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Abstract
Through WRF model terrain sensitivity experiments combined with airflow-
over-mountain theory, this study investigates the dynamic mechanism of the
Helan Mountain terrain on two extreme heavy rainfall events in the Helan Moun-
tain region on August 21, 2016 and July 22, 2018. The results indicate that: the
Helan Mountain terrain’s positive contribution to precipitation on its windward
slope can reach 57%, its negative contribution to precipitation in the Tengger
Desert can reach 63.6%, and its impact on precipitation in the Yinchuan Plain
depends on the backflow effect; heavy precipitation in the Helan Mountains
mainly occurs when the moist Froude number is between 0.48 and 1; through
topographic blocking, the Helan Mountains cause airflow to detour, affecting the
development of meso- and small-scale systems, thereby influencing the location
and intensity of heavy precipitation; the Helan Mountain terrain can produce a
water vapor convergence center of -14$×$10-7 g・cm-2・hPa-1・s-1 on the wind-
ward slope, and topographic convergence lifting enhances the uplift of warm
moist airflow on the windward slope, increases the thickness of the high-energy
and high-moisture layer, thereby enhancing precipitation on the windward slope;
the channeling effect and funnel-shaped terrain contraction make the southeast-
ern side of the Helan Mountain main peak a heavy precipitation-prone area.

Full Text
Preamble
This study investigates two extreme rainstorm events that occurred in the Helan
Mountain region on August 21, 2016 (referred to as the“8・21”event) and July
22, 2018 (referred to as the “7・22”event). The research employs the Weather
Research and Forecasting (WRF) model to conduct numerical simulations and
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terrain sensitivity experiments, utilizing airflow-over-relief theory to analyze the
dynamic effects of mountainous terrain on precipitation patterns.

1 Introduction
1.1 Rainstorm Overview

The “8・21”and “7・22”extreme rainstorm events in Helan Mountain pro-
duced 12-hour accumulated rainfall ranging from 50 mm to over 200 mm, with
peak precipitation occurring between 20:00 and 08:00. Observed rainfall totals
reached 238.1 mm and 277.6 mm respectively, while peak discharge rates ranged
from 420 m3・s−1 to 1500 m3・s−1 (Figure 1). Analysis reveals that these events
were characterized by strong convective activity, with the“7・22”event exhibit-
ing more intense convective parameters than the “8・21”event, though both
displayed similar mesoscale and microscale system development patterns.

[Figure 1: see original paper] Observed 12-hour cumulative rainfall of two ex-
treme rainstorms in Helan Mountain

1.2 Model Configuration

The simulation employs WRF V3.9.1, with initial and boundary conditions de-
rived from NCEP FNL data (1°$×1°𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛).𝑇 ℎ𝑒𝑚𝑜𝑑𝑒𝑙𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑠𝑡ℎ𝑒𝑀𝑜𝑛𝑖𝑛−
𝑂𝑏𝑢𝑘ℎ𝑜𝑣𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑙𝑎𝑦𝑒𝑟𝑠𝑐ℎ𝑒𝑚𝑒, 𝑁𝑜𝑎ℎ𝑙𝑎𝑛𝑑𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑚𝑜𝑑𝑒𝑙, 𝑎𝑛𝑑𝑊𝑆𝑀3𝑚𝑖𝑐𝑟𝑜𝑝ℎ𝑦𝑠𝑖𝑐𝑠𝑠𝑐ℎ𝑒𝑚𝑒.𝐴𝑡500ℎ𝑃𝑎, 𝑡ℎ𝑒𝑝𝑟𝑒𝑣𝑎𝑖𝑙𝑖𝑛𝑔𝑤𝑒𝑠𝑡𝑒𝑟𝑙𝑦𝑓𝑙𝑜𝑤𝑒𝑥ℎ𝑖𝑏𝑖𝑡𝑠𝑤𝑖𝑛𝑑𝑠𝑝𝑒𝑒𝑑𝑠𝑜𝑓12–20𝑚·
𝑠^{-1}$ across the Helan Mountain region, with 700 hPa and 850 hPa levels
showing southwesterly flow at 8–12 m・s−1. The terrain sensitivity experiments
are designed with three configurations: control run (CTRL) using actual
terrain, and sensitivity tests TOP0.5 and TOP1.5 with modified terrain heights
(Table 1).

2 Experimental Design
2.1 Terrain Sensitivity Experiments

The terrain sensitivity experiments are summarized in Table 1. The CTRL
experiment uses the actual Helan Mountain terrain. TOP0.5 reduces the moun-
tain height by 50%, while TOP1.5 increases it by 100%. These modifications
allow investigation of terrain height effects on precipitation distribution and
intensity.

The terrain experiments scheme

2.2 Model Domain and Resolution

The simulation domain covers the Helan Mountain region with a horizontal res-
olution of 3 km × 3 km and a time step of 15 seconds. The control experiment
(CTRL) successfully reproduces the observed rainfall patterns (Figure 2), with
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simulated 12-hour accumulated precipitation showing good agreement with ob-
servations, including accurate representation of the location and intensity of
heavy rainfall centers.

[Figure 2: see original paper] 12-hour cumulative rainfall simulated under control
experiment (contours indicate terrain height, units: m)

3 Results and Analysis
3.1 Dynamic Effects of Terrain

3.1.1 Froude Number Analysis The Froude number (Fw) is calculated to
quantify airflow blocking effects:

𝐹𝑤 = 𝑈
𝑁𝑤 ⋅ ℎ

where 𝑈 represents wind speed, ℎ is mountain height, and 𝑁𝑤 is the Brunt-
Väisälä frequency. Three terrain elevations are analyzed: 800 m (Fw1), 1800
m (Fw2), and 2356 m (Fw3). The maximum Froude number (Fw_{Rmax}) is
determined using the maximum mountain height ℎ𝑅𝑚𝑎𝑥.

Results show that for the Helan Mountain region, 0.48 < 𝐹𝑤𝑅𝑚𝑎𝑥 < 1 (Figure
2). When 𝐹𝑤 < 1, airflow is blocked and forced to divert around the terrain,
creating upstream convergence zones that enhance precipitation. The CTRL
simulation yields Fw1 and Fw2 values greater than 1, while Fw3 � 0.5, indicating
significant blocking effects at higher elevations.

The relationship between mountain height and precipitation can be expressed
as:

𝐻 = 𝑈
𝑁𝑤

where 𝐻 represents the critical dividing streamline height. Analysis shows that
ℎ𝑅𝑚𝑎𝑥 ≈ 1200 m corresponds to the maximum precipitation enhancement zone.

3.1.2 Flow Regime Characteristics When 𝐹𝑤 < 1, the terrain effectively
blocks low-level airflow, forcing moist air to ascend along windward slopes and
creating strong orographic lifting. For the “7・22”event, the 850 hPa moisture
flux convergence reaches 5×10−7 g・cm−2・hPa−1・s−1, significantly higher than
the “8・21”event. This enhanced convergence, combined with terrain forcing,
produces more intense precipitation on the eastern slopes of Helan Mountain.

3.2 Moisture Convergence and Precipitation Distribution

Terrain modifications substantially alter moisture convergence patterns. In
TOP0.5 (reduced terrain), precipitation decreases by 35.1% on the eastern slopes
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but increases by 63.6% on the western side. Conversely, TOP1.5 (enhanced ter-
rain) shows a 56.5% precipitation increase on the eastern slopes for the“7・22”
event. The moisture convergence center aligns with the region where 𝑢/𝑈 < 0
(where 𝑢 is the perturbation wind component and 𝑈 is the mean wind), indicat-
ing flow reversal and convergence enhancement.

3.3 Thermodynamic Effects

The terrain-induced lifting significantly modifies the thermodynamic structure.
Equivalent potential temperature (𝜃𝑠𝑒) analysis reveals that when 𝜃𝑠𝑒 > 337
K, convective available potential energy is substantially increased. During the
“7・22”event, the 850 hPa 𝜃𝑠𝑒 field shows stronger instability compared to “8・
21”, with terrain lifting contributing to the intensification of the high-energy,
high-moisture layer on windward slopes.

The moisture convergence along the eastern slopes ranges from −9 × 10−7 to
−14 × 10−7 g・cm−2・hPa−1・s−1, with the most intense convergence occurring
at elevations around 1200 m. This convergence zone, combined with the narrow-
pipe effect of terrain gaps and the bell-mouth contraction effect, contributes to
the frequent and rapid development of convective systems southeast of the main
peak.

4 Conclusions
Key findings from this study include:

(1) The Helan Mountain contributes positively to rainfall enhancement of
35–57% along its eastern slopes, while reducing precipitation by approxi-
mately 26–63.6% in the Tengger Desert to the west. The impact on the
Yinchuan plain depends on the specific flow regime.

(2) Rainstorms in the Helan Mountain region typically exhibit Wet Froude
numbers between 0.48 and 1. When 𝐹𝑤 < 1, terrain blocking forces
airflow diversion, affecting meso- and micro-scale system development and
influencing storm location and intensity.

(3) Terrain forcing creates a moisture convergence center with intensity reach-
ing −14 × 10−7 g・cm−2・hPa−1・s−1 along the eastern slopes. The con-
vergence and uplift effects strengthen moisture convergence and cause the
uplift of warm-wet flows on the windward slope, enhancing the high-energy
and high-wet layers, which intensifies rainfall.

(4) The narrow-pipe effect and bell-mouth terrain-induced contraction con-
tribute to the frequency and rapid development of rainstorms southeast
of the main peak.
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Abstract

Two extreme rainstorms which occurred on 21 August 2016 and 22 July 2018
on Helan Mountain were simulated and a terrain sensitivity experiment was
performed using the WRF model. The theory of airflow over relief was used
to study the dynamic effects of mountainous terrain. Results show a positive
contribution of the Helan Mountain to rainfall of 57% along its east region,
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whereas a negative contribution to rainfall of approximately 63.6% was calcu-
lated in the Tengger Desert to the west of the mountain. The impact of the
Helan Mountain on the Yinchuan plain depends on surge. Rainstorms in the
Helan Mountain usually have a Wet Froude value between 0.48 and 1. The
mountain forces the airflow around its relief, which affects the development
of meso- and micro-scale weather systems, and further influences the location
and strength of rainstorms. A moisture convergence center with −14 × 10−7

g・cm−2・hPa−1・s−1 can be produced along the east region of the mountain.
The convergence and uplift effect of terrain strengthens moisture convergence
and causes the uplift of warm-wet flows on the windward slope, enhancing the
high-energy and high-wet layers, which intensifies rainfall. The narrow-pipe
effect and bell-mouth terrain-induced contraction contribute to the frequency
and rapid development of rainstorms southeast of the main peak.

Keywords: rainstorm; dynamic effects; numerical simulation; terrain; Helan
Mountain; Ningxia

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202006.00192 Machine Translation

https://chinarxiv.org/items/chinaxiv-202006.00192

	Numerical Simulation Analysis of Dynamic Mechanisms of Two Extreme Rainstorm Events in the Helan Mountains: Postprint
	Abstract
	Full Text
	Preamble
	1 Introduction
	1.1 Rainstorm Overview
	1.2 Model Configuration

	2 Experimental Design
	2.1 Terrain Sensitivity Experiments
	2.2 Model Domain and Resolution

	3 Results and Analysis
	3.1 Dynamic Effects of Terrain
	3.2 Moisture Convergence and Precipitation Distribution
	3.3 Thermodynamic Effects

	4 Conclusions


