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Abstract: The entrainment rate (λ) is difficult to estimate, and its uncertainties cause a significant
error in convection parameterization and precipitation simulation, especially over the Tibetan Plateau,
where observations are scarce. The λ over the Tibetan Plateau, and its adjacent regions, is estimated
for the first time using five-year satellite data and a reanalysis dataset. The λ and cloud base
environmental relative humidity (RH) decrease with an increase in terrain height. Quantitatively, the
correlation between λ and RH changes from positive at low terrain heights to negative at high terrain
heights, and the underlying mechanisms are here interpreted. When the terrain height is below
1 km, large RH decreases the difference in moist static energy (MSE) between the clouds and the
environment and increases λ. When the terrain height is above 1 km, the correlation between λ and
RH is related to the difference between MSE turning point and cloud base, because of decreases in
specific humidity near the surface with increasing terrain height. These results enhance the theoretical
understanding of the factors affecting λ and pave the way for improving the parameterization of λ.

Keywords: Tibetan Plateau; convection; entrainment rate; relative humidity; SNPP-VIIRS

1. Introduction

With a mean elevation of 4 km above sea level, the Tibetan Plateau (TP) is known
as the third pole of the world and plays a crucial role in regional atmospheric circulation
and global climate (e.g., [1–5]). As the ‘atmospheric heat pump’ [6] and ‘atmospheric
water tower’ [7] in boreal summer, the TP provides favorable conditions for local convec-
tion. Meanwhile, downstream clouds and precipitation are significantly affected by the
convection of TP (e.g., [8–10]).

Clouds have significant effects on the atmospheric energy budget [11–15], while cloud
processes over the TP are quite unique to those over other regions of China (e.g., [16,17]).
The frequency of cloudy days is especially high over the TP [18,19], and cloud frequency is
73.6% over the TP in boreal summer [19]. The clouds over the TP exhibit a low cloud base
height [20] and small cloud depth [21,22]; the clouds with a cloud depth less than 2 km
have the highest frequency [21]. Affected by the high elevation and unique cloud properties
over the TP, clouds and precipitation are difficult to simulate accurately. The reasons for
the uncertainties vary: including the uncertainty of forcing data, low model resolution, and
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the uncertainty of parameterization (e.g., [23–26]). For example, Luo et al. [24] found that
the uncertainty of entrainment rate (λ) in the cumulus convection scheme is an important
reason for the simulation error of convective precipitation over the TP.

The λ, which describes the rate of environmental air mixed into cloud, is a crucial
parameter for convection parameterization in simulations [27–31]. Convection parame-
terization is a vital factor in weather and climate models [32–34], and uncertainties in
λ can lead to large deviations in weather and climate simulations (e.g., [35–37]). Previ-
ous studies have related λ to cloud dynamical and thermodynamic properties [38–40]
and environmental conditions [41–44]. Buoyancy and vertical velocity are found to be
negatively correlated with λ [45–47]. Aerosols have a significant effect on entrainment
through the evaporation–entrainment feedback mechanism [41,48–50]. The relationship
between λ and relative humidity is unresolved; the two quantities have been identified
as positively [51–57], negatively [58–61], or weakly correlated [57,61]. Based on the above
factors and others [62–64] (e.g., height [65,66]), many λ parameterizations have been devel-
oped [43,45,67–70]. However, as demonstrated by de Rooy et al. [71], there is no sign of
convergence towards certain parameterizations. It is also challenging to determine which
factors are most important for parameterizing λ. Hence, further studies are necessary to
examine the factors affecting λ and to develop parameterizations of λ.

Traditionally, the results of high-resolution simulations (e.g., [68]) and aircraft obser-
vations (e.g., [43,72]) have been used to estimate λ. However, the harsh environment of
the TP restricts the necessary observations to improve the model’s initial forcing [73], and
aircraft observations are rare [74]. In addition, compared with these case studies, an λ,
based on long-term averaged data, is required to provide more information with larger
spatial and temporal scales. Hence, satellite data, which covers a long period, are more
accessible for estimating λ over the entire TP. Luo et al. [75] were the first to use satellite
data to estimate λ, using an entrainment plume model, and this method has been applied in
many studies [57,64]. Wang and Zhang [36] also estimated λ from satellite data to evaluate
the accuracy of λ in the community atmosphere model.

To the best of our knowledge, many studies about the development of convection
over the TP have been carried out [20,76], but studies about convection over the TP in the
perspective of entrainment are lacking. Entrainment plays an important role in convection
through cloud interaction with the environment, but there have been no studies on λ over
the TP, not even case studies. Based on five-year data from the Visible Infrared Imaging
Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (SNPP)
satellite [77], this study is the first to estimate λ over the entire TP and its adjacent regions.
The results will enhance the understanding of λ and help to improve the accuracy of
convective precipitation simulation over the TP. The remainder of this paper is organized
as follows. Section 2 describes the data and methodology used in this study. Section 3
presents spatial distribution and factors affecting the λ. Section 4 provides a summary of
the study.

2. Method

Based on the Automated Mapping of Convective Clouds system, described by
Yue et al. [78], and the SNPP-VIIRS satellite data, Yue et al. [79] retrieved the charac-
teristics of convective clouds at cloud top and base over the TP, and its adjacent regions, at
approximately 07:00 UTC (from 05:00 to 09:00 UTC, in the local afternoon) from June to
August 2013 to 2017. The method to obtain the cloud base and cloud top temperature is
described by Yue et al. [79] in detail. The cloud base temperature is calculated based on the
warmest cloudy pixels of VIIRS [78,80], and the cloud base environmental temperature is
interpolated, based on the environmental profile from the reanalysis dataset and the cloud
base height. The cloud top temperature is calculated based on the coldest cloudy pixels of
VIIRS [78,79], and the cloud top environmental temperature is assumed to be equal to the
cloud top temperature to obtain the cloud top height. The way to retrieve other variables
can be seen in Yue et al. [78]. The convective cloud cases are averaged to 0.33◦ × 0.33◦
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convective cloud product grids to obtain the averaged convective characteristics over the
TP, and its adjacent regions, in boreal summer. According to Yue et al. [78], retrieved
convective clouds are driven by surface thermal effects in the afternoon and have a flat
cloud base at the lifting condensation level.

The ERA-Interim reanalysis dataset [81] performs better than other reanalysis datasets
over the TP [82,83], and the fifth-generation European Centre for Medium-Range Weather
Forecasts reanalysis (ERA5) [84] dataset, which is the successor of the ERA-Interim, is
closer to the rawinsondes over the TP [73]. Differing from the NCEP final operational
global analysis data [85] used by Yue et al. [79], the hourly ERA5 is used to provide the
vertical structure of meteorological elements. ERA5, with a resolution of 0.25◦ × 0.25◦, is
interpolated to the correct locations to obtain environmental profiles of convective cloud
cases. The environmental profiles are averaged to 0.33◦ × 0.33◦ grids of the convective
cloud product.

To make the results more representative, grids in the convective cloud product with
fewer than 10 convective cloud cases are eliminated. The cloud base temperature deviation
is defined as the deviation between cloud base temperature inside and outside of the
clouds. The mean value and standard deviation of cloud base temperature deviation in
convective cloud grids were calculated. The grids were eliminated if their cloud base
temperature deviations were beyond the range from the mean minus standard deviation
to the mean plus standard deviation. The maximum value of either environmental moist
static energy (MSE) under the cloud base or cloud base in-cloud MSE was chosen to be the
cloud base in-cloud MSE, because the level of the maximum value of MSE is considered
to be the convection starting level [86,87]. Grids with a cloud base in-cloud MSE less than
the cloud top in-cloud MSE were eliminated, because, according to Wang and Zhang [36],
the in-cloud MSE increases with height when detrainment dominates over entrainment
and will be unreasonably higher than the cloud base in-cloud MSE if there is too much
detrainment. After the elimination, there were a total of 2214 grids, and Figure 1 presents
the locations and case numbers of the convective cloud product grids. The high number
of cases over southeastern TP indicates a high frequency of convection activities over the
area [19,76].
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Figure 1. The schematic diagram of the studied region and the case numbers of the convective
cloud product grids in the boreal summer from 2013 to 2017; the black lines are the contour of 3 km
terrain height.

Based on the approaches of Zhang et al. [27], λ is considered to be the difference in the
conserved MSE between the air inside and outside the cloud:

λ =
−dhc/dz

hc − he
, (1)

where hc and z are the in-cloud MSE and height (hereafter, the height denotes the height
above sea level, if not specified) at the cloud base and cloud top from the convective cloud
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product, respectively, and he is the mean environmental MSE from ERA5. It is important to
note that λ calculated in this research denotes the mean entrainment in the layer dz.

Considering that the melting level is near the surface, and ice particles contribute
significantly to clouds over the TP [21], the freezing and melting process must be taken
into account [88]. Hence, following Muller and Held [88], the MSE including ice-phase
processes is given:

h = cpT + gz + Lvqv − L f qi (2)

where cp is the isobaric specific heat of dry air, T is the temperature, g is the acceleration due
to gravity, Lv is the latent heat of vaporization, qv is the specific humidity, Lf is the latent
heat of fusion, and qi is the specific cloud ice content, including precipitating and non-
precipitating ice phases. Since there are no specific cloud ice contents in the environment,
the specific cloud ice contents in ERA5 are divided by the fraction of cloud cover and used
for the convective cloud product. To account for the contribution of latent heat of freezing,
λ without considering latent heat of freezing is also calculated; the difference between λ
with and without considering latent heat of freezing is from –0.02 to 0.52 km−1, with a
median of 0.003 km−1, a mean of 0.03 km−1, and a standard deviation of 0.07 km−1.

3. Result
3.1. Relationship between Entrainment Rate and Relative Humidity
3.1.1. Effects of Terrain Height on Entrainment Rate and Relative Humidity

Based on the SNPP-VIIRS-based convective cloud product, Figure 2 presents distribu-
tion of λ, terrain height, and cloud base environmental relative humidity (RH) over the
studied region in boreal summer from 2013 to 2017. The values of λ are less than 0.90 km−1.
Generally, the largest values of λ and RH are both predominantly in the southwest of the
studied region, with a terrain height below 3 km, and the smallest values of λ and RH are
primarily in the region with a terrain height above 3 km.
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Figure 2. The spatial distributions of the entrainment rate (Panel a; λ; units: km−1), terrain height
(Panel b; units: km), and cloud base environmental relative humidity (Panel c; RH; unit: %) at
the convective cloud product grids in the boreal summer from 2013 to 2017; the black lines are the
contours of 3 km terrain height.

To further analyze the relationship between λ and RH, the grids are divided into
6 groups according to terrain height, and the sample numbers within each terrain height
groups are similar: <1.0 km, 1.0–2.5 km, 2.5–4.0 km, 4.0–4.5 km, 4.5–5.0 km, and >5.0 km.
The probability density distribution (PDF) of λ for different terrain height ranges is pro-
vided in Figure 3. The region with a terrain height below 1 km has the largest mean λ of
0.55 km−1 and the widest distribution range of λ, which ranges from 0.20 to 0.90 km−1.
As the terrain height increases, the values of λ decrease, and the distribution range of λ
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also becomes narrower. The region with a terrain height above 5 km has the smallest mean
λ of 0.12 km−1 and the narrowest distribution, the maximum value of which is less than
0.40 km−1. The PDF of the RH for different terrain height ranges is displayed in Figure 4.
The RH ranges from 55% to 95%. The region with a terrain height below 1 km has the
narrowest PDF of RH, with the largest mean RH of 87.8%. As terrain height increases,
the values of RH decrease. The region with a terrain height above 5 km has the smallest
mean RH of 73.1%. Therefore, λ and RH both exhibit a decreasing trend with an increase in
terrain height.
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terrain height ranges in the boreal summer from 2013 to 2017; the sample number (Samples), mean
value (Mean), and standard deviation (STD) are shown in the panels.
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Figure 4. The probability density distributions of cloud base environmental relative humidity (RH;
units: %) in the different terrain height ranges in the boreal summer from 2013 to 2017; the sample
number (Samples), mean value (Mean), and standard deviation (STD) are shown in the panels.

3.1.2. Quantitative Relationships between Entrainment Rate and Relative Humidity in
Different Terrain Height Ranges

The qualitative analysis in Section 3.1.1 indicates a positive relationship between
λ and RH. A quantitative analysis is further conducted to verify the reliability of the
conclusion. The grids are still divided into six groups, based on terrain height, as described
in Section 3.1.1. To minimize the impacts of meteorological conditions and ensure the clouds
have relatively uniform characteristics, the cloud samples are further divided according
to cloud top height within each terrain height range, following Liu et al. [89]. The cloud
samples are grouped every 0.25 km for cloud top height from less than 5.50 km to greater
than 12.00 km. Only the groups with more than 30 samples are analyzed to ensure that the
sample size is sufficiently large.

The correlation coefficients of λ and RH for different cloud groups are illustrated in
Figure 5a. Two representative groups of the relationship between λ and RH are also shown
in Figure 5b,c. The relationships are positive in most groups and generally change from
positive to negative when terrain height increases. Currently, there is no consensus on the
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relationship between λ and relative humidity. This relationship can be positive [51–57]
or negative [58–61]. Recently, Xu et al. [68] even found a non-monotonic relationship:
positive at low height and negative at high height, also using the MSE as the conserved
property to estimate λ with cloud-resolving model simulations. Stanfield et al. [57] found
a positive relationship in the Goddard Earth Observing System simulations, with no
obvious relationship in the satellite results, using carbon monoxide as the conserved
property to estimate λ. Eissner et al. [63] found a weak positive correlation between λ and
relative humidity based on radar results, using equivalent potential temperature as the
conserved property.

Remote Sens. 2022, 14, x FOR PEER REVIEW 6 of 19 

 

 

divided according to cloud top height within each terrain height range, following Liu et 

al. [89]. The cloud samples are grouped every 0.25 km for cloud top height from less than 

5.50 km to greater than 12.00 km. Only the groups with more than 30 samples are analyzed 

to ensure that the sample size is sufficiently large. 

The correlation coefficients of λ and RH for different cloud groups are illustrated in 

Figure 5a. Two representative groups of the relationship between λ and RH are also 

shown in Figure 5b,c. The relationships are positive in most groups and generally change 

from positive to negative when terrain height increases. Currently, there is no consensus 

on the relationship between λ and relative humidity. This relationship can be positive [51–

57] or negative [58–61]. Recently, Xu et al. [68] even found a non-monotonic relationship: 

positive at low height and negative at high height, also using the MSE as the conserved 

property to estimate λ with cloud-resolving model simulations. Stanfield et al. [57] found 

a positive relationship in the Goddard Earth Observing System simulations, with no 

obvious relationship in the satellite results, using carbon monoxide as the conserved 

property to estimate λ. Eissner et al. [63] found a weak positive correlation between λ and 

relative humidity based on radar results, using equivalent potential temperature as the 

conserved property. 

 

Figure 5. The correlation coefficients (R) of entrainment rate (λ; units: km–1) with cloud base 

environmental relative humidity (RH; units: %) in the different cloud groups (Panel a), and the 

relationship between the λ and RH in the representative cloud groups (Panels b,c); the color bar 

denotes the mean cloud top height in each group. 

Figure 5. The correlation coefficients (R) of entrainment rate (λ; units: km−1) with cloud base
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relationship between the λ and RH in the representative cloud groups (Panels b,c); the color bar
denotes the mean cloud top height in each group.

Previous studies have suggested that the positive correlation between λ and RH
could be explained by the following mechanism: a higher RH corresponds to a smaller
difference in MSE between the cloud and the environment, smaller buoyancy and vertical
velocity, and higher λ [43,45]. Moreover, positive correlation between λ and RH can also
be explained by the concept of buoyancy sorting, whereby more parcels are likely to be
entrained into the cloud in an environment with higher RH [43,90]. Further to the above
two arguments, positive correlation between λ and RH could also be explained by the
following mechanism: lower RH corresponds to higher cloud base height [91], which
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further increases vertical velocity, since vertical velocity increases nearly linearly with cloud
base height [92,93]; stronger vertical velocity further leads to smaller λ [45,46]. However,
the above arguments cannot explain negative correlation between λ and RH. Furthermore,
according to Equation (1), the above argument is based on the denominator, that is, the
difference between in-cloud and environmental MSE determines λ; the numerator is
neglected. The following analysis indicates that the denominator can only explain the
positive correlation between λ and RH over the region with a terrain height below 1 km.
For positive and negative correlations between λ and RH over the region with a terrain
height above 1 km, the numerator is the key factor. In addition, although ERA5 shows
better performance over the TP, compared to other data, the restrictions of ERA5 over the
TP are still noteworthy. The inherent uncertainty in a small value of specific humidity
in ERA5 [73,94] could weaken correlations between λ and RH, especially those found at
terrain heights above 5 km.

3.2. Physical Mechanisms of Relative Humidity Affecting Entrainment Rate
3.2.1. Dominant Factors Affecting Relationships between Entrainment Rate and
Relative Humidity

To explain the relationship between λ and RH, correlation coefficients between λ and
each term in Equation (1) in different cloud groups are presented in Figure 6, including the
difference in in-cloud MSE between cloud base and top (−dhc), cloud depth (dz), and the
reciprocal of the difference between in-cloud and environmental MSE (1/(hc − he)). Two
representative groups of the relationship between λ and each of the above terms are also
shown in Figure 6. According to Equation (1), λ is expected to be positively, negatively, and
positively correlated with −dhc, dz, and 1/(hc − he), respectively. Figure 6 demonstrates
that λ is always positively correlated with −dhc. However, the signs of λ versus dz and λ
versus 1/(hc − he) change with terrain height.

Based on the correlation coefficients of the three relationships, Figure 6 can be divided
into two groups. In Group One, having terrain height below 1 km, the correlation between
λ and dz is unexpectedly positive, while a negative correlation between the two quantities
was found in some previous studies [58,95]. The positive correlation between λ and
1/(hc − he) is stronger than that between λ and −dhc (Figure 6a,g), indicating the effects
of 1/(hc − he) and −dhc on λ are greater than that of dz on λ. Therefore, 1/(hc − he) is
the key factor affecting λ, which is consistent with the results of previous studies: other
factors being equal, the greater the difference between in-cloud and environmental MSE
the more this difference promotes an increase in vertical velocity in the cloud [96], which
further decreases the time for interaction between the cloud and environment [43,45] and
decreases λ. The data points having terrain height above 1 km are considered to be Group
Two. From 1 to 4.5 km, the correlation between λ and −dhc is strong, and the other two
correlations are not consistent with the theoretical expectations of Equation (1). Above
4.5 km, although the negative correlation between λ and dz is consistent with the theoretical
expectation of Equation (1), its correlation coefficient is much smaller than that between
λ and −dhc (Figure 6a,d). Therefore, in contrast with the previous conclusion that the
correlation between λ and RH is primarily determined by 1/(hc − he), we found that
−dhc dominates in Group Two. The −dhc represents the change in in-cloud MSE, but
the mechanism underlying the correlation between λ and RH achieved by −dhc remains
unclear. Therefore, the following analysis focuses on the mechanisms related to −dhc in
Group Two.
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Figure 6. The correlation coefficients (R) of entrainment rate (λ; units: km−1) with the difference
in in-cloud moist static energy between the cloud base and top (Panel a; represented by −dhc/cp;
units: K; cp is the isobaric specific heat of dry air), cloud depth (Panel d; units: km), and the reciprocal
of the difference between in-cloud and environmental moist static energy (Panel g; represented by
cp/(hc − he); units: K−1) in the different cloud groups, and the relationships between λ and −dhc/cp

(Panels b,c), cloud depth (Panels e,f), and cp/(hc − he) (Panels h,i) in the representative cloud groups;
the color bar denotes the mean cloud top height in each group.

3.2.2. Critical Factor: MSE Turning Point versus Cloud Base Height

Theoretically, the greater the environmental relative humidity, the lower the cloud base
height [91]; therefore, relative humidity is a direct factor affecting cloud base height and
could further affect cloud base in-cloud MSE and −dhc. Figure 7a presents the correlation
coefficients between cloud base in-cloud MSE and cloud base height above the surface in
Group Two. Two representative groups of the relationship between cloud base in-cloud
MSE and cloud base height above the surface are also shown in Figure 7b,c. When terrain
height is low, cloud base in-cloud MSE is negatively correlated with cloud base height
above the surface with a correlation coefficient of about −0.5. With increase in terrain
height, the correlation coefficients have both positive and negative values. Hence, the
relationship between cloud base in-cloud MSE and cloud base height above the surface also
changes with increasing terrain height. Similar to Figure 7, but for relationships between
cloud base in-cloud MSE and cloud base environmental MSE, Figure 8 further demonstrates
that the quantities are positively correlated. Therefore, vertical variation in the cloud base
environmental MSE reasonably represents the trend of cloud base in-cloud MSE.
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Figure 7. The correlation coefficients (R) of cloud base in-cloud moist static energy (represented
by hbasec/cp; units: K; cp is the isobaric specific heat of dry air) and cloud base height above the
surface (Hbase; units: km) in the different cloud groups above 1 km terrain height (Panel a), and the
relationship between the hbasec/cp and Hbase in the representative cloud groups (Panels b,c); the
color bar denotes the mean cloud top height in each group.
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Figure 8. The correlation coefficients (R) of cloud base in-cloud moist static energy (represented as
hbasec/cp; units: K; cp is the isobaric specific heat of dry air) and cloud base environmental moist
static energy (represented as hbasee/cp; units: K) in different cloud groups in the studied region
above 1 km terrain height (Panel a), and the relationship between the hbasec/cp and hbasee/cp in
the representative cloud groups (Panels b,c); the color bar denotes the mean cloud top height in
each group.
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Figure 9 displays the environmental MSE profiles for the different terrain height
groups. Environmental MSE first decreases and then increases with increasing height in
each group. The height of the environmental MSE turning point above the surface in the
high terrain height ranges is smaller than that in the low terrain height ranges. To determine
the reasons, the vertical profiles of the environmental dry static energy and latent heat terms
of water vapor are also plotted in Figure 9, because, according to Equation (2), the MSE is
composed of the above two terms; in addition, the term Lfqi is zero in the environment. Dry
static energy is conserved under dry adiabatic conditions [97,98], because the rate of change
of gravitational potential energy (gz) in vertical is equal to that of dry air enthalpy (cpT)
in vertical under dry adiabatic conditions. However, the actual atmosphere is often not in
a dry adiabatic state, and the temperature lapse rate is less than the dry adiabatic lapse
rate [99]. Therefore, the rate of change of gz in vertical is larger than that of cpT in vertical,
which increases the dry static energy with increasing height. In addition, the latent heat
term of water vapor (Lvqv) decreases rapidly with an increasing height at lower heights,
which causes a corresponding decrease in MSE. The latent heat term of water vapor near
the surface is much smaller at high terrain heights than that at low terrain heights, because
the specific humidity is much smaller at high terrain heights. Therefore, the height of the
environmental MSE turning point above the surface is lower at higher terrain heights.
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Figure 9. The profiles (height above the surface) of environmental moist static energy (the black line;
represented by he/cp; units: K; cp is the isobaric specific heat of dry air), environmental dry static
energy (the green line; represented as (cpT + gz)/cp; units: K), and environmental latent heat term of
water vapor (the orange line; represented as Lvqv/cp; units: K) in different terrain height ranges above
1 km terrain height; the blue line denotes the mean cloud base height; the he/cp and (cpT + gz)/cp use
the x-axis at the bottom; the Lvqv/cp uses the x-axis at the top.

Due to the above height difference in environmental MSE turning point and surface,
which is under the impact of specific humidity near the surface, cloud base height is below
the turning point at low terrain heights, and above the turning point at high terrain heights
(Figure 9). In addition to the average results in Figure 9, Figure 10 further demonstrates
the difference between turning point and cloud base for individual grids. When terrain
height is 1.0–2.5 km, the height difference is always positive. With increase in terrain
height, the cloud base height is closer to, or even above, the turning point height; especially
when the terrain height is above 5.0 km, most data points have negative height differences.
Therefore, for a low terrain height, a greater RH results in a smaller cloud base height,
which further leads to larger values of cloud base environmental MSE, cloud base in-cloud
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MSE, −dhc, and λ. At high terrain heights, a greater RH also results in a smaller cloud
base height; in contrast, this smaller cloud base height causes smaller values of cloud
base environmental MSE, cloud base in-cloud MSE, −dhc, and λ. Few previous studies
compared the relationship between λ and RH in different locations with different specific
humidity conditions. There is only one study that may give some clues [100]. Figure 2 of
Kirshbaum and Lamer [100] showed that the correlation coefficient between λ and RH in
the drier US southern Great Plains is smaller than that in the wetter North Atlantic.
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Figure 10. The difference between the mean height of the minimum value of environmental moist
static energy (the turning point) and cloud base height (units: km) in different terrain height ranges
above 1 km terrain height; the black horizontal line denotes 0 km; the color bar denotes the cloud top
height in each grid.

4. Discussion

The mechanism of the response of λ to RH is presented in Figure 11. In general, λ
and RH decrease with an increase in terrain height. For different terrain height ranges,
λ and RH exhibit inconsistent relationships. When terrain height is below 1 km, a large
RH promotes a decrease in the difference between in-cloud and environmental MSE and
an increase in λ. When terrain height is above 1 km, there are two scenarios. First, when
the cloud base height is below the height of the environmental MSE turning point, large
RH decreases cloud base height and increases cloud base environmental MSE, cloud base
in-cloud MSE, −dhc, and λ. Second, when the cloud base height is above the height of the
environmental MSE turning point, large RH decreases cloud base height and decreases
cloud base environmental MSE, cloud base in-cloud MSE, −dhc, and λ. The dominant
scenario changes with terrain height, due to decrease of specific humidity with increasing
terrain height. When the terrain height is below 4.5 km, the dominant scenario is that the
cloud base height is below the height of the environmental MSE turning point. When the
terrain height is 4.5–5.0 km, the two scenarios are equivalent. When the terrain height is
greater than 5.0 km, the scenario in which the cloud base height is higher than the height of
the environmental MSE turning point is dominant. Therefore, the relationship between λ
and RH changes from positive to negative with increasing terrain height at a turning point
of approximately 4.5 km (Figure 5).
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5. Conclusions

The entrainment rate (λ) over the Tibetan Plateau, and its adjacent regions, is estimated
using the convective cloud product retrieved from 5 years of data of the Visible Infrared
Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership
(SNPP) satellite and the fifth-generation European Centre for Medium-Range Weather
Forecasts reanalysis dataset (ERA5). The five-year averaged characteristics of λ over the TP,
and its adjacent regions, are revealed for the first time. The λ, environmental conditions
over the studied region, their relationships, and the underlying physical mechanisms are
discussed. The major conclusions are summarized below.

The values of λ are less than 0.90 km−1. Generally, λ and cloud base environmental
relative humidity (RH) decrease with an increase in terrain height. The mean λ and RH
are 0.55 km−1 and 87.8%, respectively, over the region with a terrain height below 1 km,
and are 0.12 km−1 and 73.1%, respectively, over the region with a terrain height above
5 km. The quantitative analysis in each terrain height range indicates that λ is positively
correlated with RH at lower heights, and the relationship becomes weaker and turns into a
negative correlation at greater heights.

The physical mechanisms are dissected to explain the inconsistent relationship be-
tween λ and RH at different terrain height ranges. λ is affected by the reciprocal of the
difference between in-cloud and environmental moist static energy (MSE) (1/(hc − he))
when the terrain height is below 1 km, and primarily affected by the difference between
in-cloud MSE at the cloud base and top (−dhc) when terrain height is above 1 km.

The positive relationship between λ and RH achieved by 1/(hc − he) over the region
with a terrain height below 1 km indicates that a large RH decreases the difference between
in-cloud and environmental MSE, and increases λ. To reveal the relationship between λ and
RH achieved by −dhc over the region with a terrain height above 1 km, further analyses
connect RH, cloud base height, cloud base in-cloud MSE, and −dhc. Cloud base in-cloud
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MSE is negatively correlated with cloud base height at low terrain height ranges and
becomes positively correlated with cloud base height with an increase in terrain height. The
positive correlation between the cloud base environmental MSE and cloud base in-cloud
MSE provides an opportunity to utilize environmental MSE profile. Environmental MSE
first decreases and then increases because the latent heat term of water vapor decreases
rapidly at lower heights, and the dry static energy increases with increasing height. The
smaller specific humidity and latent heat term of water vapor near the surface at greater
terrain heights results in a lower height for the environmental MSE turning point above
the surface. Therefore, for low terrain heights, the cloud base is below the environmental
MSE turning point, a greater RH results in a smaller cloud base height, greater cloud base
environmental MSE, cloud base in-cloud MSE, −dhc, and λ. For high terrain height regions,
the cloud base is above the environmental MSE turning point, a greater RH results in a
smaller cloud base height, cloud base environmental MSE, cloud base in-cloud MSE, −dhc,
and λ. Based on the above analyses, a conceptual diagram is generated for the influence of
RH on λ for terrain heights both below and above 1 km. The results increase the theoretical
understanding of the influence of RH on λ over the TP and are conducive to improving the
parameterization of λ and the simulation of convective precipitation over the TP.

Several points are noteworthy. First, the satellite data provides an opportunity to
conduct the study about λ over the whole TP; a similar method can be applied to other
regions with sparse observations. The satellite data could be further combined with ground-
based remote sensing data to estimate λ and examine factors affecting λ. Second, because
the location of the cloud base in the environmental MSE profile plays a critical role in the
calculation of λ over a region with high terrain height, it would be interesting to evaluate
the influence of the cloud base height on λ using high-resolution simulations in these
areas. Third, since the relationship between λ and RH changes with terrain height and
specific humidity, further studies with large-eddy simulations and aircraft observations are
needed to explore this topic. Fourth, this study focuses on estimating the daytime λ, but
nighttime clouds and precipitation are also significant and unique over this region [101];
thus, the λ in nocturnal convection merits further studies. Fifth, this study only focuses on
entrainment. However, the existence of entrainment and detrainment constitute the mixing,
and detrainment is also a key factor affecting the life cycle of convection [29,51,61,67,71].
Examination of entrainment and detrainment at the same time will be necessary to better
understand the mixing between cloud and environment.
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