone to triggering intense convection [49]. However, after reducing the height of Changbai Mountain, the weakening of the cold pool’s intensity and lowering of its height cause the cold pool to no longer balance with the vertical wind shear and the warm and moist southeastern airflow, thus affecting the intensity and duration of precipitation (Figure 9b). For a comprehensive understanding of the physical mechanism underlying the formation of extreme precipitation in Liaoning Province on 2 June 2022, please refer to Figure S5.



In summary, this study investigated the role of Changbai Mountain in an Extreme Precipitation Event in Liaoning Province, emphasizes the importance of considering the impact of Changbai Mountain on the intensity and movement of cold pool in Bohai Bay, which not only fills the knowledge gap in the interaction between complex terrain and sea in this region but also provides new ideas for further exploring the influencing factors and mechanisms of extreme precipitation in Liaoning Province. Meanwhile, it is also of great significance to study the dynamic process of the terrain affecting precipitation on both leeward and windward sides of the mountain for a deeper understanding of the valley winds. Liaoning Province is one of the 13 major grain-producing areas in China and is a crucial agricultural area and commodity grain base. Therefore, it is imperative to improve forecasting accuracy and quantify the flood risk and its impact on main crop yields, which benefit farmers by mitigating or adapting to flood-induced impact on agricultural systems.




4.2. Limitations of the Research


To establish the credibility of the simulation before analyzing the physical processes based on the simulation output, we use the IMERG-Final Run (V06 version) data product as rainfall observation to evaluate the WRF model’s simulation performance concerning the precipitation in Liaoning Province. The IMERG products have the advantage of higher temporal (half-hourly) and spatial resolution (0.1°) compared to low density and uneven spatial distribution ground-based observations in the regions with complex terrain [50]. Therefore, using high-resolution satellite-derived precipitation datasets can well reflect the precipitation situation and identify rainfall characteristics in the vicinity of Changbai Mountain. Meanwhile, the IMERG products demonstrate an improved capacity for effectively monitoring precipitation events and are capable of making up for the data uncertainties introduced by algorithms to interpolate sparse ground-based observations [51,52]. In addition, a previous study comparing IMERG data with other observations in Liaoning Province has shown that the IMERG products can exhibit good performance and better capture both the spatial and temporal distributions of the precipitation in Liaoning Province [53].



Comparing the WRF model with the precipitation observed by IMERG, the spatial distribution of the WRF model is close to the observation, but there is a certain discrepancy in the cumulative precipitation peak, which we believe could be attributed to the uncertainty of the model and other factors. Earlier investigations have emphasized that utilizing ERA5 as the initial and lateral boundary conditions for driving the WRF model leads to attenuated convection and an underestimation of precipitation due to reduced moisture transport to the mid-levels and the absence of vigorous updraft [54]. Based on sounding data from the Dalian station, the observed near-surface atmospheric moisture is saturated, while ERA5 indicates lower atmospheric moisture levels (Figure S6). This moisture deficiency, coupled with higher LCL in ERA5, results in diminished moisture condensation, consequently affecting the process of precipitation formation. Moreover, the inadequate horizontal resolution of the model in this study may also contribute to discrepancies between the simulated and observed precipitation. Higher horizontal resolution enables the WRF model to simulate small-scale precipitation systems better, thereby aiding in a more accurate representation of precipitation distribution, intensity, and spatiotemporal variations [55,56]. Note that the IMERG Final Run products have also been compared with ground-based observations and other satellite precipitation products; we found that there also exists a significant discrepancy in the rainfall amount among different precipitation products (not shown), which could affect the magnitude of the difference between observation and WRF simulated precipitation. However, despite these biases, the distribution of the rainfall is well-agreement with the observations, and therefore, this model experiment is suited to study the dynamics of the precipitation processes.





5. Conclusions


Based on half-hourly IMERG precipitation data, ERA5, and sounding data, this study conducted convection-permitting simulations using the mesoscale numerical model WRF-ARW to investigate the developmental process of a typical extreme precipitation event in Liaoning Province on 2 June 2021. The impact of Changbai Mountain’s topographical height variation on the typical heavy rainfall in Liaoning Province was explored by comparing the differences in atmospheric dynamic processes between the control and terrain-sensitive experiments. The main findings are as follows:



	(1)

	
The topography obstructed the eastward progression of the cold front as the convective system advanced eastward towards the vicinity of Changbai Mountain, thus prolonging the duration of rainfall.




	(2)

	
On the eastern slope of Changbai Mountain, precipitation was intensified by the uplifting effect of the topography on the warm and moist low-level airflow. On the western slope, orographic downslope winds converged with the southwest and northwest winds, further enhancing the upward motion.




	(3)

	
The topography hindered the eastward movement of the cold pool and amplified its intensity, leading to a delicate balance between the cold pool, southeasterly wind, and vertical wind shear. This equilibrium facilitated the development of convection and sustained precipitation for several hours near Changbai Mountain.







In conclusion, Changbai Mountain played a crucial role in the extreme precipitation event in Liaoning Province. This study analyzed the impact of Changbai Mountain on extreme precipitation in Liaoning Province from the perspective of dynamics and moisture transport. However, it focused on a single typical case and only considered the influence of Changbai Mountain in Northeast China on local precipitation in Liaoning Province, without discussing the effects of other mountains in the region, such as Da Hinggan Ling and Xiao Hinggan Ling. In the future, further research will incorporate high-precision multi-source observational data, high-resolution numerical models, and various analytical techniques to investigate in-depth the influence and mechanisms of complex terrain in the northeast on regional precipitation.
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Figure 1. The WRF domain and its topography. (a) Default elevation; (b) elevation in the Changbai Mountain region (122–132°E, 39.5–46°N) is one-tenth of the default elevation; (c) the ratio between EXP2 and EXP1 altitudes, where GK, LK, and CB represent Great Khingan, Lesser Khingan Mountains, and Changbai Mountain, respectively. 
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Figure 2. Synoptic environment at 6:00 UTC on 2 June: (a) geopotential height at 500 hPa (solid lines; gpm), temperature (dotted lines; °C), horizontal wind (vector; m·s−1) and EAJS at 200 hPa (shaded; m·s−1), (b) geopotential height at 850 hPa (solid lines; gpm), temperature (dotted lines; °C), horizontal wind (vector; m·s−1) and low-level jet stream (shaded; m·s−1), (c) CAPE at 1000 hPa (shaded; J·kg−1), surface pressure (solid lines; hPa), temperature (dotted lines; °C), horizontal wind (vector; m·s−1) distribution. The solid purple line outlines Liaoning and Jilin Provinces. 
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Figure 3. Thermodynamic (skew T-log p) diagram for the sounding taken at Anshan City at (a) 3:00 UTC on 2 June and (b) 21:00 UTC on 2 June. For winds, full (half) barbs denote 4 (2) m·s−1. 
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Figure 4. Spatial pattern of observed 12 h accumulated total precipitation (mm) over Liaoning and Jilin Province during (a) 06/02/00:00–06/02/12:00 UTC and (b) 06/02/12:00–06/02/24:00 UTC. (c,d) as in panels (a,b), but showing simulated precipitation in EXP1. 
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Figure 5. Spatial pattern of observed 24 h accumulated total precipitation (mm) during 06/02/00:00 UTC–06/02/24:00 UTC in (a) EXP1 and (b) EXP2, and (c) The difference in precipitation between EXP2 and EXP1 (defined as EXP2 minus EXP1) during 06/02/00:00 UTC–06/02/24:00 UTC. 
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Figure 6. Simulated 10 m composite radar reflectivity (shaded, dBZ) and 10 m horizontal wind (vector, m·s−1) at (a) 5:00 UTC, (b) 12:00 UTC and (c) 18:00 UTC in EXP1. The brown lines in (a–c) denote the cold front. Additionally, the differences between EXP2 and EXP1 (defined as EXP2 minus EXP1) at (d) 5:00 UTC, (e) 12:00 UTC and (f) 18:00 UTC. The dotted areas are indicated to pass the 95% confidence test. 
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Figure 7. Vertical cross sections of     θ   s e     (contour, every 10 K), wind vectors (m·s−1) and total cloud mixing ratio (shading, kg·kg−1) from (42°N, 122°E) to (39.9°N, 125°E) in (a) EXP1 and (b) EXP2 at 12:00 UTC. 
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Figure 8. The 10 m potential temperature (shaded, K), horizontal wind (m·s−1) and 45 dBZ radar reflectivity (green contours, dBZ) at (a) 11:00, (b) 11:30 UTC in EXP1 and (c) 11:00, (d) 11:30 UTC in EXP2. 
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Figure 9. Vertical cross-sections of wind vectors (vector, m·s−1), radar reflectivity (contour, dBZ), perturbation potential temperature (shaded, K) at 11:00 UTC in (a) EXP1 and (b) EXP2 from (39.8°N, 120.5°E) to (39°N, 121°E). 
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Figure 10. Spatial pattern of total column precipitable water (shaded, mm), horizontal wind at 850 hPa (m·s−1) averaged from 06/02/00:00 UTC to 06/02/12:00 UTC in (a) EXP1, (b) EXP2 and (c) the difference between EXP2 and EXP1 (defined as EXP2 minus EXP1. (d–f) as in panels (a–c), but showing the simulation averaged from 06/02/12:00 UTC to 06/02/24:00 UTC. 
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Table 1. The parameterization scheme configuration of the WRF model in this study.
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Description

	
EXP1 (CTL)

	
EXP2






	
Altitude of Changbai Mountain

	
Default altitude

	
Default altitude × 0.1




	
Horizontal resolution (grid dimensions)

	
d01: 9 km (308 × 300)

d02: 3 km (481 × 481)




	
Vertical levels (Top pressure)

	
48 (10 hPa)




	
Cloud microphysics

	
Morrison




	
Atmospheric surface layer

	
MYNN




	
Planetary boundary layer scheme

	
MYNN




	
Short-/Longwave radiation scheme

	
RRTMG




	
Land surface

	
unified Noah




	
Cumulus parameterization

	
None
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