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Abstract
This study introduces a recent field experiment investigating multiscale
terrain–circulation–precipitation interactions. When a synoptic-scale northeast-
erly wind prevails under the active East Asian winter monsoon, stratocumulus
cloud decks with severe rainfall exceeding 100 mm⋅day−1 frequently occur in
the northeastern plain area and adjacent mountains in Yilan, Taiwan. The Yilan
Experiment of Severe Rainfall (YESR2020) is a field campaign from Novem-
ber 20, 2020, to November 24, 2020, to survey the physical processes leading to
severe wintertime rainfall. The three-dimensional structure of the wind field and
the atmospheric environment can be identified through high temporal and spa-
tial resolution sounding observations, which is empowered by the novel Storm
Tracker mini-radiosonde. During YESR2020, the continuously collected meteo-
rological data of two northeasterly episodes captured the variability of local-scale
wind patterns and the features of the severe rainfall induced by stratocumulus. A
preliminary analysis indicated that a local-scale convergence line could appear
over the plain area of Yilan under the northeasterly environmental condition.
The precipitation hotspot was located in the mountain region of southern Yilan,
where the local winds signified turbulence features. Moreover, the severe rain-
fall of the two northeasterly episodes spotlighted shallow cumulus under stratus
with pure warm rain processes. The results of YESR2020 inspire the arrange-
ment of future field observations to explore detailed mechanisms of heavily
precipitating stratocumulus over complex topography.
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1 INTRODUCTION

Marine stratocumulus clouds have been intensively
studied as they are recognized to play a critical role in
modulating the radiative balance of the climate system
(Stephens and Greenwald, 1991; Hartmann et al., 1992;
Stephens, 2005). Previous investigations of precipitation
processes in marine stratocumulus have been mainly
focused on the formation of drizzle and light rain asso-
ciated with the changes in cloud microphysics and
dynamics, predominantly for the persisting low cloud
decks over the northeastern and southeastern Pacific
(Wood, 2012). Over the northwestern Pacific, where
the East Asian winter monsoon is active, transient
marine stratocumulus clouds are formed in the regions
where the near-surface northeasterly monsoonal wind
is enhanced by the synoptic systems (Koike et al., 2012;
Koike et al., 2016; Liu et al., 2016; Chang, Chen, and
Chen, 2021; Wu and Chen, 2021), as shown in the example
in Figure 1a. With the presence of the marine stratocumu-
lus, the boundary layer is moistened through enhanced
vertical mixing (Lilly, 1968). The combination of the
prevailing northeasterly monsoonal wind and the moist
cloud-topped boundary layer can provide strong and
steady low-level horizontal moisture flux approaching the
terrain of Taiwan, which is likely a critical environment
for heavy precipitation to be generated in the windward
coastal mountains and the plains, particularly in Yilan.

The wintertime averaged accumulated precipitation in
Yilan is about 200–1,200 mm, with frequent episodes of
severe rainfall exceeding 100 mm⋅day−1 (Figure 1b). Typi-
cally, the duration of severe rainfall events in wintertime
in Yilan is about 20–60 hr. Over the mountain region of
southern Yilan, where the highest average rainfall and the
greatest frequency of severe rainfall events occur, the rain
rate is mostly around 10–20 mm⋅hr−1, with a maximum
of about 50 mm⋅hr−1. These regular and ample winter-
time rainfall events guarantee the water resources for both
the socioeconomic activities and the unique cloud forest
ecosystem in the mountains of northeastern Taiwan. The
severe rainfall events also lead to flash floods, trigger land-
slides, and damage major highways. Chen et al. (1980)
and Lee and Chen (1983) identified how the synoptic-scale
weather patterns modulated the regional precipitation in
several severe wintertime rainfall cases in northern Tai-
wan. However, the discussions on local precipitation char-
acteristics were limited due to the lack of high-resolution
field observations and numerical models in the early days.
The features of stratocumulus producing heavy precipita-
tion and their interactions with the terrain were also not
investigated.

Many previous studies show that orographic-induced
precipitation is highly related to background flow and

mountain geometry (e.g., Imamovic et al., 2019). The pri-
mary theoretical mechanism emphasizes the mechani-
cal lifting of moist unstable air masses (Houze, 2012),
which could cause precipitation in the windward side of
the mountains. However, heavy winter rainfall in Yilan
occurred not only in the mountain region but also over
the plain area. By summarizing pilot balloon, surface
wind, and precipitation observations in Yilan in Decem-
ber 1942, Kabasawa (1950) suggested that the variabil-
ity of the northeasterly background environment and its
interactions with the terrain can influence the local wind
field. Such a concept can be extended to the interac-
tions between the large-scale circulation field and the
orographic-generated small-scale turbulence. The turbu-
lence generated by the terrain may increase the vertical
mixing in the planetary boundary layer (PBL) and alter the
structure of the stratocumulus, which can likely enhance
the precipitation intensity locally. Therefore, heavy precip-
itation in Yilan is potentially a phenomenon caused by the
cross-scale interactions over the terrain, which requires a
dense array of sounding observations to resolve the local
circulation.

Several field campaigns have been carried out in recent
years aiming at the terrain–convection–precipitation
interactions. The Convective and Orographically induced
Precipitation Study was operated in a low-mountain area
in Europe in the summertime (Wulfmeyer et al., 2011),
collecting the observations with multiple instruments
covering the entire evolution of convective precipitation
events over the terrain. The Remote Sensing of Electrifica-
tion, Lightning, and Mesoscale/Microscale Processes with
Adaptive Ground Observations field campaign in the sum-
mertime in South America highlighted the high-impact
deep convection along with complex topography (Nesbitt
et al., 2021). The Olympic Mountains Experiment in the
wintertime in Washington State revealed how precip-
itation is modified by the terrain (Houze et al., 2017).
Recently, some field experiments also focused on the inter-
actions between the terrain and regional circulation under
a relatively dry atmospheric environment. The Perdigão
field campaign in the summertime utilized high-density
devices to monitor the near-surface wind turbulence over
complex topography in Portugal. They pointed out that
the near-surface fine-scale wind features can be captured
by suitable remote-sensing instruments, such as lidar,
radar, and ceilometer, over a very complex topography
(Fernando et al., 2019; Bell et al., 2020). Compared with
these previous field experiments, the severe wintertime
rainfall in Yilan occurs in a relatively cooler and more
humid environment with higher potential instability, and
Taiwan has a steeper and higher orographic regime.

In the past 40 years, several joint observational exper-
iments have been held in Taiwan. Most investigations
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F I G U R E 1 (a) True-color image
by Himawari-8 (Takenaka et al., 2020;
Yamamoto et al., 2020) and 10 m wind
of the fifth generation of the European
Centre for Medium-Range Weather
Forecasts atmospheric reanalysis
(ERA5; Hersbach et al., 2020) at 1200 h
Taiwan standard time (TST, UTC+ 8)
December 14, 2018, over East Asia
during a severe rainfall event in the
northeastern part of the Taiwan Island
(outlined in blue). In this severe case,
the 48-hr accumulated rainfall at Suaou
reached 445.0 mm with the maximum
hourly rainfall being 27.5 mm. The dot
is Ishigaki Island. (b) The climatology
(1961–2018) of accumulated
precipitation (left) and the frequency of
severe rainfall events (right) during the
wintertime (November–February,
NDJF) in northeastern Taiwan. The
thick line shows the boundary of Yilan
County. The triangular mark is the
location of the Central Weather Bureau
(CWB) Wufenshan operational radar,
and the star is the location of the CWB
Banqiao sounding site [Colour figure
can be viewed at
wileyonlinelibrary.com]
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focused on the high-impact synoptic-scale weather events
in the warm season, including the Taiwan Area Mesoscale
Experiment (Kuo and Chen, 1990) in 1987 and the South-
west Monsoon Experiment (Jou et al., 2011) in 2008.
Some regional experiments were focused on precipitation
and convection-related topics, such as the Green Island
Mesoscale Experiment (Jou, 2001) in 2001 and the Taipei
Summer Storm Experiment (TASSE; Kuo et al., 2017) in
the late 2010s. In Taiwan, the interactions between terrain,
circulation, and precipitation in the wintertime environ-
ment have never been observed with modern equipment
of high spatial and temporal frequency.

The Central Weather Bureau (CWB) established the
automatic surface observational network covering the
mountain region in Taiwan. It provided continuous mea-
surements of temperature, humidity, wind, rainfall, and
radiation (only a few sites) at the surface (Figure 2a). How-
ever, the variability of low-level wind can only be captured
with frequent sounding observations within the PBL,
which are not feasible with the two existing operational
upper-air sounding stations in Taiwan Island. Moreover,
convection and precipitation over complex topography
can also modulate the local circulation. Thus, the internal
structures of stratocumulus and the detailed evolution of

http://wileyonlinelibrary.com
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F I G U R E 2 (a) Instrumental placement during the Yilan Experiment of Severe Rainfall in 2020. (b) The sites with upper-level wind
observations. The dots, triangle, and circle are the sites for radiosondes, lidar, and wind profiler, respectively. Three cross-section lines are
chosen to analyze the vertical structure of the wind field: the coast line (A–A′, Suaou–Wuyuan–Luodong–Chuangwei–Yilan), the valley line
(B–B′, Nansan–Sunsing–Yilan–Chuangwei), and the southern line (C–C′, Sunsing–Luodong–Wuyuan–Suaou). (c) The three-dimensional
trajectories of storm trackers were released from six observational sites in the Yilan area at 0800 h Taiwan standard time (UTC+ 8) November
24. Each site provides a vertical profile of the moisture, temperature, and wind fields. Satellite photographs are captured from Google Earth.
AWOS, automated weather observing system; CWB, Central Weather Bureau; JWD, Joss–Waldvogel disdrometer; MRR, micro rain radar; ST,
Storm Tracker; TEAM-R, Taiwan Experimental Atmospheric Mobile Radar; UAV, uncrewed aerial vehicle [Colour figure can be viewed at
wileyonlinelibrary.com]

precipitation are also critical information to be obtained.
Therefore, a carefully designed high-frequency, fine-scale
observational array covering different parts of the ter-
rain to measure winds in the PBL, cloud, and rainfall is
critical to resolving the terrain–circulation–precipitation
interactions.

In 2020, we carried out an intensive field cam-
paign, Yilan Experiment of Severe Rainfall (YESR2020),
to understand the interactions between terrain, circula-
tion, and precipitation in the wintertime in Yilan using
state-of-the-art instruments. An array that can observe the
three-dimensional wind field was constructed using the

Storm Tracker mini-radiosonde (Hwang et al., 2020), wind
profiler, and wind lidar. The sounding observations pro-
vide not only the structure of the wind field but also the
vertical profiles of the thermodynamic features. We also
deployed an X-band precipitation radar of 3 cm wave-
length, micro rain radars (MRRs), and raindrop size dis-
drometers to monitor the cloud evolution. YESR2020 is the
first modern campaign that focuses on the local circulation
associated with severe rainfall in winter in Taiwan since
World War II.

The primary objectives of this article are to intro-
duce the field campaign design of the YESR2020 and to

http://wileyonlinelibrary.com
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present the preliminary analyses on the local-scale wind
fields and rainfall observed by the network of the Storm
Tracker mini-radiosonde and remote-sensing instruments
during the major episodes under northeasterly synoptic
conditions with severe rainfall. The article is organized
as follows. The deployment plan and the instruments
are described in Section 2. The synoptic weather evolu-
tion during the campaign period is reviewed in Section 3.
The preliminary analysis for local circulation during two
main rainfall events is shown in Section 4. Discussion
on the results and the potential scientific topics associ-
ated with YESR2020 are presented in Sections 5 and 6,
respectively.

2 DEPLOYMENT PLAN AND
INSTRUMENTATION LIST

2.1 Deployment plan

The YESR2020 field campaign was designed to observe
the evolution of precipitation patterns, PBL turbulence,
and three-dimensional circulation characteristics during
periods with northeasterly monsoonal wind encountering
complex topography. The intensive observing period
(IOP) was November 20–24, 2020. Within this joint

field campaign framework, an extensive suite of the
state-of-the-art meteorological instrument and advanced
micro-observational equipment were operated concur-
rently for the first time in Yilan. Five institutions were
involved in this field campaign. Various additional instru-
ments were deployed over the plain area of Yilan to
enhance the observations of the low-level kinematic and
microphysical data of precipitation systems. The net-
work is comprised of instruments for in-situ measure-
ments, including a high temporal and spatial resolu-
tion automated weather observing system and active
remote-sensing instruments, such as advanced radar and
lidar systems. Meanwhile, we also collect PBL data
through drone sounding and particulate matter (PM)
observations. We had 16 additional stations in Yilan with
30 CWB surface stations (Figure 2a). All types of instru-
ments operated during YESR2020 are listed in Table 1,
including their supporting institutions, available parame-
ters, and operating sites.

Figure 2 shows the spatial deployment of the instru-
ments, which were orientated across (northwest to
southeast, coast line, A–A′ in Figure 2b) and along (north-
east to southwest, valley line, B–B′ in Figure 2b) the
Lanyan River. The instruments along the Lanyan River
provide northeasterly monsoonal wind characteristics,
including the wind speed, wind direction, instability,

T A B L E 1 The list of instruments operated during the Yilan Experiment of Severe Rainfall in 2020

Instrument Institutiona Parameter Site

Lidar RCEC Wind profile Luodong

NDUCCIT Wind profile Sunsing

Wind profiler NCU Wind profile Chuangwei

TEAM-Rb NCU Radial velocity, radar reflectivity, differential
reflectivity, correlation coefficient,
differential phase shift

Tamkang

MRR/MRR-pro NTU,
NCU,
PCCU

Vertical-pointing radar reflectivity, raindrop
fall speed

Yilan, Sunsing, Tamkang,
Nansun, Tuchang

JWD PCCU,
NCU

Raindrop size distribution Suaou, Wujie

Parsivel PCCU Raindrop size distribution Yilan, Suaou, Sunsing, Tamkang

Aerosol spectrometer NTU Aerosol size distribution Yilan

Ceilometer NTU Cloud base height Sunsing

UAV NCU Temperature, humidity, pressure, wind speed,
wind direction, PM2.5 mass concentration

Yilan

aNCU, National Central University; NDUCCIT, Chung Cheng Institute of Technology, National Defense University; NTU, National Taiwan University;
PCCU, Chinese Culture University; RCEC, Research Center for Environmental Change, Academia Sinica.
bTaiwan Experimental Atmospheric Mobile Radar (TEAM-R) operation was available only during November 20–21, whereas all the other instruments were
operating during the whole intensive observing period.
Abbreviations: JWD, Joss–Waldvogel disdrometer; MRR, micro rain radar; PM, particulate matter; UAV, uncrewed aerial vehicle.
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and kinematic and microphysical structures. Moreover,
the cross-orientated instruments provide local circulation
characteristics induced by surrounding mountains. Fur-
thermore, the past observational experiments on the initi-
ation process of convection in the terrain indicated that the
variables of PBL moisture, local circulation, and rainfall
are significantly related to the frequency of convection ini-
tiation (Weckwerth and Parsons, 2006). Therefore, we also
set up several sounding sites along the southern moun-
tains (southern line, C–C′ in Figure 2b). The sounding
network can provide detailed information on meso-𝛾-scale
low-level circulation variations for the terrain-related
return flow over the plain area of Yilan. These high tem-
poral and spatial sounding observations can sufficiently
and effectively observe the environmental characteristics
of the PBL, which are helpful to the study of the orographic
precipitation mechanism. They are also crucial for the
ground-truth validation of the high-resolution large-eddy
simulation (LES) model and remote-sensing retrievals.

2.2 Instrumentation

2.2.1 Radiosonde

The sounding observations provide the most reliable
atmospheric pressure, temperature, and humidity mea-
surements. However, currently, there is no operational
sounding site in Yilan, with the closest operational
sounding site being located in the Taipei basin (the
star in Figure 1b). As Taipei is on the opposite side of
the mountain range, it cannot provide the crucial PBL
characteristics in Yilan for this study. Therefore, we

need to release numerous radiosondes during the IOP to
observe the three-dimensional atmospheric environment
with a high spatial and temporal resolution.

During YESR2020, we took advantage of the previ-
ous experiment of TASSE, which systematically carried
out the co-launch of the Storm Tracker mini-radiosonde
(Figure 3; Hwang et al., 2020) with the operational
Vaisala radiosonde, providing a suitable calibration ref-
erence for the Storm Tracker mini-radiosonde. Table 2
shows the frequency and duration of radiosonde release.
At the supersites (Yilan and Suaou), we carried out
a co-launch procedure similar to TASSE. Furthermore,
using the Storm Tracker mini-radiosonde can increase the
frequency and coverage of observations. In addition, the
GRAW radiosonde was also utilized during YESR2020,
providing atmospheric status upstream of the Lanyang
River. The concurrent radiosonde release as a network
at six sites (Figure 2c) provides the vertical environ-
mental conditions and detailed information of low-level
microscale turbulence (Luce and Hashiguchi, 2020)
in Yilan.

2.2.2 Wind field remote sensing

Although the environmental wind conditions can
be obtained from the sounding observations, extra
vertical-pointing wind profilers and wind lidars were
operated during YESR2020 to improve spatial and
temporal observational resolution. By deploying very
high frequency and vertical-pointing remote-sensing
measurements, we can greatly enhance the ability to
resolve the wind conditions in Yilan. The variation of

F I G U R E 3 Co-launch of the Storm
Tracker mini-radiosonde with the
operational Vaisala RS41-SGP radiosonde
during the Yilan Experiment of Severe
Rainfall in 2020 [Colour figure can be viewed
at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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T A B L E 2 The frequency and duration of radiosonde release during the Yilan Experiment of Severe Rainfall in 2020

Sounding site Elevation (m) Radiosonde system Release frequency

Yilan 8.4 Storm Tracker (co-launch
with Vaisala RS41-SGP)

Every 3 hr (co-launch every 6 hr before
1400 h TST (UTC+ 8) November 23,
and every 3 hr after that)

Suaou 24.9

Sunsing 80.0 Storm Tracker Every 3 hr

Wuyuan 37.9

Chilan 1,711.0 Storm Tracker Every 1.5 hr during the daytime, and
every 3 hr during the nighttimea

Nansun 1,260.0 GRAW Every 6 hr

aDaytime is 0500–2000 h Taiwan standard time (TST; UTC+ 8), and nighttime is 2000–0500 h TST (UTC+ 8).

wind conditions is essential to understand the developing
mechanism of precipitation systems.

2.2.3 Radar

Owing to the altitude limitation and orographic-blocking
issue, the low-level (below 1 km) precipitation character-
istics cannot be well observed by the CWB operational
radar at Wufenshan (the triangle on Figure 1b). There-
fore, the Taiwan Experimental Atmospheric Mobile
Radar (TEAM-R; Chang et al., 2014) was deployed during
YESR2020. The X-band polarimetric radar measurements
examined the cloud dynamical structures and microphys-
ical characteristics of convective precipitation systems
at high spatial and temporal resolution (every 7.5 min
and 1.0 km2). The hybrid-scanning strategy of TEAM-R
contains the plan position indicator (PPI) volume scans,
vertical scan, and the range height indicator scans. The
elevation angles of the PPI scans were 0.5, 1.0, 2.0, 3.0,
4.0, 5.0, 6.0, 7.0, 8.5, 10.5, 15.0, and 19.5◦. Meanwhile,
the azimuthal angles of the range height indicator scan
were strategically selected and regularly repeated over the
location of MRRs to consistently obtain detailed vertical
microphysical characteristics of precipitation systems.
MRRs can provide profiles of raindrop size distribution
and Doppler velocity of falling raindrops. The fall veloc-
ity observed by MRRs can be utilized to differentiate ice
crystals and aggregated dendrites as they have distinct fall
velocities. Therefore, the structure of the clouds can be ver-
ified by MRRs, illustrating the state of the hydrometeors.

2.2.4 Microphysics observations

Several instruments were operated during YESR2020
to obtain further information on cloud microphysical
processes. The laser aerosol spectrometer (GRIMM 1.109),

which can provide airborne PM number concentration of
31 size channels between 0.25 and 32 μm, was installed
at Yilan station. The size distribution of the aerosols can
provide further information focusing on aerosol activation
and warm-rain physical processes. The modern parti-
cle size and velocity optical disdrometer (Parsivel) and
Joss–Waldvogel disdrometers can profile the raindrop size
distribution and terminal velocity information for all types
of precipitating events during YESR2020. The raindrop
information were associated with the observations from
five vertical-pointing MRRs during this period. In addi-
tion, TEAM-R provided high spatiotemporal resolution of
dual-polarimetric measurements for retrieving raindrop
size distribution and differentiating hydrometer types of
precipitation systems.

2.2.5 Uncrewed aerial vehicle

In YESR2020, we also used an innovative automatic quad-
copter system to observe meteorological and air quality
conditions in the lower troposphere. YESR2020 is the
first time this uncrewed aerial vehicle (UAV) system oper-
ated simultaneously with radiosondes during a joint field
campaign. Our UAV system has customized features,
including being waterproof and having high wind resis-
tance (up to 17 m⋅s−1) and low form drag, which allows
us to operate it in severe weather. The UAV was equipped
with meteorological and PM2.5 sensors to obtain the verti-
cal distribution of temperature, humidity, pressure, wind
speed, wind direction, and PM2.5 mass concentration. We
operated a total of 17 vertical profiling flights at Yilan
station, aiming to conduct the intercomparison between
the UAV and the operational Vaisala radiosonde. The
maximum flight height of the UAV was 2,500 m. The UAV
ascent rate was set at 3.5 m⋅s−1, and the data were recorded
at 1 s resolution.
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3 SYNOPTIC WEATHER
EVOLUTION

The IOP period of the YESR2020 field campaign was
November 20–24 in Yilan. The evolution of the synoptic
weather, the radar quantitative precipitation estimation,
and the background northeasterly moisture transport pro-
files calculated using the Ishigaki Island (about 230 km
east of Yilan; the magenta dot in Figure 1a) operational
sounding observations are presented in Figure 4. We iden-
tify a northeasterly episode when the low-level northeast-
erly moisture transport intensifies within 12 hr. During
the IOP period of YESR2020, two northeasterly episodes
occurred.

On the morning of November 20, a cold front was
located to the northeast of Taiwan (the left column of
Figure 4a). As the cold front passed through, the low-level
northeasterly moisture transport surged (the right column
of Figure 4a), signifying the beginning of the first north-
easterly episode. On November 21, the low-level northeast-
erly moisture transport weakened in the evening, marking
the termination of the first northeasterly episode (the right
column of Figure 4b). The surface wind speed at Ishigaki
Island remained weaker than 8.2 m⋅s−1 during the whole
episode. It precipitated in northeastern Taiwan during
the whole episode, and the most significant precipitation
hotspot was in the mountain region of southern Yilan (the
middle columns in Figure 4a,b).

The left column of Figure 4c shows that there were
no primary synoptic weather systems around Taiwan on
November 22, and the isobars were sparse. At this time,
the center of the continental cold high-pressure system
was located in Mongolia and its edge was at the coast
of China. During the daytime, the northeasterly moisture
transport was low, and the precipitation occurred mainly
in the northeastern tip of Taiwan.

The second northeasterly episode started on the
evening of November 22, at which the northeasterly mois-
ture transport increased (right column of Figure 4c). The
left column of Figure 4d demonstrates that the isobars
around Taiwan became more compact on November
23. On November 24, the center of the continental cold
high-pressure system moved southward to central China
(left column of Figure 4e). The surface wind speed at Ishi-
gaki Island was consistently greater than 7.7 m⋅s−1 during
the whole episode, with a maximum of 10.8 m⋅s−1, which
is more intense than that in the first episode. The most
significant precipitation hotspot was again the mountain
region of southern Yilan (middle columns in Figure 4d,e).
This northeasterly episode proceeded and settled until
November 25.

The Himawari-8 geostationary satellite true-color
images (Figure 4f) show that well-developed marine

stratocumulus clouds were embedded in the regions of
near-surface strong northeasterly monsoonal wind that
extended from the upstream ocean to northeastern Taiwan
in both northeasterly episodes when severe rainfall events
occurred over Yilan. The formation of marine stratocu-
mulus cloud decks indicated that the marine atmospheric
boundary layer exhibited high moisture and sufficient
vertical mixing for condensation. The low-level mois-
ture could be transported by the prevailing northeast-
erly winds and served as the water vapor source of the
severe rainfall events in Yilan. As shown in the right
columns of Figure 4a,d, the peak values of the northeast-
erly moisture transport almost reached 180 g⋅kg−1⋅m⋅s−1.
These high moisture transport values indicated that the
synoptic-scale northeasterly continuously supplied water
vapor in the low-level atmosphere towards northeastern
Taiwan, which was a favorable ambient condition for
severe rainfall events.

Figure 5a illustrates the evolution of PBL mois-
ture and horizontal wind observed by the three-hourly
released Storm Tracker mini-radiosonde at Yilan station.
The frequent sampling revealed that the atmospheric
characteristics at Yilan station were locally and swiftly
transitioned. Note that the low-level water vapor observed
at Yilan station during the first northeasterly episode
(November 21) was higher than during the second episode
(November 23–24). The local water vapor in the PBL could
be influenced by small-scale processes, such as local cir-
culation transport, convective mixing, and precipitation
evaporation. The precise high spatial and temporal reso-
lution observations are essential to fully understand the
severe rainfall and its relationship with the local-scale
atmospheric phenomenon in Yilan. Figure 5b further
demonstrates that the performance of the calibrated Storm
Tracker mini-radiosonde in the lower atmosphere is com-
parable to the Vaisala RS41-SGP radiosonde, which is the
sensor used in current CWB daily operational sounding
observations. The characteristics of the atmospheric envi-
ronment in the PBL can be accurately observed by the
Storm Tracker mini-radiosonde, which enables the follow-
ing of local-scale analysis of fine-resolution atmospheric
profiles.

4 TWO NORTHEASTERLY
EPISODES WITH SEVERE RAINFALL

The two northeasterly episodes with severe rainfall dur-
ing YESR2020 had a similar synoptic weather system lay-
out. Although the mountain region of southern Yilan was
the most significant precipitation hotspot in both north-
easterly episodes, the detailed characteristics of precipi-
tation and local wind field were different. The sounding
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F I G U R E 4 (a–e)
Synoptic weather charts at
0800 Taiwan standard time
(TST; UTC+ 8) from the
Central Weather Bureau
(CWB) are presented in the left
column. Radar quantitative
precipitation estimation daily
accumulated rainfall from the
CWB is displayed in the
middle column. The
northeasterly (NE) moisture
transport calculated using
sounding observations at
0800 h TST (UTC+ 8; solid
line) and 2000 h TST (UTC+ 8;
dashed line) November 20–24
at Ishigaki Island is shown in
the right column. (f)
Himawari-8 true-color image
and ERA5 10 m wind at 1200 h
TST (UTC+ 8) November 21
and 1200 h TST (UTC+ 8)
November 23 [Colour figure
can be viewed at
wileyonlinelibrary.com]
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F I G U R E 5 (a) Time evolution of water vapor mixing ratio and horizontal wind below 4 km (planetary boundary layer) at Yilan station
during the Yilan Experiment of Severe Rainfall in 2020. One full wind barb represents 2 m⋅s−1. The boxes represent the period of two
northeasterly episodes. (b) Comparison of observed water vapor mixing ratio between the Vaisala RS41-SGP radiosonde (solid lines) and the
Storm Tracker mini-radiosonde (dashed lines) at 0800 h Taiwan standard time (TST; UTC+ 8) November 21 (during the first episode) and
0200 h TST (UTC+ 8) November 24 (during the second episode) [Colour figure can be viewed at wileyonlinelibrary.com]

observations and the wind field remote sensing could be
applied to construct the detailed structures of the regional
PBL circulation variations, enabling us to distinguish the
two episodes by their features of low-level wind fields.

The first northeasterly episode began in the day-
time of November 20 and terminated on the evening
of November 21. Figure 6 shows that the northeasterly
flow generally prevailed over the plain area during the
whole episode, consistent with the background synoptic
wind pattern. The surface wind field turned northeast-
erly at 0800 h Taiwan standard time (TST; UTC+ 8)

November 20, but not until 1700 h TST (UTC+ 8)
November 20 did the precipitation initiate over the plain
area of Yilan. The heavy rain rate of more than 10 mm⋅hr−1

emerged from 2000 h TST (UTC+ 8) November 20 in
the mountain region of southern Yilan and its adjacent
plain area. The heavy rain rate area expanded northward
and peaked at 1400 h TST (UTC+ 8) November 21. Soon
after, the wind direction turned southeasterly, and the
precipitation weakened at 1700 h TST (UTC+ 8) Novem-
ber 21. The 48-hr accumulated rainfall was 230.5 mm,
66.0 mm, and 33.5 mm at Suaou, Sunsing, and Yilan

http://wileyonlinelibrary.com
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F I G U R E 6 Evolution of horizontal wind and precipitation pattern at the surface during November 20–21. The stars mark missing
rainfall data. One full wind barb represents 1 m⋅s−1. The surface observational data were obtained from the automated weather observing
system established by the Central Weather Bureau and provided by the observational teams of the Yilan Experiment of Severe Rainfall in
2020 [Colour figure can be viewed at wileyonlinelibrary.com]
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stations, respectively. The severe precipitation occurred
in the mountain region of southern Yilan, and the pre-
cipitation decreased northward over the plain area.
Figure 7 demonstrates a two-layer horizontal wind struc-
ture during the first episode. The three cross-section
lines bear similar time evolutions of the wind profile
features. The upper-level westerly flow, a typical winter-
time synoptic feature in Taiwan (Chen and Chen, 2003),
and the low-level easterly flow evolved with time, relat-
ing to the progress of the synoptic-scale northeasterly
monsoonal wind. The low-level easterly flow mainly
existed below 1,000 m at 1400 h TST (UTC+ 8) Novem-
ber 20, and it thickened and reached about 3,000 m in
the next 24 hr. Furthermore, a turbulent feature could
be found below the upper-level westerly flow at the
sounding stations in the southern line of Figure 7,
identified qualitatively through the vertically varying
horizontal wind.

The polarimetric X-band TEAM-R observations
further provided the microphysical structure and the
rain properties inside the cloud decks over the plain
area of Yilan to the coastal ocean during the first
episode. Figure 8 shows TEAM-R’s systematic bias and
attenuation-corrected measurements (Chen et al., 2021).
Based on the reflectivity ZHH and differential reflectivity
ZDR, the height of the convection top was less than 6 km
during this period (Figure 8a,b). There was no bright-band
signature, implying that the convection was entirely
below the freezing level. The values of ZDR were around
0.2–1.2, indicating the mean drop size was small. The cor-
relation coefficient 𝜌HV values were between 0.9 and 1.0
(Figure 8c), suggesting that the pure warm-rain droplets
were uniform and small. This heavy precipitation system
features a shallow convective system with pure warm-rain
processes. The interactions between the local circulation,
the cloud development, and the terrain that lead to severe
precipitation in Yilan will be the primary focus of future
studies.

The second northeasterly episode started on the
evening of November 22 and proceeded until Novem-
ber 25. The 48-hr accumulated rainfall at Suaou, Sun-
sing, and Yilan stations was 167.5 mm, 84.5 mm, and
44.5 mm, respectively. Although the mountain region of
southern Yilan was still the most significant precipita-
tion hotspot, the total amount was lower than that dur-
ing the first episode. Contrasting with the first episode,
Figure 9 reveals that the surface wind field over the plain
area of Yilan did not completely correspond to the back-
ground synoptic northeasterly pattern. The wind field
over the inland part of the plain area was westerly, while
easterly to northeasterly flow appeared over the coastal
side of the plain area. Thus, a clear convergence line
appeared over the plain area. Note that the precipitation

over the plain area of Yilan was not centered around the
convergence line. The convergence line shifted northward
during 0500–1400 h TST (UTC+ 8) November 23, and the
rain rate increased for the stations to the south of the
convergence line. The position of the convergence line
was variable between 2000 h TST (UTC+ 8) November 23
and 0200 h TST (UTC+ 8) November 24, which was the
period that the heaviest rainfall occurred in the mountain
region of southern Yilan in this northeasterly episode. The
location of the convergence line was relatively fixed from
0200 h TST (UTC+ 8) November 24. Figure 10 displays the
horizontal wind structure along the three cross-section
lines during the second episode. A near-surface westerly
flow emerged beneath the low-level easterly flow, differ-
ent from the first episode. Generally speaking, Suaou and
Wuyuan in the coast line and Sunsing in the valley line had
deeper near-surface westerly flow. These sites were located
near the mountains of southern Yilan, indicating that the
near-surface westerly flow could be related to the terrain.
As the near-surface westerly flow evolved, its structure
along the coast line and the valley line remained rela-
tively steady; the near-surface westerly flow was thicker to
the south and shallower to the north. However, its struc-
ture temporally varied along the southern line. The depth
of the near-surface westerly flow thickened to the west
and decreased to the east with time. Turbulence near the
mountain region of southern Yilan was also displayed in
the sounding observations of Sunsing and Wuyuan below
the interface of the northeasterly monsoonal wind and the
upper-level westerly flow (southern line in Figure 10). This
characteristic was different from the conceptual model
proposed by Kabasawa (1950) and will be discussed in the
next section.

5 DISCUSSION

A field campaign was conducted in Yilan in late Decem-
ber 1942 to investigate the mechanism of the wintertime
orographic precipitation (Kabasawa, 1950). Pilot balloons
were released at three sites and seven additional surface
observational sites of wind and precipitation were estab-
lished over the plain area of Yilan. Kabasawa’s summary
schematics (redrawn in Figure 11a) revealed that the sur-
face wind field over the inland part of the plain area was
westerly, whereas easterly to northeasterly flow appeared
over the coastal side of the plain area. Precipitation mainly
occurred along a convergence line that appeared over
the plain area. Over the inland part of the plain area,
the cloud cover was scattered, and there was no rainfall.
The cloud top of stratocumulus clouds was lower than
2,000 m. It was postulated that when the northeasterly
monsoonal wind encountered the terrain the mechanical
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F I G U R E 7 Evolution of vertical cross-sections of horizontal winds during November 20–21. One full wind barb represents 2 m⋅s−1.
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F I G U R E 8 The range height indicator scan of (a) reflectivity ZHH, (b) differential reflectivity ZDR, and (c) correlation coefficient 𝜌HV

observed by Taiwan Experimental Atmospheric Mobile Radar at an azimuth angle of 152◦ during the first northeasterly episode at 0407 h
Taiwan standard time (TST; UTC+ 8) November 21. The black, solid line represents the terrain height [Colour figure can be viewed at
wileyonlinelibrary.com]

blocking caused stable subsidence and the near-surface
southwesterly return flow.

Based on the high-resolution sounding observations
and modern remote-sensing instruments, we summarize
the terrain–circulation–precipitation interactions during
the second episode of YESR2020 in Figure 11b. We dis-
covered that a convergence line appeared over the plain
area of Yilan. The variability of the convergence line could
be related to the background monsoonal wind and the
orographic precipitation. The mountain region of south-
ern Yilan was the precipitation hotspot, and the areas
with precipitation greater than 2.5 mm⋅hr−1 were limited
to the south of the convergence line (Figure 9). In other
words, the precipitation maxima did not occur along the
convergence line. The spatial arrangement of the local
wind field and precipitation indicate that the formation of
the near-surface westerly flow likely involves other pro-
cesses, such as a precipitation-induced cold pool or cold
air drainage by surface radiative cooling along with the ter-
rain instead of the mechanically induced flow. Moreover,
the cloud top of stratocumulus clouds was around 3,000 m
with the thickness around 2,500 m, indicating more water
content for stratocumulus and a higher chance of severe
precipitation. The horizontal wind profile at Sunsing and
Wuyuan showed the development of turbulence and con-
siderable rainfall (84.5 mm in 48 hr) near the mountain
region of southern Yilan.

The local wind field structure observed during the
second episode of YESR2020 was similar to that in Kaba-
sawa (1950) above the scale of around 20 km, showcas-
ing the characteristics of the convergence line. However,
the detailed structure of the horizontal wind profile indi-
cated that the phenomenon and the physical processes
were different from that proposed by Kabasawa (1950).
The advanced observational instruments enabled us to
precisely resolve the wind field and the microphysical

features in a wintertime severe rainfall event. From our
observations, we postulate that the orographic-induced
local turbulence is the critical pivot relating to the
severe rainfall in the mountain region and over the
plain area near the mountains. The complex regional
terrain–circulation–precipitation interactions can play a
critical role in maintaining the rainfall intensity and effi-
ciency. Thus, further investigations will be carried out to
untangle the dominating physical processes, especially the
roles of environmental dynamic and thermodynamic con-
ditions, cloud dynamics, and the PBL turbulence over the
complex topography.

6 SUMMARY AND OUTLOOK

The YESR2020 field campaign assembled a rich array
of sounding observations with the novel Storm Tracker
mini-radiosonde for PBL profiling systems. The goal of
YESR2020 is to understand the variability of local cir-
culation associated with the unique wintertime severe
rainfall events when the upstream northeasterly mon-
soonal wind, accompanied with the formation of marine
stratocumulus, encounters the complex topography in
Yilan, Taiwan. Aside from the wind profile observations,
the ground-based remote sensing on cloud and precip-
itation enables us to construct a first-order conceptual
model of cross-scale turbulent interactions between the
prevailing wind and the orographic-induced return flow.
We note that although the synoptic-scale weather patterns
in the two northeasterly episodes were similar they had
very different regional features during YESR2020. Overall,
the large-scale background wind field was roughly north-
easterly during these two periods, and the precipitation
hotspots were both in the mountain region of southern
Yilan. However, the two episodes’ local-scale horizontal

http://wileyonlinelibrary.com
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F I G U R E 9 Same as Figure 6, except during November 23–24. The dashed lines represent the convergence lines [Colour figure can be
viewed at wileyonlinelibrary.com]
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F I G U R E 10 Same as Figure 7, except during November 23–24. The green dashed line represents the interface of the near-surface
westerly flow and the northeasterly monsoonal wind [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 11 (a) Schematics
redrawn from Kabasawa (1950). (b)
Schematics of severe rainfall in
Yilan, based on the observations
during the second northeasterly
episode of the Yilan Experiment of
Severe Rainfall in 2020. The
triangles represent turbulence, and
the gray shading displays the
degree of rain rate. The strength of
the background northeasterly
monsoonal wind is based on the
wind speed around 900 hPa at
Ishigaki Island [Colour figure can
be viewed at
wileyonlinelibrary.com]
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wind and precipitation patterns can be distinguished.
Over the plain area of Yilan, the surface wind field was
northeasterly during the first episode, whereas a clear
convergence line appeared during the second episode.
Meanwhile, a larger precipitation contrast between the
mountain region and the plain area of Yilan was found
in the first episode, indicating a more significant spatial
variation of rainfall.

In the future, high-resolution model simulations will
be applied to examine the physical processes and untan-
gle the causal relationship. For example, idealized or
semi-realistic LESs using the vector vorticity equation
model with high-resolution (500 m) realistic terrain of the
Taiwan island (TaiwanVVM; Wu et al., 2019; Chang, Chen,
Wu, et al., 2021) can resolve the local wind pattern and the
properties of clouds and precipitation. This model frame-
work can represent the crucial physical processes in the
PBL, enabling the interactions between the background
environment, the orographic-related wind pattern, and
the severe rainfall. Thus, the influence of the background
wind variation on severe local rainfall in Yilan could
be clarified by performing systematic sensitivity experi-
ments. Figure 12 shows the surface wind field simulated
by TaiwanVVM under different northeasterly directions
with a low moisture background condition. In this case,
the drier atmosphere prohibited the precipitation forma-
tion, allowing the examination of the local circulation
development without the interference of precipitation

formation. We noticed that the simulated local circulation
is sensitive to the direction of low-level background wind,
as the local surface wind patterns are distinctively dif-
ferent when the initial upstream wind direction changes
from more northerly (20◦) to northeasterly (50◦) and more
easterly (80◦). In the future, simulations with increasing
background moisture will be performed to examine the
evolution of precipitation development and its interactions
with the local circulation. Under this simulation setting,
and given sufficient simulation domain size, marine stra-
tocumulus clouds can be formed in the upstream areas in
the high-resolution LES. Thus, we will be able to exam-
ine the evolution of the vertical mixing depth and mixing
efficiency in the PBL of upstream marine stratocumulus
under different background flow patterns and moisture
structures and their association with the downstream
orographic-induced local wind and severe rainfall in Yilan.

Both the observations during YESR2020 and the
TaiwanVVM simulation illustrate that the surface wind
field near the terrain can be highly variable along the
southern mountains of Yilan. A future YESR will focus on
turbulence and its relationship with heavily precipitating
stratocumulus. The Storm Tracker mini-radiosonde, com-
bining the advantages of light weight and high vertical
resolution, can be utilized in the mobile sounding obser-
vations to measure low-level turbulence (Ko et al., 2019)
induced by the terrain–circulation–precipitation inter-
actions with great flexibility. In a future YESR, the
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F I G U R E 12 Surface wind field of Yilan area in TaiwanVVM simulations at 2000 h Taiwan standard time (TST; UTC+ 8). The initial
background wind directions are (a) 20◦, (b) 50◦, and (c) 80◦. One full wind barb represents 2 m⋅s−1 [Colour figure can be viewed at
wileyonlinelibrary.com]

cooperative observations of the radiosondes and the radar
will pivot on turbulence related to heavily precipitating
stratocumulus over complex topography.

The broad coverage of satellite observations can
potentially be helpful to study the transition of marine
stratocumulus encountering the coastal mountain terrain
that produces heavy precipitation. However, the warm
cloud phenomenon challenges satellite rainfall retrievals
(Maranan et al., 2020). As warm rain processes mainly pro-
duce the precipitation in the low cloud, the infrared-based
rainfall retrievals are prone to underestimation because of
the low contrast in the brightness temperatures between
the cloud top and the surface. The space-borne radar can
also underestimate surface rain rates as the near-surface
reflectivity can be interfered with by surface clutter, par-
ticularly over the complex topography. The high temporal
and spatial resolution ground-based observations dur-
ing YESR2020 and the upcoming YESR campaign in the
future will provide valuable measurements to systemati-
cally validate the satellite rainfall products from the plain
area to the mountain region, leading to improvements of
rainfall retrievals for this unique precipitation regime in
the East Asian winter monsoon.
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