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ABSTRACT: The heterogeneous land surface spanning the Yellow River irrigated oasis and the 
adjacent Kubuqi and Ulan Buh Desert (Hetao area) in Inner Mongolia, China, has been noted to 
frequently generate planetary boundary layer convergence line (BLCL), providing an important source 
of low-level lifting for convection initiation (CI). As the first field experiment to collect comprehensive 
observations of vegetation-contrast-resulting thermal circulations that consistently generate BLCLs 
and lead to CI, the Desert–Oasis Convergence Line and Deep Convection Experiment (DECODE) was 
conducted from 5 July to 9 August 2022 in the Hetao area. Two oasis and four desert observation sites 
were set up in the region that exhibits the highest frequency of BLCL and CI occurrences, equipped 
with a suite of advanced instruments probing land–atmosphere interactions, planetary boundary 
layer processes, and evolution of BLCLs and their associated CI, including Doppler lidars, microwave 
radiometers, soil temperature and moisture sensors, eddy covariance systems, portable radiosondes, 
C-band polarimetric Doppler radar, aircraft, and Geostationary High-speed Imager onboard FY-4B 
satellite. DECODE captured 29 BLCLs (16 with CI), 66 gust fronts, 12 horizontal convective rolls, and 
one tornado. The observations unveiled full thermal circulations spanning the desert–oasis boundary 
characterized by a horizontal width of ∼25 km, a convergence height of ∼1 km above ground level 
(AGL), and divergence from 2 to ∼3.5 km AGL, with vertical wind speeds of up to 2 m s−1. Future 
publications stemming from DECODE will delve into a spectrum of scientific inquiries, including but 
not limited to land surface and boundary layer processes, BLCL dynamics, CI mechanisms, convective 
organization, predictability, and model evaluation.
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1. Background
In early October 2016, by fortuitously clicking on a radar image folder labeled “Linhe” on a 
computer at the Training Center of the China Meteorological Administration, the first author 
stumbled upon a captivating series of convection initiation (CI) processes that occurred over 
three consecutive days in early June 2013 (e.g., Figs. 1a–d for 4 June 2013) at similar local 
times and locations. Specifically, around 0800 local standard time (LST = UTC + 8 h), a distinct 
radar fine line of reflectivity at 0.5° or 1.5° elevation emerged approximately 50 km south of 
the Linhe Radar (LHRD), gradually extending northeastward while drifting slightly eastward. 
By approximately 1400 LST, convective cells began to develop along the fine line, progressively 

SIGNIFICANCE STATEMENT: The purpose of Desert–Oasis Convergence Line and Deep Convection 
Experiment (DECODE) is to collect intensive observations around desert–oasis divide to better 
understand the physical processes of boundary layer convergence lines (BLCLs), their associated 
thermal circulations, convection initiation (CI), and organization over heterogeneous land surfaces. 
This is important because deep convection initiation poses a major challenge for weather fore-
casting over heterogeneous land surfaces due to limited understanding of land–atmosphere 
interactions. In addition, the targeting divide between a desert and an irrigated oasis facilitates 
a unique situation where human activities can change the weather. This campaign captured  
29 BLCLs (16 with CI), which provided a rich dataset for studies not only on convection dynamics 
and microphysics but also on land–atmosphere interactions, boundary layer processes, and even 
interdisciplinary studies such as wind farm impact and convective dust storms.
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merging to form a mesoscale convective system (MCS). Upon scrutinizing LHRD images span-
ning the entire summer of 2013, it became apparent that similar CI events occurred with 
notable frequency. This unveiled a wealth of CI phenomena associated with planetary bound-
ary layer convergence lines (BLCLs) over a unique land-cover mosaic encompassing irrigated 
oasis, deserts, the Yellow River, and mountain regions (Fig. 1e). Subsequent investigations 
unfolded naturally. Based on 5 years of LHRD data and ERA5 reanalysis, statistical analyses 
were conducted on BLCLs and their associated convective precipitations (Huang et al. 2019), 
as well as their dominant synoptic patterns (Huang et al. 2022). A numerical simulation 
was performed to elucidate a typical case (Liu et al. 2023). This research endeavor was then 
underpinned by a key project funded in 2021 by the National Natural Science Foundation 
of China. One major goal of this key project is to conduct the Desert–Oasis Convergence Line 
and Deep Convection Experiment (DECODE).

The initiation of deep convection poses a major challenge for weather forecasting, 
owing to the limited understanding of land–atmosphere interactions. CI results from a 
complex interplay of moisture, instability, and lifting, thereby being closely related to 
the vertical exchange of moisture and energy among land, vegetation, and atmosphere. 
However, conventional observational networks inadequately capture these land surface 
and boundary layer processes, consequently leading to their inadequate representation 
in numerical models.

Inhomogeneity in soil moisture and vegetation cover has been demonstrated to have an 
apparent impact on the location of CI. Based on satellite observations, Taylor et al. (2007) 
demonstrated the apparent impact of uneven soil moisture distribution, particularly at 
scales of 10–40 km, on CI in the Saharan region. Their findings revealed that regions with 
pronounced gradients of soil moisture exhibit a doubled probability of CI compared to areas 
with uniform soil moisture distribution. Building upon this, Taylor et al. (2012) extended 
the analysis globally, highlighting a tendency for afternoon rainfall to concentrate over drier  

Fig. 1. Composite reflectivity obtained from the lowest two elevations (0.5° and 1.5°) of the LHRD at 
(a) 0818 LST 4 Jun 2013 for the BLCL formation and (b) 1358 LST 4 Jun 2013 for the BLCL reaching its  
maximum length. Composite reflectivity from all nine elevations during the CI phase are shown at  
(c) 1404 and (d) 1555 LST 4 Jun 2013. (e) A clear-air FY-3 image showing the terrain surrounding the 
LHRD and the general location of BLCL (red line) and CI (white clouds). The location of (e) is denoted by 
the red box in its inset map located in the lower-right corner. The Yellow River is denoted by the blue 
contour in the inset map of (e).
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soil patches. Similar preferences for convection over drier soil have been observed across  
various regions worldwide, including the United States (Yuan et al. 2020), South America 
(Chug et al. 2023), West Africa (Klein and Taylor 2020), and Europe (Taylor 2015). However, 
despite these insightful satellite-based studies, there remains a notable dearth of near-surface 
and PBL observational evidence.

Given the limited observations, our understanding on the mechanism underlying the 
impact of uneven soil moisture on CI is mainly based on idealized numerical simulations. 
Results showed that this impact primarily revolves around the generation of mesoscale 
thermal circulation induced by uneven surface fluxes. Specifically, drier regions tend to 
exhibit higher sensible heat fluxes compared to wetter areas, generating ascending motion 
in dry, warm areas and descending motion in moist, cool regions. Consequently, moisture 
is transported near the surface from wet to dry regions, where it converges and ascends, 
ultimately initiating convection (Kang and Bryan 2011; Kang and Ryu 2016). The formation 
of such thermal circulations can be affected by the magnitude of environmental winds and 
the magnitude and spatial extent of soil moisture gradients. Froidevaux et al. (2014) dem-
onstrated that in the absence of environmental winds, convection tends to initiate over dry 
areas, with resultant precipitation predominantly falling within those regions. Under weak 
environmental wind conditions, convection tends to propagate downstream relative to the 
prevailing wind direction, originating from the center of dry regions and often precipitat-
ing in adjacent wet areas. Given the typically weak nature of thermal circulations induced 
by soil moisture contrast, excessive environmental winds could hinder their formation. 
Results from large-eddy simulation indicate that thermal circulations typically occur when 
environmental winds are below 2 m s−1 (Lee et al. 2019). Despite these insights gleaned 
from idealized modeling studies, the applicability of such findings to real-world scenarios 
warrants further investigation.

Several field experiments conducted at the end of the last century investigated the impact 
of heterogeneous land surfaces on boundary layer dynamics. These include the Boardman 
Regional Flux Experiment (BARFEX; Doran et al. 1992), First ISLSCP Field Experiment 
(FIFE; Sellers et al. 1988), Hydrologic Atmospheric Pilot Experiment-Modelisation du Bilan 
Hydrique (HAPEX-MOBILHY) for the Study of Water Budget and Evaporation Flux at the 
Climatic Scale (André et al. 1986), and the Heihe River Basin Field Experiment (HEIFE; 
Wang 1999). Recently, the Great Plains Irrigation Experiment (GRAINEX; Rappin et al. 
2021) and the Land Surface Interactions with the Atmosphere over the Iberian Semi-Arid 
Environment campaign (LIAISE; Boone et al. 2021) were launched mainly focusing on 
the impact of higher soil moisture on PBL features and convective environment in the 
irrigated area relative to the nonirrigated area (Rappin et al. 2021; Rappin et al. 2022; 
Lachenmeier et al. 2024; Whitesel et al. 2024; Udina et al. 2024). Most observational 
evidence till now revealed partial thermal circulations due to soil moisture heterogene-
ity, such as the irrigation breeze of 500-m depth at irrigated sites in LIAISE (Lunel et al. 
2024), irrigation breeze that weakened terrain-generated slope wind in GRAINEX (Phillips 
et al. 2022), a 200-m-deep farm breeze from the irrigated region to the steppe in BARFEX 
(Doran et al. 1992), breeze with a frontal updraft about 200 m wide in California Ozone 
Deposition Experiment (CODE; Mahrt et al. 1994), horizontal convergence in the dry area 
and divergence in the wet area resulting from a preceding storm in Sahel from the Special 
Observing Period of the African Monsoon Multidisciplinary Analyses (AMMA; Redelsperger 
et al. 2006; Taylor et al. 2007) study, and a case in the Interaction of Convective Orga-
nization and Monsoon Precipitation, Atmosphere, Surface and Sea (INCOMPASS; Turner 
et al. 2020) in India (Barton et al. 2020). However, there has been very rare observational 
evidence of a complete thermal circulation across vegetation contrast, and none explic-
itly linked the impact of heterogeneous land surfaces to BLCLs and their associated CI.  
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Conversely, field campaigns like International H2O Project (IHOP; Weckwerth et al. 2004) 
and the Understanding Severe Thunderstorms and Alberta Boundary Layers Experiment  
(UNSTABLE; Taylor et al. 2011) focused on CI but did not prioritize the impact of hetero-
geneous land surfaces, where boundary layer features over different vegetation covers were 
mostly observed incidentally rather than systematically.

DECODE marked the first campaign to deliberately examine the influence of vegetation 
contrast on BLCLs and their associated CI within a semi-arid climate regime. Situated on the 
north side of the Yellow River bend in Inner Mongolia, China, is the 2200-yr-old Hetao irriga-
tion district, covering 769 333 ha (Fig. 1e). Designated as a World Heritage Irrigation Structure 
in 2019, this district is surrounded by the Kubuqi Desert to the south, the Ulan Buh Desert 
to the southwest, and Lang Mountain to the northwest. Consequently, the Hetao area offers 
compelling real-world evidence of sharp land-cover and land-use contrasts influencing local 
and regional weather.

According to satellite data analysis by Sato et al. (2007), cumulus clouds are notably less 
abundant over the oasis compared to the surrounding deserts in the Hetao area. Kawase et al. 
(2008) corroborated these findings through convection-resolving numerical simulations,  
illustrating how thermal circulations lead to increased cumulus cloud formation over the 
desert. Utilizing LHRD data from June to August during 2012–16, Huang et al. (2019) revealed 
that ∼60 BLCLs per year manifest as fine lines of radar reflectivity, predominantly occurring 
in arid regions along the boundary between the irrigated oasis and adjacent deserts or moun-
tains (Fig. 2a). Of these BLCLs, 44% initiated convection. Notably, a dominant percentage 
of BLCLs and their associated CI events are concentrated over the Kubuqi Desert, where the 
desert–oasis contrast is most pronounced. These convective cells occasionally propagate and 

Fig. 2. Distributions of (a) identified BLCLs and (b) associated convective precipitation frequency based 
on the LHRD observations during 2012–16, adapted from Huang et al. (2019). The dashed circle highlights 
the focal area of the DECODE project. (c) The 20-day moving sum of all BLCL and convective BLCL frequen-
cies spanning 2012–16, with the two highest peaks in the BLCL occurrence shaded in cyan for emphasis.
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intensify downstream (Fig. 2b), leading to severe weather events in northern and eastern 
China, thereby establishing the Hetao area as a significant “storm generator.”

BLCLs and their associated CI can be greatly influenced by synoptic-scale features, par-
ticularly near-surface temperature and ambient flow. Based on ERA5 analyses, Huang et al. 
(2022) classified the synoptic environments in the Hetao area for June, July, and August from 
2012 to 2016 into five patterns, designated as T1–T5 (Fig. 3), with T1 exhibiting the high-
est frequency. Among these patterns, T1 [in high pressure ridge; Fig. 3a(1)], T4 [in front of a 
shallow midlevel trough; Fig. 3a(4)], and T5 [in front of a deep midlevel trough; Fig. 3a(5)] are 
favorable patterns for BLCL formation and CI. These three favorable patterns are characterized 
by warm near-surface air (Fig. 3b) and southerly winds west to the subtropical high or ahead 
of the midlevel trough (Fig. 3c), opposing the oasis breeze and creating optimal conditions 

Fig. 3. ERA5-based composite (a) 500-hPa geopotential height (gpm) and wind (m s−1), (b) 2-m tempera-
ture (°C), (c) 10-m wind (m s−1), at 0800 LST, (d) vertically integrated moisture flux convergence (VIMFC; 
10−2 g m−2 s−1), and (e) CAPE (J kg−1) at 1000 LST for the five synoptic patterns during warm seasons from 
2012 to 2016. The occurrence frequency of T1–T5 is given on the left-hand side. The Yellow River and 
irrigation canals are denoted by gray curves. The hatched areas in each panel indicate regions passing 
the Student’s t test at a confidence level of 90%. In (d1–d5) and (e1–e5), the red boxes denote the key 
areas of convection associated with BLCLs, adapted from Huang et al. (2019). This figure is adapted 
from Huang et al. (2022).
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of high low-level moisture (Fig. 3d) and instability (Fig. 3e). In contrast, T2 and T3 represent 
patterns post-midlevel shallow and deep troughs [Figs. 3a(2)–e(2),a(3)–e(3)], respectively, 
which are considered unfavorable for BLCL formation and CI.

Nevertheless, despite these advancements, the details of BLCL structure and dynamics, 
and their association with convective processes, alongside the underlying land surface and 
PBL processes across the desert and oasis interfaces, remain poorly understood due to a 
dearth of detailed observations. Motivated by this knowledge gap, DECODE was conceived 
to gather comprehensive observations aimed at unraveling the formation mechanisms of 
BLCLs and their associated CI processes, leveraging the unparalleled desert–oasis contrast 
in the Hetao area.

2. Scientific objectives
DECODE had two scientific objectives. The first objective was to understand land–atmosphere 
interactions, PBL processes, and synoptic environments that lead to BLCL formation, CI, and 
subsequent convective organization. This goal required observing

1) land surface characteristics and their differences across the desert–oasis boundary such 
as soil temperature and moisture;

2) diurnal variations in surface heat, momentum, water vapor, and energy fluxes, as well as 
their differences between desert and oasis regions;

3) vertical structure and diurnal variations of temperature, moisture, and wind within the 
boundary layer, as well as their differences between desert and oasis regions;

4) dynamic, thermodynamic, and microphysical structures of BLCLs and their associated 
convection.

The second objective was to evaluate the skill of convection-permitting model in predicting 
the BLCLs and associated CIs and to improve forecast accuracy for CI and the upscale growth 
of deep convection by assimilating observations collected through DECODE. To achieve this 
goal, alongside the operational 3-km regional model utilized by the Inner Mongolia Meteo-
rological Observatory, a real-time 1-km WRF Model was deployed to provide field guidance.

3. Field experiment design and implementation
a. Domain of operation. Statistical analysis of BLCLs (Fig. 2a) and their associated convec-
tive precipitation (Fig. 2b) utilizing LHRD data during the summer seasons from 2012 to 
2016 reveals that convective precipitation induced by BLCLs predominantly occurs along 
the boundary between the Kubuqi Desert and the Ordos Grassland. This phenomenon is 
mainly attributed to convective activity associated with BLCLs at the interface between 
the oasis and the Kubuqi Desert. Consequently, the delineated dashed elliptical region in  
Fig. 2a, spanning from 106.75° to 107.75°E and 40° to 40.75°N, was designated as the op-
erational domain for the field campaign.

b.  Period of operation.  Analysis of the 20-day moving sum of BLCL frequency within 
the designated domain from 2012 to 2016 (Fig. 2c) indicates that the peak occurrence of 
BLCLs falls between 9 July and 20 August, with a particularly high frequency observed from  
21 July to 9 August. Therefore, the observation period for the DECODE project was selected as  
21 July–9 August 2022, with a pilot experiment originally scheduled for 10–20 July 2022. 
The objective of the pilot experiment was to test and optimize the observation scheme, ex-
amining the status of various instruments, especially those at desert sites where power sup-
ply facilities could be unstable. Due to preparedness ahead of schedule, the pilot experiment 
commenced early on 5 July.
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c. Observation sites. To fulfill our scientific objectives, six observation sites (Fig. 4) were 
established. Sites A and E were situated over the oasis, characterized by grassland terrain, 
while sites B and F were positioned over the Kubuqi Desert, featuring desert landscapes. 
Site C exhibited a transition zone with desertification of grassland, whereas site D was dis-
tinguished by desert grassland.

The selection of the six observation sites was guided by several factors, including the 
frequency and orientation of BLCLs, the geographical delineation between oasis and desert 
regions, implementation feasibility, and the distribution of current meteorological observing 
stations. Based on the distribution of BLCL centroids between 21 July and 9 August during 
2012–16, two primary centers of high BLCL frequency were identified, represented by brown 
circles in Fig. 5. Surrounding these centers, observations along the AD and EF axes were stra-
tegically positioned to capture cross-sectional views perpendicular to the typical orientation 
of BLCLs (Fig. 4). Similarly, observations along the AE and BF axes were strategically placed 
to unveil features aligned with the typical orientation of BLCLs. This design approach also 
aimed to optimize the utilization of the current operational observing network (Fig. 5). Sites 
A, B, D, and E were strategically situated at operational Automated Weather Stations (AWSs) 
located in Dengkou, Bayin Engel, Yihewusu, and Linhe, respectively, while site F was situated 
near the sole operational AWS, Habailaigeng, within the desert interior.

d. Instruments and their deployment. In conjunction with the operational observational net-
work (as depicted in Fig. 5), supplementary instruments were deployed to monitor various as-
pects of land surface conditions, PBL processes, CI, and the following convective organization 

Fig. 4. Distributions of the six observation sites labeled as A, B, C, D, E, and F within the inner ellipse. 
The blue line represents a schematic depiction of a typical BLCL, while the gray dotted line indicates 
a typical flight path of the aircraft. The shading denotes the MODIS enhanced vegetation index (EVI; 
Didan 2015) product MOD13A3. The Yellow River and irrigation canals are denoted by cyan curves.  
Additionally, the images showcase the deployed instruments and the land cover at each of the six sites.
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(as outlined in Table 1). These instruments encompassed a range 
of technologies, including soil temperature and moisture sen-
sors, eddy covariance systems, portable radiosondes,1 Doppler 
lidars, microwave radiometers, portable AWS, and a C-band po-
larimetric Doppler radar. Additionally, support was enlisted for 
aircraft observations and access to super rapid scan satellite data.

In Fig. 4, soil temperature and moisture sensors were strategi-
cally installed at sites A, B, D, and E to capture the spatial vari-
ability in soil temperature and moisture within the DECODE 
domain. At sites A and B, eddy covariance systems were deployed to monitor the diurnal 
variation in heat, momentum, and moisture fluxes across desert and oasis regions and their 
differences. Oasis sites A and E, along with desert sites B and F, were equipped with a suite 
of instruments including microwave radiometers, Doppler lidars, portable radiosondes, 
and operational AWSs. These instruments facilitated the measurement of diurnal varia-
tions in temperature, moisture, and wind across desert and oasis contrast, delineating 

Fig. 5. Distribution of the current observational network and the centroids of nonconvective (blue 
crosses) and convective (red crosses) BLCLs from 21 Jul to 9 Aug during 2012–16. The shading denotes 
EVI. The Yellow River and irrigation canals are denoted by cyan curves. Capital letters A–F denote the 
observation sites of DECODE.

1 The radiosondes employed at DECODE sites 
were produced by the Nanjing University of 
Information Science and Technology (NUIST), 
China (Han et al. 2017; Zhu et al. 2018). It uses 
a balloon with a diameter of 50 cm filled with 
helium, with best accuracy below 5 km AGL. The 
observation error below 5 km AGL is less than  
0.3 K for temperature, 0.5 hPa for pressure, 4% 
for relative humidity, 5° for wind direction, and 
0.5 m s−1 for wind speed.

Table 1. Special instruments deployed in the field campaign and observing targets.

Instruments Observing time Location

Observing targets

Land surface
PBL 

processes
BLCL 

evolution
Convection 
initiation

Convection 
organization

Soil T and RH sensors Continuous Sites A, B, E, D √ √

Eddy covariance system Continuous Sites A, B √

Radiosonde Upon necessity Portable √ √ √ √

Doppler lidar Continuous Sites A, B, E, F √ √ √

Microwave radiometer Continuous Sites A, B, E, F √ √ √

C-POL radar Continuous Site D . √ √ √

Portable AWS Continuous Site C √ √ √ √

Aircraft DMT system 18 Jul; 4 Aug; 9 Aug DECODE region √ √

FY-4B satellite Continuous DECODE region √ √ √
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their differences. Moreover, they provided insights into the vertical structures of BLCLs and 
associated thermal circulations, as well as interactions among various PBL processes.

Throughout the 36-day field campaign, a total of 725 radiosondes were successfully 
launched in key regions, with time intervals ranging from 30 min to 3 h. These launches 
captured vertical profiles of wind, humidity, and temperature within the PBL both before 
and after the formation of BLCLs and their associated convection. During the pilot experi-
ment period, radiosondes were launched every 3 h for 1 week at the six sites to capture the 
diurnal variations in boundary layer characteristics across contrasting vegetation types. In 
addition to the radiosondes launched by the project team, 43 operational radiosondes were 
added at 1400 LST at Ejina, Bayannurgong, and Dongsheng. This supplement was conducted 
alongside the standard operations at 0800 and 2000 LST, aimed at gathering environmental 
characteristics in both upstream and downstream areas of the field domain.

To effectively monitor BLCLs and their associated convection initiation and organization, 
downstream site D was equipped with the C-band polarimetric Doppler radar from Nanjing 
University (NJU C-POL), complementing the operational C-band Doppler radar stationed 
at oasis site E. The operational radar at site E operated in PPI mode (VCP21), scanning at  
nine elevations every 6 min. Positioned about 70 km apart from site E, the NJU C-POL radar at 
site D primarily operated in PPI mode and transitioned to RHI mode in necessity. Observations 
from both radars facilitated the retrieval of wind fields. These retrieved winds, coupled with 
the reflectivity, radial velocity, and polarimetric radar variables, provided valuable dataset 
to understand the formation of BLCLs, CI processes, and the subsequent upscale growth, 
structure, and propagation of convection.

Supported by the Inner Mongolia Weather Modification Center, aircrafts were deployed 
from Huhhot Airport, about 300 km away from the operational domain, during three separate 
events. The aircraft was equipped with instruments from Droplet Measurement Technolo-
gies (DMTs), enabling the capture of temperature, pressure, dynamic pressure, humidity, 
three-dimensional wind, as well as cloud, aerosol, and precipitation particle concentrations 
and size distributions within the range of 0.1–6200 μm at an altitude of ∼3 km AGL. Each 
flight lasted 1.5 h in the DECODE domain targeting BLCLs.

DECODE also benefited significantly from support provided by the National Satellite  
Meteorological Center of China (NSMC). For 32 out of 36-day field phase, the FY-4B Geostation-
ary High-Speed Imager (GHI) satellite from the NSMC covered the DECODE domain, deliver-
ing real-time animations of super rapid scan imagery at 1-min intervals with a horizontal 
resolution of 250 m at nadir, which is available at the NSMC website (https://satellite.nsmc.org.
cn/metafy/en/). These satellite data proved instrumental in capturing the evolution of BLCLs 
and CI from a cloud perspective (Purdom 1976) and thus played a crucial role in planning 
field radiosonde operations.

e.  Implementation of the campaign.  The field campaign was conducted by a team of  
∼100 participants, comprising 39 observers (Fig. 6a), 20 technical support personnel, and 
30 logistic support personnel hailing from 23 agencies and universities across China. In  
particular, 20 students were involved in the project, with 17 actively participating in onsite 
observations, playing active roles in designing, preparing, and executing the field experiment. 
Each team at the six sites comprised a mix of research faculties, operational forecasters, and 
students from various universities, fostering a seamless integration of research and opera-
tional expertise. This provided students with invaluable hands-on experience in applying 
theoretical knowledge to practical weather forecasting.

The operation center was established at site A, where the steering group orchestrated the 
experiment through morning meetings and afternoon weather discussions. Daily morn-
ing meetings convened online at 0800 LST, providing a platform for reporting the status of 
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observations and equipment. These meetings were pivotal for issuing specific observation 
strategies for the day, informed by weather discussions held the previous day. At 1600 LST, 
daily weather discussions were conducted, offering a comprehensive review of the activities 
surrounding BLCLs and CI from the preceding day. During these discussions, model predic-
tions were scrutinized, focusing on evaluating forecasts for various scale processes antici-
pated for the following day. Importantly, this session culminated in the determination of the 
observation strategy for the ensuing day.

Forecasting played an integral role in both the planning and execution of DECODE. An 18-h 
forecast spanning from 0200 to 0800 LST of the following day was generated utilizing two 
regional models. The WRF-ARW model, featuring an innermost domain covering the inten-
sive observation region with a grid spacing of 1 km and a time resolution of 10 min, provided 
deterministic forecasts for the occurrences of BLCLs and CI. Initial and boundary condi-
tions for this model were derived from GFS forecasts, featuring a horizontal grid spacing of  
0.25° × 0.25° and a 3-h time interval. For DECODE operations, WRF forecasts were promptly 
issued daily at 1500 LST on day 1, covering a valid time window from 0800 to 2000 LST on 
day 2 (integrating over 6–18 h). The second model employed was the operational Rapid-Refresh 
Multiscale Analysis and Prediction System (RMAPS-NM), featuring a 3-km grid spacing in 
the innermost domain. Forecast radiosondes at the six sites were taken from GFS forecasts, 
providing insights into the potential for convection based on derived parameters such as 
CAPE, shear, storm-relative helicity, and others.

At the end of the daily weather discussions, forecasts from aforementioned three sources 
were utilized to determine the observation strategies. On days when observation targets 
were predicted for the following day, decisions were made regarding the deployment of ra-
diosondes, considering whether they would be deployed in a fixed or mobile manner, along 
with specifying the detailed time and locations of deployment. Additionally, determinations 

Fig. 6. Pictures of (a) part of the onsite team and (b),(c) examples of onsite training courses.
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were made regarding the potential deployment of aircraft, including specifying flight paths 
and potential takeoff times.

During periods between significant weather events, a total of 16 short courses were con-
ducted (Figs. 6b,c), including seven times of literature reviews, with 5 of them presented 
by onsite students, six times of introductions on DECODE-related mesoscale processes and 
advanced instruments, and three times of research methods.

4. BLCLs and associated deep convection
a. BLCL overview. Despite the challenges posed by the COVID-19 pandemic and the inher-
ent difficulties in conducting observations over uninhabited desert areas, the field campaign 
emerged as a huge success. Over the course of the 36-day experiment, the team encountered 
29 BLCLs (Figs. 7 and 8a), along with 66 gust fronts, 12 horizontal convective rolls (HCRs; 
linear bands of enhanced radar reflectivity factor with a much larger along-wind extent than 
crosswind extent (Banghoff et al. 2020; Stensrud et al. 2022), multiple supercells, and even 
one tornado. Sixteen out of 29 BLCLs initiated deep convection. Following the methodology 
outlined by Huang et al. (2019), BLCLs were identified as linear areas of enhanced reflectivity 
characterized by a width of less than 10 km, a length greater than 10 km, and a duration of 
at least 6 min (Wilson and Schreiber 1986) based on the vertical maximum reflectivity of the 
two lowest elevations of 0.5° and 1.5°. Notably, 18 out of 29 BLCLs occurred between 21 July 
and 9 August, surpassing the statistical frequency observed from 2012 to 2016 (∼9 per year).

Out of the 29 BLCLs observed, 24 formed along the border between the oasis and the Kubuqi 
Desert (Fig. 8a). Only five BLCLs occurred along the border between the oasis and the Ulan 
Buh Desert. All BLCLs featured a dominant orientation along the border between the oasis 
and the desert, with the centroid predominantly appearing in the observation domain in  
the southwest part of the Kubuqi Desert. A unique dataset was collected on radar fine lines  
of these BLCLs, showcasing various morphologies in terms of curvatures (Figs. 8b,d,e),  
length, aspect ratio (Fig. 8c), locations relative to and distances from the desert–oasis border 
(Figs. 8b,d,f), etc. All these morphologies had been noticed in our statistical analyses for the 
years 2012–16. Some changes in the morphologies of BLCLs were found to result from their 
interactions with gust fronts and HCRs (Fig. 8f).

Fig. 7. Temporal distribution of the observed BLCL formation times (triangles), along with the CI times of 
the convective BLCLs, denoted by diamonds. The serial numbers of BLCLs on each day are represented 
as first, second, third, and so forth. Synoptic patterns observed are represented by numbers labeled by 
T on the y axis, with T1, T4, and T5 highlighted in red to signify favorable patterns. At the bottom of 
the graph, WRF-forecasted BLCL days are marked with blue squares, while BLCL-associated CI days are 
denoted by red squares.

Unauthenticated | Downloaded 02/27/25 02:46 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2367

b. The first multi-observational platform view of a BLCL. On 18 July 2022, a BLCL began 
to manifest as a fine line on radar reflectivity at 1044 LST, emerging between sites E and F 
and rapidly extending to the region between sites A and B at 1515 LST (Fig. 9a). It persisted 
approximately along the BF axis for nearly 10 h within the synoptic pattern T4, which is 
highly conducive to BLCL formation. This event provided inaugural opportunity to capture 
the multiple observational platform view of the BLCL through ground photography (Fig. 9b), 
aircraft imagery at 3 km AGL (Fig. 9c), and remote sensing from satellite (Fig. 9d) and radar 
(Fig. 9a), all obtained at approximately the same time around 1500 LST.

c. Model verification. Despite perceptible and varied forecast errors in time and location, 
our real-time forecasts by the 1-km WRF Model decently predicted the occurrence of BLCLs 
on 19 out of 21 BLCL days (Fig. 7). These forecasts yielded an equitable threat score (ETS) 
of 0.25 and a bias score (BS) of 1.29, suggesting slight overestimation. ETS and BS (Wilks 
1995; Jolliffe and Stephenson 2003; Zhang and Meng 2019) are defined as

 = − + + −H R H M RETS ( )/( FA ),  (1)

 ( ) ( FA)/ ,= + × +R H M H N  (2)

 BS ( FA)/( ),H H M= + +  (3)

Fig. 8. (a) Spatial distribution of observed BLCLs and (b)–(f) examples of observed BLCLs and their 
associated convection during DECODE. The inset panel of (a) illustrates the frequency of convective 
BLCLs, nonconvective BLCLs, and days without BLCLs across different synoptic patterns. Capital let-
ters A–F denote DECODE observation sites. The gray background contours denote the Yellow River 
and irrigation canals.
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where H, M, and FA are the number of hits (observed and predicted), misses (observed but 
not predicted), and false alarms (predicted but not observed) days, respectively, among all 
verification days N. The ETS is the fraction of correctly predicted observed events excluding 
random hits. A perfect ETS is 1.0, while −1/3 is the lower limit and 0 is the threshold for  
no skill. The BS is the ratio between predicted and observed events, with 1 as the threshold 
for over (>1) and under (<1) prediction. Additionally, the forecasts accurately predicted the 
occurrence of BLCL-associated CI on 7 out of 11 days, yielding an ETS of 0.36 and a bias score 
of 0.91, suggesting slight underestimation.

d. Synoptic patterns. During the field phase of DECODE, the synoptic environmental con-
ditions proved to be highly conducive. Out of the total 36-day observation period, 23 days 
were favorable, comprising eight instances of T1, 8 of T4, and 7 of T5 patterns (Figs. 7 
and 8a). This percentage, ∼64%, exceeded the average percentage of 58% observed from 
2012 to 2016. In the period from 21 July to 9 August, when the highest frequency of BLCL 
occurred (Fig. 2c), only 5 days were deemed unfavorable in 2022 (Fig. 7). Consistent with 
the statistics, T1 predominated in 2022 (Fig. 8a). Among the 29 observed BLCLs, 24 (83%) 
BLCLs with 15 (94%) convective BLCLs occurred within these three favorable patterns, 
further confirming the robustness of the synoptic pattern classification. Both the WRF 
and RMAPS-NM models were capable of reasonably capturing the appropriate synoptic 
patterns, thereby proving invaluable in planning intensive observation or anticipating 
downtimes.

e. Land surface and PBL features across the desert–oasis  
contrast. Using site E as a representative oasis site2 and site B 
as a representative desert site, we compared the diurnal cycle 
of soil temperature and relative humidity at a depth of −10 cm 
(T−10, RH−10) across the desert–oasis contrast averaged over 
the entire field phase. It was observed that T−10 at site E  

Fig. 9. Multiobservational platform view of the BLCL at approximately 1500 LST 18 Jul 2022. The gray 
background contours in (a) denote the Yellow River and irrigation canals.

2 The ground of AWS at site A was under construc-
tion and thus less representative of oasis rela-
tive to site E. The eddy covariance system was 
installed in the outfield rather than at the AWS 
station and thus was representative.
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consistently registered lower values compared to those at site B, exhibiting an earlier 
maximum and minimum by ∼1 h (Fig. 10a). On days featuring BLCLs (denoted by BD), the 
maxima of T−10 at sites E and B were higher than those on non-BLCL days (denoted by NBD) 
by ∼3°C, with a more pronounced difference observed at the oasis site E. The RH−10 at the 
oasis site E were higher by 5% than at the desert site B (Fig. 10c) on both BD and NBD. Unlike 
T−10, RH−10 at both sites did not exhibit apparent diurnal variation or apparent differences 
between BD and NBD.

The maxima and minima of diurnal cycles of 2-m air temperature (T2) appeared slightly 
earlier than those of average T−10 at both sites B and E (Fig. 10b). On BLCL days, the oasis site E 

Fig. 10. Averaged diurnal variations of (a) T−10 (°C) and (c) RH−10 (%) for sites B (desert) and E (oasis),  
(b) T2 (°C) for sites B (desert), E (oasis), and F (desert), (d) RH2 (%) for sites E (oasis) and F (desert), along-
side (e) sensible heat flux (W m−2) and (f) latent heat flux (W m−2) for sites A (oasis) and B (desert). The 
labels “BD” denote the average over BLCL days, while “NBD” signifies the average over non-BLCL days. 
(g),(h) Box-and-whisker diagrams depicting the T2 differences between sites B (desert) and E (oasis) as 
well as between sites F (desert) and E (oasis) at BLCL formation time and the time when maximum dif-
ference in T2 at day time occurred on BLCL (BD) and non-BLCL (NBD) days. The percentile extents and 
corresponding values represent the 25th–75th percentiles for boxes, with the 10th–90th percentiles for 
whiskers and the 50th percentiles for the lines in boxes. Outliers blow the 10th percentile and exceed-
ing the 90th percentile are shown in blue dots.
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exhibited a maximum T2 of ∼31°C, which was ∼1.5°C lower than that at the desert site B, 
possibly due to evaporative cooling. The maximum T2 at sites B and E on non-BLCL days was 
lower than their counterparts on BLCL days by 4°–5°C, exhibiting smaller differences be-
tween sites B and E than on BLCL days. The median of the maximum difference in T2 between 
sites B and E was 3.5°C (Fig. 10g) on BLCL days, ∼1.5°C higher than that on non-BLCL days. 
However, the median of the difference in T2 at the BLCL formation time was only 1°C. The 
real-time WRF forecast tended to overpredict maximum T2 by ∼2°C on BLCL days and ∼3°C 
on non-BLCL days, potentially leading to the overestimation of BLCL formation.

Differences in T2 between the pure desert site F and oasis site E were apparently higher 
than those between B and E. The maximum T2 at site F was 3°C higher than that at site E  
(Fig. 10b), which was almost twice the difference in maximum T2 between B and E. The median 
of the maximum difference in T2 between F and E on BLCL days was 4.2°C, with the highest 
difference of 9°C (Fig. 10h). These magnitudes were much higher than those due to contrast 
between irrigated and nonirrigated grassland documented in GRAINEX (0.6°C; Lachenmeier 
et al. 2024), LIAISE (2.8°C; Brooke et al. 2024), and observed climatological dataset (1.018°C; 
Mahmood et al. 2004, 2006, 2013). These larger contrast in T2 between oasis and desert 
could be why the thermal circulation and BLCL signal are more persistent in the study area 
and cause CI in DECODE than other irrigation contrast regions. The 2-m air relative humidity 
(RH2) exhibited a higher magnitude at oasis site E than at desert site F by ∼10% in the entire 
diurnal cycle on both BLCL and non-BLCL days (Fig. 10d). The minimum RH2 was observed 
at the time of maximum T2, with a lower magnitude on BLCL days compared to non-BLCL 
days by 5%–10%.

Flux observations at sites A and B showed notable differences between oasis and desert 
environments. At oasis site A, the maximum of diurnal cycles of the average sensible heat 
flux was lower than that of the latent heat flux, whereas the opposite trend was observed at 
the desert site B (Figs. 10e,f). Site A exhibited a higher latent heat flux and a lower sensible 
heat flux compared to site B, with larger disparities between the two sites observed on BLCL 
days compared to non-BLCL days. On BLCL days, likely due to higher soil temperature and 
T2, sensible heat fluxes at both sites A and B were higher than on non-BLCL days. Latent heat 
flux exhibited less changes between BLCL days and non-BLCL days. The magnitudes of the 
sensible heat fluxes at noon on non-BLCL days at A and B are similar to those at irrigated 
and nonirrigated areas observed in July 2018 in southeastern Nebraska, the United States 
(Rappin et al. 2021).

As expected, the median surface wind speed at site B at the time of maximum difference 
in T2 on BLCL days was ∼3 m s−1, slightly weaker compared to non-BLCL days (Fig. 11a), 
which is consistent with previous findings that thermal circulation induced by land het-
erogeneity is preferred under the conditions of a weak background wind (Segal and Arritt 
1992; Mahrt et al. 1994; Lee et al. 2019). On the contrary, the median surface wind speed 
at site E at the time of maximum difference in T2 on BLCL days was slightly stronger than 
on non-BLCL days (Fig. 11b), possibly owning to the occurrence of oasis breeze. Both sites 
exhibited a smaller median wind speed at BLCL formation time than at the time of maximum 
difference in T2. Winds at the oasis site E were all weaker than winds at the desert site B in 
all the three situations.

Shifts in the wind direction over time were consistent with BLCL initiation. From early 
morning to early afternoon on BLCL days, the near-surface wind at the oasis site E, as indi-
cated by the median wind direction in the 90 degree extent (from 0° to 360°) with the highest 
frequency of occurrence, shifted from easterly to northerly (Fig. 11c). This shift was probably 
due to the occurrence of oasis breeze. Meanwhile, winds at desert site B on BLCL days were 
predominantly southerly, generally opposing the oasis breeze (Fig. 11d). The resulting con-
vergence between E and B was favorable for BLCL initiation. Conversely, on non-BLCL days, 
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the near-surface winds from early morning to early afternoon were predominantly easterly 
at site E and westerly or northerly at site B, exhibiting no apparent convergence.

f. Desert–oasis thermal circulations. A BLCL in this work signifies the convergence associ-
ated with the updraft branch of a thermal circulation generated by the contrast between 
the desert and oasis environments. Uniquely, DECODE captured full thermal circulations 
across desert–oasis boundary through dual-Doppler wind retrieval and simultaneous ra-
diosonde measurements, which completed previous observational evidence of thermal 
circulations.

Through dual-Doppler retrieval, updraft branches of thermal circulations were captured. 
For example, on 20 July 2022, a BLCL emerged at 0955 LST over the desert, exhibiting a 
radar reflectivity pattern with the above average aspect ratio oriented along the BF axes at  
1544 LST, as observed by both the LHRD at site E (Fig. 12a) and the NJU C-POL radar 
at site D (Fig. 12d). The expansive radar reflectivity pattern manifested as a zone of clouds  
along the border between the oasis and the Kubuqi Desert (Fig. 12g). Radial velocities from 
both radars revealed a distinct convergence line between inbound and outbound radial  
velocities, approximately aligned along the major axis of the reflectivity pattern (Figs. 12b,e). 
The extensive radar echoes facilitated the execution of dual-Doppler wind retrieval, enabling 
the capture of the desert segment of the thermal circulation (Fig. 12h). The thermal circu-
lation displayed evident convergence from the ground to ∼1.5 km AGL (Figs. 12h,f,i) and 
apparent divergence above 2 km AGL (Figs. 12f,c).

Fig. 11. Box-and-whisker diagrams depicting the absolute wind speed at sites (a) B (desert) and (b) E 
(oasis) at BLCL formation time and the time when maximum difference in T2 at day time occurred on 
BLCL (BD) and non-BLCL (NBD) days. The percentile extents and corresponding values represent the 
25th–75th percentiles for boxes, with the 10th–90th percentiles for whiskers and the 50th percentiles 
for the lines in boxes. Outliers blow the 10th percentile and exceeding the 90th percentile are shown 
in blue dots. (c),(d) The variation of the median wind direction in the 90° extent (from 0° to 360°), with 
the highest frequency of occurrence on BLCL (BD) and non-BLCL (NBD) days during DECODE, at sites E 
(oasis) and B (desert). Half barbs and full barbs represent 1 and 2 m s−1, respectively.
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In two instances of convective BLCL events, full thermal circulations were probed using 
simultaneously launched radiosondes strategically distributed perpendicular to the BLCLs. 
For example, on 31 July 2022, a BLCL formed within a synoptic pattern T5, known for its 
propensity to favor convective BLCLs, almost precisely positioned over the desert–oasis 
boundary and perpendicular to the HCR (Figs. 13a,c–e). The thermal circulation was cap-
tured by radiosondes launched simultaneously from six spots perpendicular to the BLCL 
every 30 min. The vertical profiles of wind and virtual potential temperature anomalies 
from background wind profiles averaged over these six spots following Rochetin et al. 
(2017) are shown in Fig. 13b.

Fig. 12. Features of the BLCL on 20 Jul 2022, which was unique in terms of the radar reflectivity pattern 
of an above average aspect ratio, including (a) radar reflectivity Z and (b) radial velocity Vr at 1.5° el-
evation from the LHRD at site E at 1544 LST 20 Jul 2022. (d),(e) As in (a) and (b), but from the NJU C-POL 
radar at site D at 0.7° elevation at 1546 LST. (g) The FY-4B GHI satellite image at 1546 LST. Dual-Doppler 
wind retrievals are depicted horizontally at 1544 LST at (c) 3 km AGL, (f) 1 km AGL, (i) ground level, and  
(h) vertically along the line from “x” to “y” as marked in (c), (f), and (i). The shading in (h), (c), (f), and  
(i) represents the reflectivity observed by the LHRD. The maroon empty arrows in (h) highlight the  
updraft branch of the thermal circulation. “DIV” and “CON” denote divergence and convergence,  
respectively. The crosses in (a)–(f), (g), and (i) indicate the six sites from A to E. The gray background 
contours in (a)–(f) and (i) denote the Yellow River and irrigation canals.
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Figure 13b depicts a convergence over the desert side between spots 3, 4, and 5 near the 
surface overlapped with apparent divergence at ~4 km MSL (3 km AGL) and a divergence 
over the oasis side between spots 1 and 2 near the surface overlapped with convergence, 
with oasis breeze from spots 3 to 4 up to ~2.5 km MSL (1.5 km AGL). This thermal circula-
tion exhibited a width of about 25 km near the surface in terms of the distance between the 
divergence and convergence centers, and a depth of 3 km. The convergence between spots 
4 and 5 extended from the ground to ~3 km MSL (2 km AGL), which was consistent with 
findings revealed by dual-Doppler wind retrieval for the case on 20 July 2022 (Fig. 12h).

Drawing upon observations from multiple platforms including radar, Doppler lidar, satel-
lite, and radiosondes, ongoing analyses are underway to comprehend the characteristics 
of different manifestations of the updraft branch of the thermal circulation, including the 
cloud line observed on visible satellite imagery, the fine line seen on radar reflectivity 
imagery, and the convergence at the lower section of the updraft branch.

Fig. 13. (a) Simultaneous radiosonde deployment at six spots numbered 1–6 at 1559 LST 31 Jul 2022 from 1 
to 5 km MSL in the background of radar reflectivity at 1.5° elevation of LHRD at the same time. The virtual 
potential temperature (θυ; K) is given in shading in each white column. The heavy brown arrow denotes 
near-surface wind at the six radiosondes numbered in green (for oasis sites) and brown (for desert sites) 
dots. The yellow line denotes the BLCL. The half barbs and full barbs represent 2 and 4 m s−1, respectively. 
The gray background contour denotes the Yellow River and irrigation canals. The pictures with numbered 
balloons correspond to the six radiosondes. (b) Profiles of wind and virtual potential temperature anoma-
lies θυ′ with respect to the mean background profile along the six radiosonde locations. The green shading 
along the x axis denotes oasis, and the brown shading denotes desert. The maroon empty arrows indicate 
the thermal circulation, which extended to ∼3 km in depth. DIV and CON denote divergence and conver-
gence, respectively. (c)–(e) The FY-4B GHI satellite images at 1501, 1601, and 1701 LST. The dashed yellow 
contour in (d) denotes the cloud line of the BLCL. The white dots denote the six radiosonde locations.
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g. BLCL-associated deep convective storms.
1) Overview.  Among the 29 observed BLCLs, 16 (55%) initiated convection during the 
36-day field campaign (Figs. 7, 8a, 14). This percentage aligned with the average observed 
from 2012 to 2016, where out of nine BLCLs, 5 were convective (55%) during the period 
from 21 July to 9 August each year.

CI was determined objectively using the following criteria: 1) a convective cell is identified 
as a contiguous region with reflectivity of no less than 40 dBZ (Parker and Johnson 2000), 
having a volume of no less than 1 km3 and a duration of at least 5 min, i.e., lasting at least 
two continuous volume scans of the LHRD; 2) a convective system (CS) is determined for 
convective cells situated within a distance of no more than 29 km from each other’s edge. 
The criteria of 29 km yielded results the most consistent with manual identification; 3) a 
CS whose first 30-dBZ reflectivity occurred within 50 km of a BLCL was considered to be 
initiated by that specific BLCL (Huang et al. 2019). In 0.9–9.3 h following their formation, 
with an average of 3.9 h, the 16 convective BLCLs initiated a total of 18 CSs, which had an 
average lifespan of 3.5 h, ranging from 0.1 to 12.7 h within the range of the LHRD (Fig. 14). 
Among the 18 CSs, eight exhibited linear and six exhibited cellular organizational modes.

2) The gOlden Ci Case On 29 July 2022. On 29 July 2022, a CI case occurred, which was 
regarded as a golden event due to several factors: 1) the BLCL formed over the region in 
the Kubuqi Desert (Fig. 15a), known from previous studies to have the highest frequency 
of BLCL formations during the synoptic pattern T4, the most favorable for BLCL formation;  
2) the BLCL formed perpendicular to the HCRs, extended into the oasis region, shifted to 
align with the oasis–desert border over the Kubuqi Desert, and eventually merged with ex-
tensive gust fronts (Figs. 15b–i), exhibiting a maximum length of 110 km (Fig. 15a), a width 
of 10 km, and an altitude of up to 2.6 km AGL (Figs. 15e,k); 3) a series of deep convection 
were initiated along the BLCL, organizing into an MCS, which produced hails over the oasis 
region and supercells while propagating eastward over the Kubuqi Desert (Figs. 15e–j); and 
4) this event was sampled by all instruments except for the eddy covariance system at site A 
and aircraft.

Evolutions of the BLCL and oasis breezes were captured by Doppler lidars at the oa-
sis site E and desert site F. When the BLCL passed site E at ∼1400 LST (Figs. 16a,b; also  
Fig. 15a) and site F at ~1530 LST (Figs. 16c,d; also Fig. 15a), the near-surface wind changed 

Fig. 14. Evolution of the maximum reflectivity of the 18 CSs (including eight linear, denoted by “line,” 
and six cellular, denoted by “cell”) during their lifespans, as observed by the LHRD at site E. The tri-
angles pointing right indicate the formation time of their parent BLCLs.
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Fig. 15. (a) Evolution of the BLCL (solid color lines) on 29 Jul 2022. The dashed color lines denoted the gust 
fronts of the generated storms. (b)–(j) Radar reflectivity at 1.5° elevation from the LHRD at site E from 1330 
to 1931 LST 29 Jul 2022, showing the evolution of the BLCL relative to the southeast–northwest-orienting 
HCR (b)–(d), extending into oasis in the northern part (d), then propagating to the Kubuqi Desert region 
(e), and eventually merging with gust front of the generated storms (f), propagating away from the 
storms into the oasis region (g)–(i). (d)–(j) The upscale growth of convection, including the development 
of a splitting supercell (i),(j). S1–S3 denote storms whose microphysics features are shown in Fig. 17.  
(k) The vertical cross section of radar reflectivity along the short yellow line perpendicular to the BLCL at 
1551 LST, with the inset panel zoomed in on the red box highlighted in (e). Hodograph at site B at 1715 LST  
is given in (l). The gray background contours in (a)–(j) denote the Yellow River and irrigation canals.
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from southerly to northerly oasis breeze following the appearance of the maximum verti-
cal wind speed of up to 2 m s−1 with a vertical impact range exceeding 1 km (Figs. 16b,d). 
The northerly oasis breeze extended up to 800 m AGL at sites E and F (Figs. 16a,c) with a 
maximum horizontal wind speed of ∼12 m s−1 at ∼300-m AGL.

Associated with the updraft branch of the thermal circulation at the BLCL, convergent winds 
between sites E and F were observed in radiosonde observations at 1400 LST from the ground 
to ~500 m AGL (Fig. 16e). Site E had a lower wind speed by 5 m s−1 at 200 m AGL and oppo-
site wind direction from those at site F (Fig. 16f). Similar convergent wind was also observed 

Fig. 16. Evolution of (a),(c) horizontal wind and (b),(d) vertical wind speed observed by Doppler lidars 
at sites E (oasis) and F (desert), from 0800 to 2000 LST 29 Jul 2022. The maroon contour denotes the 
oasis breeze coverage. The empty black arrow denotes the time when the BLCL was passing over. The 
three-dimensional distribution of the horizontal wind and virtual potential temperature (θυ; K) ob-
served by radiosondes at 1400 LST 29 Jul 2022 at sites A (oasis), B (desert), E (oasis), and F (desert) are 
provided in (e). The black dots denote the height as labeled in the z axis. The white crosses denote the 
location of each radiosonde on the two horizontal cross sections. A comparison of θυ (K), RH (%), wind 
speed (WS; m s−1), and direction (WD; °) between sites E and F at 1400 LST is given in (f).
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between sites A and B (Fig. 16e). The layer above 600 m AGL was predominated by consistent 
easterly wind. The development of the thermal circulation may be attributed to apparent dif-
ferences in near-surface temperature and moisture between the oasis site E and desert site F. 
Radiosondes at sites E and F at 1400 LST exhibited apparently consistent differences in 2-m 
temperature and relative humidity from the ground to 500 m AGL (Fig. 16f). Relative to site F, 
site E had a lower temperature by 3°C and a higher relative humidity by 20% at 200 m AGL.  
The higher relative humidity at the oasis site E than the desert site F might have been contrib-
uted by higher evapotranspiration and the convergence near the location of the BLCL.

The BLCL initiated a strong CS along the BLCL starting at 1425 LST (Figs. 15d–j). One 
storm (S2 in Fig. 15i) generated a 5-mm hail at 1810 LST in the eastern oasis. A supercell 
developed at the southern end of the CS and underwent a splitting process, resulting in  
two mirror-symmetric supercells (Figs. 15i,j). Radiosonde at site B at 1715 LST showed an 
approximately straight hodograph from the ground to 4 km AGL (Fig. 15l), which is favorable 
for supercell splitting (Klemp 1987).

Microphysical structures of all convective storms in this case, captured by the NJU C-POL 
located at site D, were examined. These storms exhibited relatively low centroids (Fig. 17a). 
Below the melting level, the frequency median of the reflectivity factor ZH decreased toward 
the ground, whereas the frequency median of the differential reflectivity ZDR increased 
(Figs. 17a,b). The fingerprint parameter space (Kumjian et al. 2022) of ΔZH and ΔZDR from  
4 to 2 km AGL indicated that the collision–coalescence, breakup, and evaporation processes 
played important roles in precipitation growth (Fig. 17c). In some regions of convection  
(approximately 28.3%), a balance between coalescence and breakup was observed. 
Meanwhile, the roles of evaporation and size sorting were also important, contributing 18.8%. 
Notably, analyses of storms S1–S3 (Figs. 17d–i) illustrated that the prominent reflectivity was 
predominantly due to hail rather than big raindrops, possibly attributed to the abundant 
desert dust, which have been found to be active as ice nuclei at temperatures colder than 
−11°C (Schaefer 1949, 1954) and both ice and condensation nucleating activities of desert 
dust can enhance the natural ice in the cloud (Rosenfeld and Nirel 1996).

3) Traveling COnveCTive sysTems.  BLCLs cannot only initiate pristine convection but may 
also influence antecedent CSs. This phenomenon was observed twice in the afternoon on 
23 and 25 July 2022 during the field phase of DECODE (Fig. 18). Initially, a CS developed 
west of the oasis (Figs. 18a,d), and a BLCL formed over the Kubuqi Desert along the BF axis. 
Subsequently, the portion of the CS that traversed the oasis region weakened (denoted by 
dashed circles in Figs. 18b,e). One possible reason for this weakening could be the impact 
of the descending branch of the thermal circulation over the oasis. Upon leaving the oasis 
region, the weakened segment of the CS reinvigorated upon encountering the BLCL, possibly 
due to the moisture convergence and lifting at the BLCL.

4) a rare TOrnadO Case. Tornadoes occurring over desert regions are seldom reported due to 
limited witnesses. Fortunately, during the DECODE project, three team members chanced upon 
a tornado (Fig. 19a) while en route to site D at 1619 LST 24 July 2022. As observed by the NJU 
C-POL radar at site D, the tornado occurred within the hook echo of a supercell (Figs. 19c–e), 
exhibiting a mesocyclone with a maximum rotational velocity of 16 m s−1 and a tornado vortex 
signature (TVS) with a maximum radial wind difference of 32 m s−1 (Fig. 19b). Despite the me-
socyclone and TVS persisting for ∼ half an hour, the tornado itself lasted only 6 mins.

5. Summary and research opportunities
DECODE stands as a pioneering field campaign dedicated to the study of BLCLs across the 
desert–oasis contrast and their impact on deep convection initiation and organization.  
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From 5 July to 9 August 2022, 29 BLCL events were documented over the desert adjacent to 
the irrigated oasis in Inner Mongolia, China. Among these, 16 initiated deep convection. Full 
thermal circulations due to vegetation heterogeneity were captured, completing previous 
observational evidence mostly revealing partial thermal circulations. These observations 
were made possible through a comprehensive array of instrumentations, including land 
surface monitoring, PBL profiling systems such as radiosondes, microwave adiometers, 
Doppler lidars, and remote sensing facilities such as radars and super rapid scan satellite, 
as well as aircraft reconnaissance. In addition, a wealth of photographs and time-lapse vid-
eos offer a visual view on BLCL formation and its consequential convective processes, and 
a documentary “Storm Chasing 48 Days” portrays the entire campaign, which are publicly 
available online (https://opendata.pku.edu.cn/dataverse/DECODE_VIDEO_CATALOG), providing 
invaluable insights into the instrumental observations of BLCLs and convection dynamics 
over the desert–oasis interface.

Fig. 17. Microphysical features in the convective regions of all storms that occurred on 29 Jul 2022, 
captured by the NJU C-POL radar. It includes frequency-by-altitude (MSL) diagrams of (a) ZH and  
(b) ZDR, as well as frequency distribution of (c) growth processes of hydrometeors below the melting 
layer inferred from the vertical gradient in ZH and ZDR (Δ, with changes from 4 to 2 km MSL; for example, 
coalescence is inferred by ΔZH > 0 and ΔZDR > 0). The horizontal solid, dashed, and dotted curves in  
(a) and (b) denote levels of 0°, −10°, and −20°C, respectively. The vertical dashed and solid lines in  
(a) and (b) denote the median and mean values at different levels, respectively. (d),(f), (h) The ZH at  
3 km MSL and (e),(g),(i) the retrieved hydrometeor types by altitude (MSL) across storm (d),(e) S1 and 
(f),(g) S2 initiated directly by the BLCL, and (h),(i) the left mover S3 of the split supercell that developed 
in the downstream propagation of the CS. The three storms have been denoted in Figs. 15g, 15i, 15j. 
The horizontal dotted lines in (e), (g), and (i) denote levels of 0°C.

Unauthenticated | Downloaded 02/27/25 02:46 AM UTC

https://opendata.pku.edu.cn/dataverse/DECODE_VIDEO_CATALOG


A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2379

The dataset compiled during DECODE represents an unparalleled resource for advancing 
our understanding and modeling of land–atmosphere interaction, boundary layer, and con-
vective processes in regions characterized by sharp vegetation gradients. By analyzing the  
16 convective and 13 nonconvective BLCLs, as well as 21 BLCL days compared to 15 non-BLCL 
days, we can delve into the factors influencing convective versus nonconvective BLCLs and 
distinguish between BLCL and non-BLCL days. The diverse morphologies and locations of 
the 29 BLCLs provided valuable insights into factors dictating their orientation, curvature, 
and proximity to the desert–oasis boundary. Moreover, these observations shed light on key 
features such as PBL height and boundary layer jets over desert and oasis divide (not shown 
in detail). The impact of irrigation on PBL features especially on the associated BLCL and CI 
can be examined based on DECODE observations, which will complete our current under-
standing about the differences mainly in PBL features and convective environments across 
irrigated and nonirrigated grassland based on campaigns such as GRAINEX (Rappin et al. 
2021) and LIAISE (Boone et al. 2021).

Given the real-world BLCL formation and CI across vegetation gradients prove more 
complex than idealized numerical simulations suggest, beyond the influence of vegeta-
tion contrast, factors such as HCRs, gust fronts from antecedent CSs, environmental flow 
patterns, orography effects, impact of dust aerosol, and their complex interplay warrant 
thorough investigation. Zhuozi Mountain in the southwestern part of the Kubuqi desert and 
Lang Mountain west of the oasis may affect the formation of BLCLs and their associated 
CI through the mountain–valley flow, blocking low-level easterlies or generating gravity  
wave. A total of 66 gust fronts and 12 HCR events were captured in DECODE. Understanding 
how BLCLs affect CSs traveling over them remains a key challenge.

The DECODE dataset holds immense potential for model verification and improvement 
across various aspects, including land–atmosphere interactions, PBL dynamics, impact 
of irrigation, and microphysical processes. Our preliminary assessments about the perfor-
mance of WRF Model showed overestimation of surface temperature and underestimation of  

Fig. 18. Evolution of reflectivity at 1.5° elevation of the LHRD when an antecedent CS (denoted by 
dashed circles) passed over a BLCL on (a)–(c) 23 Jul 2022 and (d)–(f) 25 Jul 2022. Capital letters A–F 
denote the six sites of DECODE. The gray background contours denote the Yellow River and irriga-
tion canals.
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moisture and overestimation of sensible heat flux using Noah land surface model similar to 
Lachenmeier et al. (2024), which resulted in forecast error in capturing BLCL and CI events, 
suggesting necessity in model refinement, in particular, in land surface model over hetero-
geneous land cover. Data assimilation and parameter estimation techniques can leverage 
DECODE observations to enhance model accuracy. Furthermore, the dataset’s wealth of 
radiosonde data enables investigations into BLCL and CI predictability and the impact of 
targeted observations on forecasting skill.

DECODE observations offer fertile ground for interdisciplinary studies. The presence 
of extensive wind farms in desert areas near sites B and C may influence BLCL behaviors 
and their CIs, an aspect that has received limited attentions thus far, although there have 
been many efforts in examining wake turbulence (e.g., Baidya Roy and Traiteur 2010; Zhou 
et al. 2012) and parameterization in numerical models (e.g., Fitch et al. 2012; Fitch 2015).  
Furthermore, observations of blowing dust associated with gust fronts during DECODE  

Fig. 19. (a) The tornado that occurred 28 km southwest of site D between 1618 and 1623 LST 24 Jul 
2022. (b) The evolution of the rotational velocity (diamond) of the mesocyclone and the maximum 
gate-to-gate azimuthal radial velocity difference (over an azimuthal distance of one beamwidth) of 
the tornado vortex signature (TVS) within the mesocyclone, as sampled by the NJU C-POL radar at site  
D. (c),(d) The reflectivity and radial velocity at the 3.4° elevation, revealing a supercell with a hook 
echo and a mesocyclone exhibiting a maximum rotational velocity of 16 m s−1 and a TVS with a velocity  
difference of 32 m s−1. (e) Zoomed in on the black box in (d).
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offer an opportunity to study convective dust events in desert regions adjacent to oases, where 
thunderstorms and gust fronts are prevalent. Relative to large-scale dust events, convective 
dust events are emerging as a hot interdisciplinary topic.

The DECODE campaign demonstrated that effective convection-resolving real-time  
numerical prediction, coupled with proficient nowcasting support at the operation center 
and seamless communication, proved crucial for planning aircraft operations and imple-
menting system-following strategies, such as portable radiosondes. The preconfigured WRF 
Model, with a 1-km resolution, demonstrated reliable prediction of BLCL formation, playing 
a pivotal role in operational planning. Real-time displays of surface observations and radar 
data, along with the FY-4B GHI satellite image animation, were essential for monitoring 
BLCL and CI and thus deploying mobile instruments. The use of WeChat facilitated efficient 
communication among people at the operation center, different sites, and mobile teams. 
However, a significant coordination challenge arose from the simultaneous deployment of 
radiosondes beyond site areas. In desert regions, weak or intermittent internet connectivity 
posed obstacles to instrument redeployment in response to changing weather conditions. 
It is hoped that technologies like Starlink could be employed in future campaigns, particu-
larly in inhabitant areas.

The execution of the DECODE campaign broadened the scope of local operational forecast-
ing practices. Prior to DECODE, the phenomena of BLCLs and their roles in CI were not fully 
recognized in local operational forecast services. Following DECODE, local meteorological 
observatories began incorporating observations of clear-air fine lines to anticipate storm 
initiation locations, supplementing radar-based nowcasting efforts after storm initiation. The 
occurrences of BLCLs over the desert, occasionally extending into the oasis, shed light on 
the climatologically higher frequency of convection in the eastern oasis. This was evidenced 
by the distribution of lightning frequencies from June to August during the period 2014–23 
(Fig. 20a), with BLCL-associated lightning dominating (Fig. 20b vs Fig. 20c). Understand-
ing the characteristics of BLCLs is crucial for contextualizing situations where convection 
was forecasted across the entire oasis under favorable synoptic-scale conditions, yet only 
manifested in the eastern oasis. Moreover, the deployment of observational facilities during 
DECODE provided valuable insights for potentially enhancing the observational network in 
the Hetao area.

Numerous ongoing works, led by the authors of this paper and other researchers, con-
tinue to delve into case studies, composite analyses, model verification and improvement, 
data assimilation, and predictability. These endeavors, focusing on land–atmosphere 
interactions, boundary layer processes, and MCS dynamics and microphysics, aim to 
deepen our understanding of the interaction between land surface characteristics and  
atmospheric dynamics. Ultimately, these efforts will bolster our capacity to forecast and 

Fig. 20. Distribution of lightning frequencies from June to August over the period 2014–23, showcasing 
(a) all days, (b) BLCL days, and (c) non-BLCL days. The black line denotes the typical location of BLCLs. 
The purple background contours denote the Yellow River and irrigation canals.
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mitigate convective weather hazards in regions characterized by heterogeneous terrain in 
arid and semi-arid climate regimes.
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