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DECODE 

a b s t r a c t 

During the DEsert–Oasis COnvergence line and Deep convection Experiment (DECODE) field campaign, con- 
ducted from 5 July to 9 August 2022, an unprecedented number of daytime balloon-borne soundings were col- 
lected over the Hetao region in North China. Using these high-resolution observations, this study investigates 
the observational characteristics of planetary boundary layer heights (PBLHs) over this sharp vegetation-contrast 
area, where daytime PBLH measurements have been rarely available. A total of 386 soundings ranging from 1100 
to 1800 LST were selected to derive PBLHs at multiple sites across irrigated croplands and deserts. During this 
period, the PBLHs across all sites average around 2000 m above ground, with a diurnal peak reaching approxi- 
mately 2500 m. These sites occasionally experience exceptionally deep PBLs, reaching up to about 6000 m above 
mean sea level, when the lower troposphere exhibits weak stability associated with an upper-level cold low. The 
PBLHs over irrigated croplands are generally lower than those over desert areas, although the difference shows 
considerable variability, ranging from several hundred to more than a thousand meters. 
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. Introduction 

The Yellow River ( Fig. 1(a) ) has been vital for agriculture through-
ut Chinese history, supporting civilizations with irrigation and fertile
oil. It also serves as a transportation route and a source of freshwa-
er. Irrigated by the Yellow River, an oasis area known as the Hetao
rrigation district has developed in the western part of Inner Mongo-
ia, creating a sharp vegetation contrast ( Fig. 1(b) ). Surrounding this
rrigation oasis is arid and semi-arid land, including the Kubuqi Desert
o the south. This land use contrast often produces thermally induced
ocal circulations near the oasis–desert border, like sea-breeze circula-
ions along coastlines ( Huang et al., 2019 ). The near-ground conver-
ent zone associated with the oasis–desert contrast is frequently ob-
erved to contribute the cloud formation and afternoon thunderstorms
n this region ( Huang et al., 2019 ; Kawase et al., 2008 ; Liu et al., 2023 ;
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ato et al., 2007 ), which motivated the DEsert-oasis COnvergence line
nd Deep convection Experiment (DECODE) field campaign in the sum-
er of 2022 ( Meng et al., 2024 ). 
This sharp vegetation-contrast area produces a prominent surface

eat flux heterogeneity in the daytime, especially in summer afternoons.
ear-surface mixing is encouraged on the desert sides (desert amplifi-
ation) while suppressed on the oasis sides, leading to the difference in
he growth of the planetary boundary layer (PBL). As the lowest part
f the atmosphere, PBL processes are crucial for local severe weather.
he PBL height (PBLH) is a crucial variable for characterizing the PBL
tate, as it determines the height for the exchange of momentum, mois-
ure, and chemical compounds between the surface and the free tro-
osphere ( Garratt, 1994 ; Hu et al., 2010 ; Stull, 1988 ; Seibert et al.,
000 ; Seidel et al., 2010 ). Various instruments, including radiosondes,
odars, ceilometers, backscatter lidars, and Doppler wind lidars, have
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Fig. 1. (a) Terrain heights (units: m) with the Yellow River shown in blue. (b) Enhanced Vegetation Index (EVI; average during June–August from 2012 to 2016) 
zoomed in within the rectangle in (a). The IOP sites are marked by the dots labeled A, B, C, D, E, and F. (c) PBLHs at the six IOP sites obtained from the 386 
radiosondes. The numbers on the x -axis represent 0000 UTC for each day. (d–i) Spatial distributions of the WRF-based (1-km grid spacing) PBLHs averaged over the 
period from 10 July to 5 August 2022. 
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een utilized for detecting PBLH, each having its own strengths and
imitations ( Beyrich, 1997 ; Chan and Wood, 2013 ; Dai et al., 2014 ;
resmaa et al., 2006 ; Hennemuth and Lammert, 2006 ; Sawyer and
i, 2013 ; Seibert et al., 2000 , 2010 ; Zhou, 2021 ). 
Climatological studies of PBLH estimated from radiosonde data

 Guo et al., 2016 ) and Global Navigation Satellite System radio occul-
ation data ( Kalmus et al., 2022 ) indicate that the Hetao irrigation dis-
rict features a PBLH of approximately 2 km above ground level (AGL)
uring the afternoon of the convectively active season (June, July, and
2

ugust). In this area, only one conventional radiosonde is operationally
aunched twice a day, at 0800 and 2000 LST (local standard time), re-
pectively (LST = UTC + 8 h). The observed characteristics of the PBL in
he afternoon when convection is active are thus limited. On the other
and, there being only one operational radiosonde makes it impossible
o characterize the horizontal heterogeneity of the PBLH across the oasis
nd desert land use. 
During the intensive observation periods (IOPs) of the DECODE field

ampaign from 5 July to 9 August 2022, hundreds of radiosondes were
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aunched throughout the day at six sites, as illustrated in Fig. 1(b) . These
ne-resolution radiosonde observations provide a tremendous opportu-
ity to depict the diurnal cycle of the PBLH and the differences in PBLH
ssociated with varying land use in this region. The objective of this
tudy is to reveal the daytime PBLHs at the six sites over the oasis–desert
rea using the intensive radiosonde observations during the DECODE
eld campaign. 

. Data and methods 

Fig. 1(b) illustrates the geographic locations of the balloon radioson-
es launched during the IOPs of the DECODE field campaign. The ra-
iosondes utilize a 50-cm helium-filled balloon, and the observation er-
ors below 5 km AGL are less than 0.3 K for temperature, 0.5 hPa for
ressure, 4% for relative humidity, 0.5 m s− 1 for wind speed, and 5° for
ind direction ( Han et al., 2017 ). From 8 July to 5 August 2022, data
rom a total of 695 valid radiosondes were collected with 154, 123, 138,
3, 33, and 154 sounding profiles at sites A, B, C, D, E, and F, respec-
ively ( Fig. 1(b) ). The vertical resolution of the available sounding data
s nearly every 1 s per balloon rising. Basic quality control procedures
ere conducted to remove bad sounding profiles by a manual inspection
f skew T –log p diagrams. To remove the raw data noises, the 9-point
unning average was performed for all variables of these vertical pro-
les. To get a sense of the daytime PBLH in the arid/semiarid areas, only
he valid soundings from 0300 to 1000 UTC were selected because it is
elatively easy to estimate the heights of well-mixed PBLs. 
Prior studies have suggested that the calculated PBLH can yield non-

egligible variabilities using different estimation methods ( Seidel et al.,
010 ). The bulk Richardson number ( Ri ) method ( Vogelezang and Holt-
lag, 1996 ) is demonstrated to be a robust method for both the stable
ayer and convective boundary layer (CBL) and thus suitable to conduct
BLH climatology analysis such as that in Europe, the United States, and
sia ( Guo et al., 2016 ; Seidel et al., 2012 ): 

i ( 𝑧) =
(
𝑔∕𝜃v 𝑠 

)(
𝜃v 𝑧 − 𝜃v 𝑠 

)(
𝑧 − 𝑧𝑠 

)

(
𝑢𝑧 − 𝑢𝑠 

)2 +
(
𝑣𝑧 − 𝑣𝑠 

)2 , (1) 

here g is the acceleration due to gravity, z is height, s denotes the sur-
ace level, 𝜃v is virtual potential temperature, u and v are the zonal and
eridional wind speed. Here, the surface friction velocity is ignored due
o its small magnitude compared with other terms. The bulk Ri repre-
ents the ratio of turbulence associated with buoyancy to that induced
y mechanical shear. The PBLH is typically determined as the lowest
evel at which the bulk Ri is lower than a critical value (e.g., 0.25) when
he laminar flow becomes unstable ( Seidel et al., 2012 ). 
In this study, we first estimated the PBLH using the bulk Ri method

nd threshold described in Guo et al. (2016) , which produced reason-
ble results for most sounding profiles (e.g., Fig. 2(a) ). We then applied a
anual, multi-parameter check to ensure reliable PBLH determination,
articularly for cases in which relative humidity or wind shear exerted
 dominant influence on the PBLH calculation. For instance, in the af-
ernoon on 28 July 2022 when the irrigated area is cloud free, a salient
apping inversion exhibits above 416 m AGL at 0700 UTC based on the
emperature profile at site E ( Fig. 2(c) ). Below this capping inversion,
he nearly neutral temperature profile indicates a well-defined CBL and
hus the analyzed PBLH is 416 m. Using the bulk Ri method, the PBLH
s estimated at 958 m AGL, primarily due to the significant drying with
eight below this layer. This phenomenon results from the moistened
ir on the irrigated sides compared to the surrounding desert areas. It
uggests that the relative humidity is a significant factor contributing to
he uncertainty in PBLH estimation on the oasis sides. The use of the
anual, multi-parameter method is a methodological choice tailored to
he heterogeneous land use of the oasis–desert region. 
Considering that the daytime PBLs in summer tend to be well mixed

ue to the strong sensible heat flux and thus the resultant buoyancy
s the dominant mechanism that drives the turbulence in the CBL, the
3

BLH in the present study is primarily determined based on the poten-
ial temperature profiles. The level at which potential temperature in-
reased abruptly by 1 K within a 250-m layer was first identified, and the
ounding profile was then manually evaluated given the limited number
f cases. If an inflection point (sharp rather than smooth changes) was
ell defined, the PBLH was determined at that level. When the inflec-
ion point was unobvious (e.g., Fig. 2(b) ), a specific height in this layer
as determined as the PBLH when this level was characterized by an
vident discontinuity in relative humidity, wind speed, or wind direc-
ion (e.g., Fig. 2 (e –i) ). In situations where the inflection points for all
ariables were hard to distinguish, the evolution of sounding profiles at
he preceding and subsequent adjacent times was used for an integrated
ssessment. 
To avoid the contamination of cold pools, the sounding data influ-

nced by precipitation were eliminated. Additionally, if determining a
BLH is debatable, the corresponding sounding data were eliminated in
his study. Finally, a total of 386 valid soundings were obtained during
he period of 0300–1000 UTC. 

. Results and discussion 

.1. General characteristics of PBLHs in the arid/semiarid areas 

The statistics of the 386 valid soundings suggest that the oasis sites
 and A are characterized by generally lower PBLH than the desert sites
 Fig. 1(c) ). The desert sites B and C generally feature the highest PBLHs.
t site C, some unusual high-range PBLHs can reach nearly 4700 m AGL
refer to the magenta dots on 28 July in Fig. 1(c) ). During 0300–1100
TC, the average PBLH for the six sites is 1953 m AGL. The average
BLH increases from 1176 m AGL at 0300 UTC to a diurnal peak of
537 m AGL at 0700 UTC ( Fig. 3 ). At the peak time of 0700 UTC, the
verage PBLHs for sites A–F are 2420, 2718, 2904, 2503, 1250, and 1639
 AGL, respectively. It is worth noting that sites E and F individually
ave only three samples at 0700 UTC. 
Sites E and F represent a pair of typical oasis and desert locations.

uring the daytime, a lower PBLH at site E is expected because of the
asis–desert thermal contrast. Fig. 3 shows that the PBLHs at site E are
enerally lower than those at site F; however, the height difference ex-
ibits significant uncertainty. On 3 August 2022, the two sites exhibit
 minimal difference, with the mean PBLH at site E being 170 m lower
han that at site F. On 31 July and 5 August, the mean PBLH differences
etween sites F and E are 1180 and 538 m, respectively. When a conver-
ent boundary associated with the oasis–desert thermal contrast exists
etween sites E and F (28, 29, and 31 July; 1, 3, and 5 August), the
verage PBLH during 0600–0900 UTC over these days is 1905 m AGL
t site E and 2348 m AGL at site F. 
In addition to the fine-resolution sounding observations, real-time
RF-ARW forecasts during the DECODE field campaign were used to
rovide an overview of PBLH characteristics across the broader target
egion. The innermost domain employed a 1-km grid spacing to bet-
er resolve the land-use heterogeneity of the Hetao area. The Pleim–Xiu
and surface model ( Xiu and Pleim, 2001 ) was applied. Further details
n the WRF forecasts are provided in Meng et al. (2024) . The WRF-based
BLHs were calculated using the bulk Ri method with a critical value of
.25. The western portion of the irrigated area exhibits distinctly lower
BLHs compared with the surrounding arid surfaces ( Fig. 1 (d –i) ). Con-
istent with the radiosonde-derived diurnal cycle, the simulated PBLH
eaks around 0700–0800 UTC. Desert sites B and C produce the highest
imulated PBLHs. The oasis site E shows lower PBLHs than the nearby
esert site F. Although the model reproduces the overall spatial patterns
easonably well, it tends to overestimate surface temperature and sensi-
le heat flux when compared with other DECODE surface measurements
 Meng et al., 2024 ). Differences among land surface model configura-
ions also contribute to variability in the magnitude and spatial distri-
ution of the simulated PBLH. 
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Fig. 2. Skew T –log p diagrams for the radiosonde observations at (a) 0300 and (b) 0600 UTC 11 July at site A, and at 0700 UTC 28 July at site E. The corresponding 
ERA5 sounding profile for site E at the same time as (c) is presented in (d). The ambient temperature and dewpoint temperature are represented by the black and 
green lines, respectively. The half barbs, full barbs, and pennants represent 2, 4, and 20 m s− 1 , respectively. The red triangle represents the level of the PBL top 
calculated using the bulk Ri method with a critical value of 0.25. Vertical profiles of (e) bulk Ri , (f) virtual potential temperature ( 𝜃v ), (g) relative humidity (RH), 
(h) wind speed, and (i) wind direction based on the radiosonde observations at site A at 0600 UTC 11 July 2022. The red dashed line indicates the analyzed PBLH 
marked by the dashed arrow in (b). 

Fig. 3. Diurnal variations of the mean PBLH estimated from 386 IOP radiosonde soundings at six sites (black line). Circles and whiskers denote the mean and 
standard deviation, respectively. The green, red, and gray lines show the diurnal evolution of PBLH at site E (solid) and site F (dashed) on 31 July, 3 August, and 5 
August, respectively. 
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.2. A high-ranging PBL case on 28 July 

In this section, a deep PBL case on 28 July ( Fig. 1(c) ) is presented
o investigate the sounding-based PBLH difference due to oasis–desert
ontrast and the associated synoptic conditions. Fig. 4 illustrates the PBL
tructures during the precipitation-free afternoon on that day (Skew T –
og p diagrams are provided in Fig. S1). At the desert site C, the PBLH
4

eaches 4209 m AGL at 0500 UTC and peaks at 4700 m AGL by 0730
TC. The combination of this high PBLH and the terrain height of ap-
roximately 1500 m results in an exceptionally high PBL top, reach-
ng an elevation of 6200 m above mean sea level (MSL) in the free at-
osphere. High PBLHs ranging from 4000 to 6000 m AGL have been
eported over desert and arid regions worldwide, such as the Sahara
esert, the Gobi Desert in northern China, New Delhi, and the Tibetan
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Fig. 4. Vertical profiles of the bulk Ri , potential temperature ( 𝜃), relative humidity (RH), and wind speed for the radiosonde observations at the six sites on 28 July 
2022. The red dashed line indicates the analyzed PBLH. The colors correspond to the radiosonde site colors shown in Fig. 1(b) . 
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lateau ( Chen and Ma, 2025 ; Chen et al., 2013 , 2016 ). These deep PBLs
re expected to facilitate the exchange of heat and momentum between
he surface and the upper part of the troposphere. 
In contrast, the oasis sites A and E exhibit significantly lower

BLHs. During 0400–0500 UTC, the PBLHs at site A were ∼700 m AGL
 Fig. 4(a) ). At site E, which features lower surface temperature (c.f.,
ig. 4(c) and Fig. 4(e) ), the PBLHs increase from 416 m AGL to only
62 m AGL from 0700 to 0800 UTC. Located close to the oasis area,
he desert site F shows slightly higher PBLH (910 m AGL) than the oasis
ite E but is significantly lower in height than that of other desert sites
 Fig. 4(f) ). The evidently lower near-surface air temperature at site F
ompared to other desert sites suggests that the cooler air masses from
rrigated areas have influenced the desert site F. Although the WRF sim-
lation reproduces PBLHs exceeding 4000 m AGL over the desert region,
t fails to capture the relatively low PBL at site F. This bias is likely re-
ated to the overestimated low-level southerlies, which inhibit the south-
ard transport of cooler air masses from the irrigated area (Fig. S2). 
Synoptic analysis indicates that the IOP region was influenced by

 large-scale upper-level cold low (Fig. S3(a)). When the cold low ap-
roached the region, the advection of colder air aloft increased the
nvironmental lapse rate by cooling the mid–upper troposphere more
trongly than the near-surface layer (Fig. S3(b)), and the reduced static
tability was expected (see the higher boundary of low Brunt–Väisälä
requency on 28 July in Fig. S3(c)). On the other hand, situated be-
ween an upstream shortwave trough base and a downstream ridge, the
egion was characterized by positive vorticity advection, creating en-
anced large-scale mean ascent on that day. This synoptic pattern al-
owed the boundary layer to grow more easily during daytime heating.
5

t around 0700 UTC, a distinct radar fine line along the oasis–desert
order (between sites E and F) was detected, indicating the presence
f a convergent boundary associated with thermal circulations. Approx-
mately 1 h later, discrete convective storms were observed initiating
long this convergent boundary ( Meng et al., 2024 ; their Fig. 8e), even-
ually developing into an organized mesoscale convective system. 

. Conclusions 

This study examined the PBLH characteristics over a sharp
egetation-contrast area in North China, utilizing hundreds of ra-
iosonde observations from the DECODE field campaign in the summer
f 2022. The fine temporal and spatial resolution sounding data reveal
he PBLH seldom observed in this oasis–desert region during the day-
ime, particularly in the afternoon when conventional operational ra-
iosonde data are unavailable. Throughout the entire IOP periods from
 July to 5 August 2022, sounding data at 1-s intervals were collected
rom 695 valid radiosondes. A total of 386 soundings featuring a well-
ixed boundary layer during the day were selected to manually esti-
ate the PBLHs at six sites situated across different land uses, including
rrigated croplands and deserts. 
From 1000 to 1800 LST, the average PBLH across the six IOP sites

as approximately 2000 m AGL, with a diurnal peak of around 2500 m
GL. In the presence of large-scale mean ascent, this region occasion-
lly experiences a super high PBL, reaching elevations of approximately
000 m MSL in the free atmosphere. Due to the thermal contrast be-
ween oasis and desert, the oasis sites generally exhibit lower PBLHs
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han the desert sites; however, the difference carries significant uncer-
ainty, ranging from approximately 200 m to over 1000 m. 
Severe storms that initiate locally in this irrigated region not only

mpact the nearly 600 000 residents here, but also affect downstream
reas in eastern China through upscale storm growth and propagation
 Huang et al., 2019 ). Accurately depicting the PBLH in this region is
ssential for modeling regional convective processes and ecosystems.
urther research is needed to enhance the capability of numerical simu-
ations in capturing the PBLH in this oasis–desert area for both weather
nd climate modeling. 
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