
1. Introduction
The planetary boundary layer (PBL) is the lowest part of the troposphere that is directly influenced by the Earth's 
surface (Garratt, 1992). The PBL processes play significant roles in modulating the exchange of momentum, 
heat, moisture, gases, and aerosols between the Earth's surface and the free troposphere (Hu et al., 2014; Miao 
et al., 2015). The PBL height (H) is a crucial parameter that can be used to describe much of the diurnal, synop-
tic, and climatological processes associated with the PBL in a given region, including its cloud characterization 
and connections between the surface and free troposphere (Ao et al., 2012). It is crucial to accurately estimate H 
through in situ and remote sensing observations, so that the temporal and spatial variations of H can be extensive-
ly assessed and analyzed at a regional or national scale.

Several ground-based remote sensing instruments (e.g., ceilometer, lidar, sodar, radio acoustic sounding system, 
and wind profiling radar) have been used to estimate H, which effectively complement the limited spatial and 
temporal sampling of radionsonde observations (Emeis et al., 2004; Liu et al., 2020; Seibert et al., 2000; Zhang 
et al., 2016). Furthermore, the advent of GPS radio occultation (GPSRO) technique offers global PBL sensing 
with high vertical resolution (∼100 m) and all-weather sounding capability. Numerous studies have demonstrated 
the advantage of using GPSRO to detect H (e.g., Anthes et al., 2008; Ao et al., 2012; Ratnam & Basha, 2010; 
Sokolovskiy et al., 2006). The H estimation with the widely used minimum refractivity gradient method from 
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GPSRO data performs well when the sharp gradient is present across the transition from PBL to the free trop-
osphere (Ao et  al.,  2012; Chan & Wood,  2013; P. Guo et  al.,  2011), specifically over the subtropical ocean 
characterized by strong subsidence (Ho et al., 2015; Xie et al., 2012). Because the local minimum refractivity 
gradient at the top of thick clouds (e.g., deep convection over the Inter Tropical Convergence Zone and mid- and 
high-latitude land regions) is sometimes less than that at the PBL top, the former would be incorrectly regarded 
as H using the gradient method.

In order to improve the robustness of H detection from GPSRO data, Chan and Wood (2013) added extra con-
straints to estimate H for sharp-gradient topped PBLs only, but this approach excludes 69% of profiles globally. 
Basha and Ratnam (2009) compared GPSRO and radiosonde data from a tropical station, and confirmed the 
good correlation between H derived from gradient of refractivity and other traditional parameters (e.g., potential 
temperature, virtual potential temperature, mixing ratio). Basha et al. (2019) estimated H from both GPSRO and 
radiosonde data by using wavelet covariance transform method, and also showed an overall good correlation 
with relatively small bias (<0.5 km in most cases). In contrast, Basha et al. (2019) demonstrated that GPSRO 
overestimates H by around 0.9 km compared to the ERA-interim reanalysis data in most of the regions and in all 
the seasons.

Seidel et al.  (2010) discussed the difference and uncertainties in the H estimation by different methods using 
radiosonde profiles, and showed that the minimum refractivity gradient method significantly overestimates H 
compared to the parcel method (Seibert et al., 2000). Seidel et al. (2012) further confirmed that the bulk Richard-
son number method is most suitable to estimate the stable and convective boundary layer height in the radiosonde 
data, and has also been widely used in weather and climate models and global reanalysis. Gu et al. (2020) showed 
the poor correlation and large bias between the GPSRO H based on the gradient method and the radiosonde H 
based on the bulk Richardson number method over land.

Zeng et al. (2004) proposed a method for determining H in radiosonde profile under both cloudy and clear sky 
conditions by incorporating cloud base height and cloud top height information. They pointed out that the top of 
a cloud layer thicker than subcloud mixed layer depth and decoupled cloud in free atmosphere generally contains 
a significant inversion and humidity gradient, which should not be considered as the PBL height. However, since 
the cloud base height is not easily obtainable, especially for GPSRO data, we propose to use the lifting conden-
sation level (LCL) to approximate the cloud base height and constrain the original refractivity gradient method in 
GPSRO H estimation. We will test the new method along with the original gradient method using the radiosonde 
data over China and then evaluate the GPSRO H estimates using the two methods against the radiosonde H data 
computed using the bulk Richardson number method.

2. Data and Method
In this study, we focus on the daytime H over China by using radiosonde data from 120 China Meteorological Ad-
ministration operational stations at 2:00 p.m. Beijing time (BT) during summer (June–August) of 2011–2018 (J. 
Guo et al., 2016; Zhang et al., 2018). In addition, we use in situ hourly measurements of temperature (T) and rel-
ative humidity (RH) at 2 m height and surface pressure data from 2,684 China automatic weather stations (AWS), 
which are provided by China National Meteorological Information Center. We also use the GPSRO refractivity 
profiles with moisture information (called wetPrf) from surface up to 5 km above surface during the same period. 
All the GPSRO data used in this study are from the Constellation Observing System for the Meteorology, Iono-
sphere, and Climate (COSMIC) satellite mission. In addition, we use the 3-hourly 0.25° × 0.25° ERA5 reanalysis 
H product (HEC) in summer (June–August) from 2011 to 2018 (Hersbach et al., 2020).

For radiosonde data, we use three methods (bulk Richardson number, minimum refractivity gradient, and a new 
method) to calculate the corresponding PBL heights (Hobs, Hori, and Hnew). The radiosonde data were smoothed 
by using a 1–2–1 smoother, that is, the smoothed value at a given level as the weighted sum of the values at a 
lower level multiplied by 25%, at the level of interest multiplied by 50%, and at a higher level multiplied by 25% 
(Zeng et al., 2004). For GPSRO data, we only calculate Hori and Hnew. Because many GPSRO miss the data close 
to the surface, for the purpose of getting valid samples for H estimation, especially in a region of high topographic 
relief (mid-western China), we only select the refractivity profile extending below 1.0 km above the surface and 
the number of missing data less than 30. As this study focuses on the H over land during the daytime in summer 
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which is generally higher than 1 km, especially in mid-western China, selecting 1.0 km rather than 0.5 km as the 
threshold has little influence on the results of H from GPSRO.

The bulk Richardson number (Ri) method proposed by Vogelezang and Holtslag (1996) is one of the most widely 
adopted methods to define H from radiosonde, model, and reanalysis data. The Hobs from radiosondes is estimated 
as the height (starting from near-surface) where Ri reaches the critical value, for example, Ric = 0.25. The Ri is 
the ratio of turbulence associated with buoyancy to that associated with mechanical shear, such as:

Ri(𝑧𝑧) =
(𝑔𝑔∕𝜃𝜃𝑣𝑣𝑣𝑣)(𝜃𝜃𝑣𝑣𝑧𝑧 − 𝜃𝜃𝑣𝑣𝑣𝑣)(𝑧𝑧 − 𝑧𝑧𝑣𝑣)

(𝑢𝑢𝑧𝑧 − 𝑢𝑢𝑣𝑣)
2 + (𝑣𝑣𝑧𝑧 − 𝑣𝑣𝑣𝑣)

2 + (𝑏𝑏𝑢𝑢2∗)
, (1)

where z is height, and s denotes the surface (or the height of the first model layer above surface in models or 
reanalysis data), g is the acceleration of gravity, θv is virtual potential temperature, u and v are component wind 
speeds, b is a constant, and 𝐴𝐴 𝐴𝐴∗ is the surface friction velocity. Here, we ignore the term 𝐴𝐴 𝐴𝐴𝐴𝐴∗ due to the much small-
er magnitude compared with bulk wind shear term in the denominator (Vogelezang & Holtslag, 1996). Further, 
measurements at the lowest level from the radiosonde data are used to compute 𝐴𝐴 𝐴𝐴𝑠𝑠 , 𝐴𝐴 𝐴𝐴𝑠𝑠 , and θvs.

For the ERA5 reanalysis, the PBL height (HEC) is diagnosed as the lowest level at which Ri reaches the critical 
value of 0.25 (Seidel et al., 2012; Vogelezang & Holtslag, 1996).

The microwave refractivity N is computed from (Smith & Weintraub, 1953):

𝑁𝑁 = 𝑎𝑎1
𝑃𝑃

𝑇𝑇
+ 𝑎𝑎2

𝑃𝑃𝑤𝑤

𝑇𝑇 2
, (2)

where T is the temperature (K), P is the total pressure (hPa), and Pw is the water vapor partial pressure (hPa), with 
constants a1 = 77.6 K/hPa, a2 = 3.73 × 105 K2/hPa.

Based on Equation 2, Ao et al. (2012) pointed out that the vertical refractivity gradient, N′ ≡ dN/dz, can be written 
as:
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)
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�, (3)

where the last three terms correspond to the contributions to the refractivity gradients from P, T, and Pw, respec-
tively. For typical conditions (Figure 1), Nw′ varies more with height than Np′ and NT′, thus the heights of local 
minimum N′ mainly depend on Nw′. Only at very low temperatures situation, such as the polar region, when Pw 
is low, NT′ contributes most to N′ (Chan & Wood, 2013). Hori is estimated as the height of the minimum N′. This 
method is appropriate when a sharp gradient exists at PBL top, but it may not work well if there are multiple 
inversions that correspond to multilocal minimum refractivity gradients in the atmosphere (e.g., Figure 1). Our 
new method intends to address this issue.

Zeng et al. (2004) proposed a method for determining H in radiosonde profile under both cloudy and clear sky 
conditions by incorporating cloud base height and cloud top height information. They pointed out that the top 
of a cloud layer thicker than subcloud mixed layer depth and decoupled cloud in free atmosphere should not be 
considered as H. Motivated by that study, here we propose a new method to calculate H with the refractivity 
profile constrained by the LCL.

In general, LCL is a function of air temperature (T), RH, and surface pressure (Romps, 2017). We use the LCL 
constraint to exclude Hori identified by the minimum refractivity gradient method when Hori is greater by more 
than 1 km than LCL, or when the difference of (Hori–LCL) is greater than LCL. For the first condition, Hori often 
corresponds to the height of local minimum N′ (e.g., the top of clouds) in free atmosphere. For the second con-
dition, if cloud exists from LCL to Hori, the cloud depth is deeper than the depth of subcloud mixing layer, and in 
this case Hori corresponds to the top of deep clouds defined in Zeng et al. (2004).

The LCL for individual GPSRO profile is calculated based on the surface air temperature, RH and pressure from 
collocated AWS data. For radiosonde data, we use the values at the lowest level from the raw data to calculate 
LCL.

The detail of the new method for computing the PBL height (Hnew) is as follows:
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1.  Identify each of the local minimum refractivity gradients, dN/dzi, from bottom to 5 km above the surface (as 
H can be greater than 4 km over deserts) and its corresponding height hi (i = 1, 2,…, m, with m representing 
the total number of such local minimum gradients)

2.  Select the minimum value of dN/dzi, denoted as dN/dzj, and the corresponding hj (1 ≤ j ≤ m)
3.  If hj–LCL < 1 km and hj–LCL < LCL, Hnew = hj (and no further iteration is needed)
4.  If hj–LCL > 1 km or hj–LCL > LCL, we select the minimum value of dN/dzi (excluding dN/dzj) below the 

height of hj, denoted as dN/dzk (1 ≤ k < j) and its corresponding height is hk. Then repeat steps (c) and (d) by 
assigning k to j

These steps ensure the exclusion of the misidentified H from gradient method (Hori) in the free troposphere. 
Therefore, Hnew is always less than or equal to Hori. In other words, the new method only improves results when 
Hori overestimates the PBL height.

3. Results
3.1. Radiosonde Data Analysis

To test our new method, we first compute N from Equation 2 using the radiosonde data. Then we compute Hori 
and Hnew from N and compare them against Hobs computed from the radiosonde data directly, using the methods 
discussed in Section 2. At 2:00 p.m. BT, the median differences of (Hori–Hobs) and (Hnew–Hobs) at radiosonde sites 
in northern China are similar, while median differences of (Hori–Hobs) are slightly larger than those of (Hnew–Hobs) 
in south China (Figures 2a and 2b). The interquartile ranges (IQRs) of (Hnew–Hobs) (mean IQR = 0.75 km) are 
significantly less than those of (Hori–Hobs) (mean IQR = 1.04 km) (Figures 2c and 2d). Further, the correlation 
coefficients (R) between Hnew and Hobs (mean R = 0.65) at individual radiosonde sites are generally higher by 
more than 50% than those between Hori and Hobs (mean R = 0.37) (Figures 2e and 2f). Consistent with the results 
in Figures 2c and 2d, the root mean square differences (RMSDs) of (Hnew–Hobs) (mean RMSD = 0.66 km) are 
smaller than those of (Hori–Hobs) (mean RMSD = 1.07 km) (Figure S1 in Supporting Information S1).

To better understand the improved performance of Hnew over Hori, we have carefully analyzed individual radi-
osonde profiles and identified the presence of multi-inversions in the lower troposphere as the primary reason. 
As an example, Figure 1b shows the presence of multi-inversions in the lower troposphere. The Hori based on 

Figure 1. (a) The vertical profiles of radiosonde virtual potential temperature (θv) and relative humidity (RH) on June 28, 
2013 at 2:00 p.m. Beijing time (BT) in Naqu (Longitude: 92.07°E, latitude: 31.48°N, elevation: 4,508 m), China. (b) Vertical 
profiles of refractivity gradient (N-unit/km) and the separate contributions from pressure, temperature, and water vapor 
gradients. Horizontal lines denote Hobs (blue), Hori (red), Hnew (green), and LCL (pink), respectively. Note that the minimum 
refractivity gradient at this high elevation site in panel (b) is much smaller in magnitude than those at low elevation sites.
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refractivity gradient method is 3.5 km, which is about 1.5 km higher than Hobs (∼2.0 km). With the LCL of 
∼1.7 km, (Hori–LCL) of 1.8 km is greater than LCL, and our new method identifies the next local minimum 
refractivity gradient at Hnew = 1.6 km, which is much closer to Hobs. Sun et al. (2010) showed that Chinese ra-
diosondes underestimate RH by about 10% at high elevation stations, thus RH > 90% could imply likely cloud 
presence in the selected radiosonde over the Tibet Plateau (Figure 1). The high cloud fraction of the low cloud 
(90%) from the surface observation also confirms this speculation. Thus, the RH profile in Figure 1a shows a 
cloud thickness of ∼1.9 km with the cloud base and top at about 1.6 and 3.5 km, respectively. Therefore, Hori 
represents the cloud top, while LCL is close to the cloud base. According to the method of Zeng et al. (2004) for 
H estimation, the cloud thickness of 1.9 km is greater than cloud base (∼1.6 km), and the cloud top (∼3.5 km) in 
the free atmosphere (i.e., Hori) should not be considered as the PBL height. In contrast, Hnew of 1.6 km is a better 
representation of Hobs.

One question on using Hobs as reference is how the above test results are affected by the uncertainty in com-
puting Hobs. Previous studies indicated that Hobs is not very sensitive to the critical Richardson number  

Figure 2. The median differences of (a) Hori–Hobs and (b) Hnew–Hobs for each radiosonde site at 2:00 p.m. BT from June to August (2011–2018) in China; (c and d) are 
the corresponding interquartile range (IQR); and (e and f) show the correlation coefficient of (Hobs and Hori), and (Hobs and Hnew) at each radionsonde site, respectively.



Geophysical Research Letters

WANG ET AL.

10.1029/2021GL096304

6 of 9

(Seidel et al., 2012; J. Guo et al., 2016). In addition, our results show that Hobs is not sensitive to the increasing 
of vertical resolution from 100 to 25 m (Figure not shown). In fact, the uncertainty of Hobs mainly depends on 
the value of virtual potential temperature in surface layer (θvs) and the gradient of θv (γθv = dθv/dz) above PBL. 
Stull (1988) pointed out that the PBL height is usually defined at the center of entrainment zone, and the un-
certainty of Hobs generally increases with the increase of the depth of entrainment zone (or the decrease of γθv). 
Therefore, the large IQRs of (Hori−Hobs) and (Hnew−Hobs) at very small γθv values (e.g., between 0 and 1 K km−1, 
occurring for less than 5% of the time [Figure S2a in Supporting Information S1]) in Figure 3a could be partly 
contributed by Hobs uncertainties, while the smaller IQRs of (Hnew−Hobs) than those of (Hori−Hobs) at larger γθv 
values (e.g., >1 K km−1) are not much affected by Hobs uncertainties. Furthermore, the IQR differences between 
(Hori−Hobs) and (Hnew−Hobs) are mainly contributed by the upper limit (i.e., the 75th percentile) (Figure 3a), while 
the differences in the median or the lower limit are quite small. Similarly, the much smaller RMSDs of (Hnew−
Hobs) than those of (Hori–Hobs) at larger γθv values (e.g., >1 K km−1) are not much affected by Hobs uncertainties in 
Figures S2a and S2c in Supporting Information S1. These results indicate that Hnew improves the results primarily 
when Hori overestimates the PBL height.

Because LCL is used in computing Hnew, it would be interesting to evaluate the dependence of (Hori–Hobs) and 
(Hnew–Hobs) on LCL. While the IQRs of (Hori–Hobs) and (Hnew–Hobs) are similar for LCL > 2 km (Figure 3b), 
those of (Hnew–Hobs) are smaller for LCL < 2 km. Further, the IQRs of (Hnew–Hobs) [or (Hori–Hobs)] decreases (or 
increases) with the decreasing LCL for LCL < 2 km (Figure 3b). Similarly, the smaller RMSDs of (Hnew–Hobs) 
than those of (Hori–Hobs) occur primarily for LCL < 2 km (Figures S2b and S2d in Supporting Information S1).

Over arid regions with higher LCL, the criterion (c) of the new method in Section 2 is much harder to meet. 
Thus the improvement of adding a constraint with LCL is limited. The occurrence of sharp gradients (in N or 
Pw) at PBL top in arid regions is also less frequent than in humid regions. There are often multiple inversions 
that correspond to multilocal minimum refractivity gradients with values close to each other bellow LCL (even 
within the PBL) in arid regions (figure not shown). For these cases, the new method does not improve the results 
either. Furthermore, the weak inversion layer of θv above PBL (γθv < 2 K km−1) occurs more frequently (23%) in 
the relatively dry western China (75°E−100°E, 25°N–50°N) than in the relatively humid eastern China (13%). 
This increases the uncertainty of Hobs, partially contributing to the relatively large IQRs (Figure 2a) and RMSDs 
(Figures S2a and S2c in Supporting Information S1) of (Hnew–Hobs) and (Hori–Hobs) at γθv < 2 K km−1.

3.2. GPSRO Data Analysis

Next, we apply our new method to the 8-year satellite GPSRO data (June–August, 2011–2018) over China to 
compute Hnew. We then bin the daytime results into 2° (latitude) × 2° (longitude) grids within 1.5 hr at three dif-
ferent times (11:00 a.m., 2:00 p.m., and 5:00 p.m. BT). Figures 4d–4f show that Hnew increases from the humid 

Figure 3. The variations of H differences (ΔH) with (a) γθv and (b) LCL using all the samples at 120 radiosonde sites. The red and blue circles denote median values 
for Hnew–Hobs and Hori–Hobs, respectively. The error bars denote the 25th and 75th percentiles, respectively.
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south to the arid northwest of China, which is consistent with the spatial distribution of Hobs from radiosondes 
and HEC from ERA5 reanalysis (Figure S3 in Supporting Information S1).

The mean HEC and the collocated mean Hnew at 2° × 2° grids at 2:00 p.m. BT over China show a high spatial 
correlation (R = 0.72 with RMSD = 0.39 km), which is much higher than that between HEC and Hori (R = 0.39 
with RMSD = 0.83 km). Further, Figures 4d–4f show that Hnew gradually increases from late morning to after-
noon. For instance, the Hnew values are about 1.67 km, 2.24 and 2.63 km in northwestern China (90°E−100°E, 
38°N–44°N) at 11:00 a.m., 2:00 p.m., and 5:00 p.m. BT (i.e., at 9:30 a.m., 12:30 p.m., and 3:30 p.m. local time 
at 95°E), respectively.

Our analysis using the radiosonde data in Section 3.1 indicates that the new method improves the results when 
Hori overestimates the PBL height and the median differences between Hnew and Hori are small. Indeed the median 
(Hori–Hnew) differences are also small using the GPSRO data (Figure not shown). The (Hori–Hnew) differences are 
positive over all areas (Figure 4), as expected from the new method (see the discussion at the end of Section 2). 
For instance, in eastern China (110°E−120°E, 26°N–36°N) at 2:00 p.m. BT, the mean Hnew is 1.32 km and (Hori–
Hnew) is 0.58 km. Figure 4 also shows that the spatial pattern of Hnew is smooth, while that of Hori is quite noisy, 
leading to the lack of spatial pattern of (Hori–Hnew).

To directly evaluate Hnew and Hori from GPSRO (with a horizontal resolution of about 200 km) using Hobs from 
radiosonde data over China, we identify the collocated GPSRO data to be within 1.5 hr difference and within 
200 km from AWS sites with radiosonde data during summer (June–August) of 2011–2018. There are 227 col-
located cases at 2:00 p.m. BT and the results are shown in Figure S4 in Supporting Information S1. The Hnew 

Figure 4. The mean Hori derived from GPSRO data at three Beijing times: (a) 11:00 a.m. ± 1.5 hr, (b) 2:00 p.m. ± 1.5 hr, and (c) 5:00 p.m. ± 1.5 hr from June to 
August (2011–2018) in China. (d–f) and (g–i) are the same as (a–c) but for the mean Hnew and (Hori–Hnew), respectively. Missing data are shaded in white color.
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derived from the GPSRO data significantly improves its correlation (R = 0.47) with Hobs from radiosondes (Fig-
ure S4b in Supporting Information S1) compared with Hori (with the correlation R = 0.26; Figure S4a in Sup-
porting Information S1). While the median (Hori–Hobs) is quite similar to (Hnew–Hobs), the upper limit of IQR (or 
the 75th percentile) decreases from 1.0 km for (Hori–Hobs) to 0.3 km for (Hnew–Hobs), consistent with the results in 
Figure 3 (using radiosonde data alone).

4. Conclusions and Discussion
The refractivity gradient method has been widely used to derive global PBL height (Hori) from the GPSRO satel-
lite data. We have directly tested this method using the refractivity computed from radiosonde data over China. It 
is found that Hori could significantly overestimate the PBL height in the presence of multi-inversions that corre-
spond to multilocal minimum refractivity gradients in the lower troposphere. To alleviate this issue, we combine 
the original refractivity gradient method with an LCL constraint to estimate the PBL height (Hnew). In general, the 
LCL can be computed from the radiosonde data at the lowest level or from surface measurements at conventional 
weather stations. Based on the analysis of 8 yr summertime radiosonde data at 2:00 p.m. BT in China, the new 
method effectively improves the estimation of the daytime PBL height over humid regions with LCL < 2 km.

We have then applied the new method to the satellite GPSRO data over China. Consistent with the results from 
the ERA5 reanalysis, the daytime Hnew in summer shows the increase of the PBL height from the humid south to 
the arid northwest over China. Comparison of Hnew and Hori from GPSRO with Hobs from collocated radiosonde 
sites shows that the new method increases the correlation with Hobs and improves the results when Hori overesti-
mates the PBL height in China.

However, our new method does not improve the results over arid regions with LCL > 2 km. Sometimes the new 
method may underestimate the PBL height more than the original method, as indicated by the slightly worse 25th 
percentile of (Hnew–Hobs) than (Hori–Hobs) in Figures 3 and Figure S4 in Supporting Information S1. In addition, 
estimating the height of nighttime stable boundary layer over land with GPSRO data remains very challenging 
due to the limited vertical resolution and penetration of sounding near the surface. For this reason, both the new 
and original methods likely capture the top of residual layer (from daytime) at night and significantly overesti-
mate the stable boundary layer height. These issues warrant future investigation.

Data Availability Statement
The GPSRO data from the Constellation Observing System for the Meteorology, Ionosphere, and Climate (COS-
MIC) satellite mission are downloaded from the UCAR COSMIC Data Analysis and Archive Center (CDDAC, 
https://data.cosmic.ucar.edu/gnss-ro/cosmic1/). The radiosonde data and in situ measurements are from the Chi-
na National Meteorological Information Center (http://data.cma.cn/en), the users need to register an account, 
and then refer to the introductions in link http://data.cma.cn/en/?r=article/getLeft/id/343/keyIndex/30. ERA5 
reanalysis data are from European Centre for Medium-Range Weather Forecasts (https://cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form), and the processed data can be obtained in https://
www.scidb.cn/en/s/qqyqMb.
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