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Abstract: This study estimates entrainment rate and investigates its relationships with cloud 25 
properties in 156 deep convective clouds based on in-situ aircraft observations during the 26 

TOGA-COARE (Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere 27 

Response Experiment) field campaign over the western Pacific. To the authors’ knowledge, 28 

this is the first study on the probability density function of entrainment rate, the 29 

relationships between entrainment rate and cloud microphysics, and the effects of dry air 30 

sources on the calculated entrainment rate in deep convection from an observational 31 
perspective. Results show that the probability density function of entrainment rate can be 32 

well fitted by lognormal, gamma or Weibull distribution, with coefficients of determination 33 
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being 0.82, 0.85 and 0.80, respectively. Entrainment tends to reduce temperature, water 34 

vapor content and moist static energy in cloud due to evaporative cooling and dilution. 35 
Inspection of the relationships between entrainment rate and microphysical properties 36 

reveals a negative correlation between volume-mean radius and entrainment rate, 37 

suggesting the potential dominance of homogeneous mechanism in the clouds examined. In 38 

addition, entrainment rate and environmental water vapor content show similar tendencies 39 

of variation with the distance of the assumed environmental air to the cloud edges. Their 40 

variation tendencies are non-monotonic due to the relatively short distance between 41 
adjacent clouds. 42 

Keywords: entrainment rate, deep convection, aircraft observations 43 
 44 

1. Introduction 45 

Convective parameterization significantly influences the cloud-radiation-climate interactions in 46 

models [1], as well as the simulations of precipitation [2], typhoon [3] and Madden-Julian Oscillation 47 

[4]. As an important parameter in convective parameterization schemes, entrainment rate (λ) affects the 48 

vertical transport of heat and moisture in convective clouds [5]. The increase of λ could even delay the 49 

diurnal phase of precipitation of convective clouds [6]. Therefore, λ has been studied intensively over 50 

the past decades. 51 

Most of the estimations of λ based on observational data have focused on non-precipitating shallow 52 

convection. In the early 1970s, Betts [7] inferred the correlation of conserved quantities between cloud 53 

and environment and developed a bulk-plume approach that has been widely used since then. For 54 

example, using total water content as a conserved quantity, Gerber et al. [8] obtained the vertical 55 

distribution of λ in maritime shallow convection with an average value of 1.3 km-1. Using the same 56 

conserved quantity from shallow convection off the coast of Hawaii, US, Raga et al. [9] also obtained 57 

the average λ to be 1.3 km-1.  58 

Besides the bulk-plume approach, Jensen and Del Genio [10] estimated λ in convective clouds using 59 

the vertical variation of potential temperature in cloud obtained from surface-based remote sensing 60 

data. Based on the conservation of cloud mass, total water content and moist static energy, Norgren et 61 

al. [11] estimated the ratio of entrained mass to the total cloud mass and found that this ratio increased 62 

with height. 63 

Unlike shallow convection, the estimation of λ in deep convection has been mostly based on 64 

numerical simulations. For instance, applying the bulk-plume approach to large eddy simulations, Del 65 

Genio et al. [12] found that λ decreased in the development from shallow into deep convection and the 66 
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surprisingly large value in mid- and upper troposphere was unique to continental convection, i.e., it 67 

was larger than the corresponding maritime value. Using a simple entraining plume model commonly 68 

used in parameterization of deep convection [13], Khairoutdinov and Randall [14] also found a smaller 69 

λ in deep convection compared to that in shallow convection, and found that the least entraining cloud 70 

could be modeled rather well by the entraining plume with λ = 0.1 km-1. Based on large eddy 71 

simulations, de Rooy et al. [15] calculated λ in maritime deep convection and the result showed that λ 72 

decreased from 1.5 km-1 to 0.1 km-1 with height below 2 km height and was roughly constant (~0.1 73 

km-1) above 2 km height. 74 

The abovementioned studies have improved our understanding of the characteristics of λ. However, 75 

observational studies about λ in deep convection are rare, especially for probability density function 76 

(PDF) of λ, relating λ to cloud physical parameters, and considering the effects of different sources of 77 

entrained air on estimated λ. The objective of this work is to fill this gap by estimating entrainment rate 78 

in deep convection using aircraft observations from the TOGA-COARE (Tropical Ocean Global 79 

Atmosphere Coupled Ocean Atmosphere Response Experiment) field campaign, which was conducted 80 

over the western Pacific from November 1992 to February 1993. 81 

2. Method and data 82 

2.1 Method 83 

The estimated approach in Gerber et al. [8] is used whereby λ is estimated from the difference of a 84 

conserved quantity (φ) between cloud and environment: 85 

 
(1)  

where z is height,fφc and φe denote conserved quantities in the cloud and environment, respectively. 86 

Moist static energy (MSE) is a particularly useful quantity because it provides a useful way of 87 

linking cloud thermodynamics and dynamics to study cloud mixing and entrainment processes [14]. 88 

Here, MSE is used as the conserved quantity because of its conservation in both dry and wet adiabatic 89 

processes and in the processes of entrainment and mixing in precipitating clouds: 90 

,qLgzTcMSE vp ++=  (2)  

where cp is specific heat at constant pressure, T is temperature, g is acceleration of gravity, Lv is 91 

latent heat of condensation and q is specific humidity, respectively. Some other studies also used MSE 92 

as the conserved quantity when estimating λ using the tracer budget approach [16, 17]. 93 
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In Eq. (1), ∂φc /∂z is the vertical gradient of φc in cloud. Here, ∂φc /∂z is calculated as the difference 94 

between the MSE at the aircraft observation level and the cloud base divided by the depth between the 95 

two levels; φc is calculated as the mean MSE of the two levels, assuming that λ is evenly distributed, 96 

i.e., constant from the cloud base to the observation level. When we assume the entrained air to be the 97 

same as the average environmental air far away from the clouds, φe is taken as the MSE at the level 98 

half way between the observation level and the cloud base from the vertical profile of environmental 99 

MSE shown in Figure 2b. The method to obtain this profile will be introduced in the next section. On 100 

the other hand, when we assume the entrained air to come from the vicinity of the cloud edge as in 101 

some recent studies [18 19, 20] in section 3.3, φe is calculated as the mean value between the 102 

environmental MSE near the cloud edge at the observation level and MSE at the cloud base. 103 

Horizontal distances (D) between this nearby environmental MSE and the cloud edges are 100, 200, 104 

300,…, and 800 m, with an interval of 100 m. The dependence of λ on D is examined in Section 3.3. 105 

2.2 Data 106 

TOGA-COARE was a large international field experiment conducted in 1992-1993 to study the 107 

atmospheric and oceanic processes over the “warm pool” region of the western Pacific [21]. There 108 

were 32 aircraft observation missions (R1~R32) of deep convection carried out by the NCAR 109 

(National Center for Atmospheric Research) Electra research aircraft and the total flight time was 204 110 

hours. The horizontal flights were approximately at the heights of 1500 m, 3000 m and 5000 m and all 111 

the data from these heights are used in this study. The primary observation instruments and observed 112 

properties include FSSP-100 probe (cloud droplet size distribution, range from 2 to 45 µm in diameter; 113 

accuracy:±20% in diameter and ±16% in concentration), radome gust probe (updraft velocity), 114 

Ophir Ⅲ radiometer (temperature), T-Electric hygrometer (dew-point temperature and water vapor 115 

mixing ratio, accuracy:±5 ºC), and 260X OAP cloud probe (range from 40 to 600 µm in diameter) 116 

Individual clouds need to be identified before applying the abovementioned approach to the 117 

TOGA-COARE flight observational data. The following criteria are used in this study. Liquid water 118 

content (LWC) must be larger than 0.001 g m-3 and cloud droplet number concentration (N) must be 119 

greater than 10 cm-3 [22]. Given that the bulk-plume approach is only appropriate for developing 120 

clouds, the percentage of updraft within a cloud must exceed 80% [8] and the cloud penetration time 121 

must be longer than 5 s [11] to eliminate the clouds that are too small. There are a total of 156 clouds 122 

satisfying these criteria. One hundred and twenty-eight clouds have temperature higher than 0 ºC. The 123 

temperature in the remaining 28 clouds is in the range of -10 ºC~0 ºC and supercooled liquid water is 124 
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expected to be dominant with negligible ice particles [23]. The PDF of horizontal cloud size 125 

(calculated as the product of the penetration time in cloud and the aircraft speed) is close to lognormal 126 

distribution and roughly decreases with the increasing horizontal size when size is larger than 600m. 127 

This result is similar to previous observations [24] and simulations [25], and will be utilized to 128 

examine the correlation between λ and cloud size in Section 3. 129 

 130 

Figure 1 Probability density function of horizontal cloud size. The red line is fitted lognormal 131 

distribution. Also provided in legend are mean (µ ), standard deviation (σ) of the logarithm of 132 

horizontal cloud size and coefficients of determination (R2, a statistical measure of how well 133 

the regression line approximates the real data points) for the lognormal fit. 134 

The specific procedures for estimating the cloud base are as follows: Calculate the temperature (T) 135 

and dew-point temperature (Td) obtained from the aircraft vertical sounding in the environment far 136 

away from the cloud, apply a moving average with 200 m in the vertical to filter out small-scale noises, 137 

and then obtain the vertical profile of MSE. Lifting condensation level (LCL, the black horizontal line 138 

and approximately 400m high in Figure 2), which is assumed to be the cloud base, is obtained from the 139 

T and Td at the height of approximately 100 m where MSE is the largest (Figure 2). As an example, 140 

Figure 2 shows both the original and averaged vertical profiles of T and Td and the corresponding MSE 141 

profile in the R28 case (February 6 1993); the red points represent the mean MSE values in each cloud. 142 



 6 

  143 

Figure 2 Aircraft vertical sounding of R28 case: (a) Temperature (T) and dew-point 144 

temperature (Td) and (b) moist static energy (MSE), and the black horizontal lines 145 

represent the heights of LCL; the red points in (b) represent the mean MSE values in each 146 

cloud. 147 

3. Results 148 

3.1 PDF of λ 149 

PDF of λ is important for parameterization because the entrainment process can be treated as a 150 

stochastic process and that a more realistic parameterization of convection requires PDF of λ [26, 27]. 151 

Multiple mass-flux parameterizations [28] and multiple-parcel models [29] also emphasized the 152 

importance of representing the PDF of λ. 153 

Table 1 Three fitted probability density functions (PDFs) for entrainment rate (λ) and 154 
related parameters 155 

Function Form Meaning of parameters 
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c and q are scale and shape 
parameters, respectively. 

In this section, the PDF of λ is investigated with three commonly used PDF-functions, i.e., 156 

lognormal, gamma and Weibull distributions. These three PDF distributions and their associated 157 

parameters are listed in Table 1. Figure 3 shows the PDF of λ and the corresponding fitted lognormal, 158 

(a) (b) 
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gamma and Weibull distributions and their corresponding parameters . The properties of the entrained 159 

air in Figure 3 are obtained from the aircraft vertical sounding. The results show that the PDF of λ can 160 

be well fitted by the any of these three distributions, with the coefficients of determination larger than 161 

0.80. This is true either for all the 156 clouds (Figures 3a) or only for the 92 clouds collected around 162 

3000 m height (Figure 3b). In terms of the coefficient of determination, gamma (0.85 and 0.87 in 163 

Figures 3a and 3b, respectively) is slightly better than the other two distributions (0.82, 0.84 and 0.80, 164 

0.86 in Figures 3a and 3b, respectively). 165 

 166 

 167 

Figure 3 Probability density functions (PDFs) of entrainment rate with the properties of 168 

entrained air from the aircraft vertical sounding for (a) all 156 clouds, and (b) 92 clouds the 169 

observational heights of which are around 3000m. Also given are the coefficients of 170 

determination (R2) for the lognormal, gamma and Weibull fits. 171 

 172 

(b) 

(a) 
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Lu et al. [20] found that the PDF of λ was well fitted by lognormal distribution in shallow 173 

convection assuming that the entrained air was from the aircraft vertical sounding; their mean and 174 

standard deviation of the lognormal distribution were -0.41 and 0.65, respectively. The corresponding 175 

mean value and standard deviation of lognormal distribution in Figure 3a are -1.19 and 0.49, 176 

respectively (Table 2). Comparatively, the mean value in deep convection is smaller than in shallow 177 

convection, which is consistent with some numerical studies [12, 14, 30, 31]. In addition, Cheng et al. 178 

[32] studied the PDF of λ in shallow convection on the scale of 5 m and they found that Weibull 179 

distribution was better than lognormal and gamma distribution to describe the PDF of λ. However, 180 

when they used the cloud-mean λ to fit PDF, they found lognormal was the better one. The results 181 

suggest that the optimal distribution of λ is different in shallow and deep convection, and may also be 182 

related to the scale of interest. To the authors’ knowledge, this study is the first one on the PDF of λ in 183 

deep convection from the observational perspective. 184 

Table 2 Related parameters for the three fitted probability density functions (PDFs) of 185 

entrainment rate (λ) in Figure 3. 186 

 mµ s σ a b c q 
156 clouds -1.19 0.49 4.04 0.09 0.39 1.88 
92 clouds -1.24 0.31 12.02 0.03 0.33 3.69 

 187 

3.2 Relationships between λ and cloud properties 188 

The PDF of λ indicates that different clouds have different values of λ; thus it is interesting to 189 

examine how cloud properties correspond to different λ [29]. The relationships of cloud properties to λ 190 

are important to understanding the interactions of dynamics, thermodynamics and microphysics in 191 

clouds at the 3000 m level (the aircraft observation level). 192 

 193 

(a) (b) 
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  194 

 195 

Figure 4 Scatter plots of entrainment rate vs. (a) cloud droplet number concentration (N), 196 

(b) liquid water content (LWC), (c) temperature (T), (d) water vapor mixing ratio (MR), 197 

and (e) moist static energy (MSE) in clouds. Each legend provides the correlation 198 

coefficient (r) and the p value (a function used for testing a statistical hypothesis) of the 199 

correlation.  200 

 201 

Microphysical properties change at different heights above cloud base. To focus on the effects of λ 202 

on cloud microphysics and other related properties, only the data at the observational height around 203 

3000 m are analyzed (Figures 4a-e). The reason to choose this height is that the number of sampled 204 

clouds is the largest; there are 92 out of the total 156 clouds at this height. It is noteworthy that the 205 

corresponding scatter plots at other heights (not shown) have similar tendencies. 206 

Figure 4 shows the relationships of λ to some key cloud properties. The correlation coefficients (r) in 207 

these figures especially in Figures 4a and 4b are relatively low, according to the criterion of Asuero et 208 

al. [33]. The reason is that these correlations are affected by many factors that are not included in the 209 

(c) (d) 

(e) 



 10 

analyses. For example, Figure 4a shows the correlation between number concentration and entrainment 210 

rate. Besides entrainment rate, number concentration is affected by other factors, e.g., aerosol number 211 

concentration, aerosol chemical composition and vertical velocity. Thus, the correlation coefficient 212 

between number concentration and entrainment rate is expected to be low. Although the |r| is low, all 213 

correlations satisfy p<0.01; thus the results are still reliable. In addition, the weak negative correlations 214 

between entrainment rate and cloud microphysics are still similar to those found for shallow 215 

convection in other studies in spite of the noisy data [22, 32]; the mechanism is that a larger 216 

entrainment rate results in more dilution and evaporation of cloud droplets.                                                        217 

, 218 

Figure 5 Scatter plots of (a) volume-mean radius of cloud droplets vs. entrainment rate 219 

and (b) volume-mean radius vs. liquid water content. Each legend provides the 220 

correlation coefficient (r) and the p value of the correlation. 221 

Figure 5 further shows the correlation between volume-mean droplet radius (Rv) and λ, which 222 

provides important information on entrainment-mixing mechanisms [34, 35]. In the case of 223 

homogeneous mechanism, all droplets within cloud evaporate and their droplet sizes almost decrease 224 

at the same time, so the relationship between λ and cloud droplet radius should also be negatively 225 

correlated. In the case of extreme inhomogeneous entrainment-mixing mechanism, some cloud 226 

droplets that are close to dry air would evaporate completely while the remaining droplets do not 227 

evaporate; therefore, mean droplet radius do not show significant variation with the increasing λ. Some 228 

studies proposed that the actual scenario in atmospheric clouds is between the two extreme 229 

mechanisms [34, 36, 37]. The negative correlation between λ and Rv indicates that the 230 

entrainment-mixing mechanism possibly tends to homogeneous. Figure 5b reveals that the relationship 231 

between Rv and LWC is significantly positive, also indicates the potential dominance of homogeneous 232 

entrainment-mixing mechanism This is similar to the mechanism in the lower part of stratocumulus 233 
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cloud in Lu et al. [34] and cumulus cloud in Burnet and Brenguier [38]. Some other observational 234 

studies also found that homogeneous mechanism dominated in their analyzed clouds [22, 39, 40]. It is 235 

noteworthy that the entrainment of Cloud Condensation Nuclei (CCN) from environmental air and the 236 

activation of CCN can cause some uncertainties in the analyses on entrainment-mixing mechanisms, 237 

because the activation of entrained CCN can increase the number concentration of small cloud droplets. 238 

Since aircraft observation cannot distinguish the source of small droplets, whether from evaporation of 239 

big droplets or activation of entrained CCN, high-resolution models could be good tools to examine 240 

the effect of secondary activation on entrainment-mixing mechanisms, which deserves further study. 241 

 242 

Figure 6 Scatter plots of entrainment rate vs. precipitation. 243 

The cloud properties in Figures 4 and 5 could be affected by precipitation. The relationship between 244 

precipitation and entrainment rate is added as Figure 6. Liquid water content from the 260X probe is 245 

taken to be precipitation. Figure 6 shows that only when λ is smaller than ~0.4 km-1, precipitation 246 

begins to appear. Entrained environmental air promotes the dilution and evaporation in cloud and 247 

hinders the growth of large cloud droplets (Figure 5) and the collision-coalescence and further restrains 248 

precipitation. Qualitatively, more intensive precipitation corresponds to larger entrainment rate, which 249 

further causes smaller N, LWC, T, MR, MSE and Rv. Precipitation is produced from cloud 250 

development. But after precipitation appears, precipitation begins to weaken cloud development. 251 

Cloud models or cloud-resolving models could be good tools used to study the quantitative effect of 252 

precipitation in the future. 253 
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 254 

Figure 7 Entrainment rate as a function of the reciprocal of horizontal cloud size and also 255 

provided in legend is the correlation coefficient (r) and the p value of the correlation. 256 

Macrophysical cloud properties could influence λ as well. Figure 7 shows the influence of the 257 

horizontal cloud size on obtained λ. The correlation here is still low and the similar reason has been 258 

discussed in the analysis on Figure 4. The positive correlation between λ and the reciprocal of cloud 259 

size is similar to theoretical expectation that for smaller clouds, turbulence and entrainment near cloud 260 

edge could more significantly influence cloud properties. Generally speaking, for large clouds, the 261 

environmental dry air is relatively far away from the cloud cores. Therefore, dilution from the 262 

environmental entrainment does not affect the clouds as much. The inverse correlation between λ and 263 

cloud size has been used by some parameterizations [41, 42, 43, 44], and our observations support 264 

such use to some extent. The reason for using the reciprocal of cloud size is to make the relationship 265 

linear. 266 

3.3 Effects of different sources of environmental air on λ 267 

Environmental air usually entrains into cloud across the interface between clouded air and clean air, 268 

such as lateral interface which is assumed in this study. The properties of dry air are often assumed to 269 

be obtained from the aircraft vertical sounding far away from cloud edges when using the tracer budget 270 

approach [8]. However, some studies pointed out that the entrained air derives from the humid shell 271 

around the cloud [18, 19]. In addition, the optimal selection of D (defined in Section 2.1) in different 272 

models is also inconsistent [18]. Therefore, the effects of different assumed sources of environmental 273 

air on estimated λ for deep convection needs to be further investigated. The purpose of setting D to 274 
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different values in this study is to test the sensitivity of the estimated λ to the varying D values. 275 

  276 

  277 

Figure 8 Entrainment rate and environmental water vapor mixing ratio as a function of 278 

distance of the assumed entrained dry air to the cloud edges when (a) including all clouds, 279 

and excluding the clouds the distance between which and their nearby clouds are less than 280 

(b) 300 m, (c) 600 m, and (d) 900 m. 281 

Horizontal distances (D) between entrained air and cloud edges are assumed as 100, 200, 300,…, 282 

and 800 m in Figure 8. Figure 8a illustrates the effects of different sources on λ, where the average λ 283 

(including the total 156 clouds) roughly decreases with increasing D except a weak increase of λ when 284 

D is from 400 to 600 m. The PDF in Figure 9 shows that many distances between adjacent clouds are 285 

within 1 km. This indicates that the non-monotonic variation in Figure 8a may be related to the 286 

relatively short distances between adjacent clouds and their mutual influences. In order to gradually 287 

eliminating this influence from other clouds, such as excluding the clouds with distances less than 300, 288 

600 and 900 m (Figures 8b, c and d) from the total 156 clouds, the increasing tendencies of λ around 289 

400 m gradually disappear. 290 

(c) (d) 

(a) (b) 
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 291 

Figure 9 The probability density function of the distance between adjacent clouds. 292 

The similar trend also appears in the variation of the environmental MR with D. MR generally 293 

decreases with increasing D, but increases when D is from 400 to 500 m (Figure 8a); this increasing 294 

trend gradually disappears in Figures 8b, c and d when excluding clouds that are close to their 295 

neighboring clouds. Figure 8d shows that both λ and MR monotonically decrease with increasing D, 296 

which is similar to the results in Lu et al. [20]. It is noteworthy that they eliminated the clouds that are 297 

too close to their surrounding clouds using a time threshold. 298 

The above analysis suggests that different assumed source of environmental air has significant 299 

effects on the MR in entrained air and the computed λ. In fact, the relationship between MR and λ 300 

results essentially from Eq. (1) and (2). The average λ obtained from the aircraft vertical sounding is 301 

0.4 km-1, which is smaller than the result assuming that the dry air is obtained from the nearby 302 

environmental air; the reason is that the environmental MR (11.5g kg-1) from the vertical sounding is 303 

smaller. Similar results have also been found by some numerical [18, 19] and observational studies 304 

[20]. In addition, Romps [18] suggested that the entrained air of a convective cloud derives from the 305 

humid shell itself or other clouds by large-eddy simulation. Our study confirms his simulated results 306 

from an observational perspective. Therefore, apart from the selection of the optimal D to estimate λ as 307 

proposed by Lu et al. [20], the influence from surrounding clouds to the estimation of λ also needs to 308 

be considered for the parameterization of λ in models. 309 

 310 
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4. Summary 311 

Entrainment rates (λ) in the 156 growing deep convective clouds from the TOGA-COARE field 312 

campaign are estimated using the bulk-plume approach. Probability density function (PDF) of λ, the 313 

relationships between λ and cloud properties, and the effects of dry air sources on the calculated λ in 314 

deep convection are examined. To the authors’ knowledge, this is the first study of such kind in deep 315 

convection from an observational perspective. 316 

It is found that PDF of λ can be well fitted by lognormal, gamma or Weibull distribution. More 317 

entrained environmental dry air possibly leads to decreases in cloud-mean number concentration (N) 318 

and liquid water content (LWC) due to dilution and evaporation of cloud droplets in spite of low 319 

correlation for noisy data. Because of evaporative cooling and dilution, entrainment also reduces 320 

temperature (T) and water vapor mixing ratio (MR) in clouds. With the simultaneous decreases in T 321 

and MR, a large λ corresponds to a decrease in the cloud-mean moist static energy (MSE). The 322 

negative correlation between volume-mean radius (Rv) and λ possibly indicates the potential 323 

dominance of the homogeneous entrainment-mixing mechanism. The entrainment of CCN and its 324 

activation is another factor that leads to the increase of small cloud droplets and needs to be further 325 

investigated. In addition, more intensive precipitation corresponds to larger λ, which further causes 326 

smaller N, LWC, T, MR, MSE and Rv. 327 

Different assumed sources of environmental air have significant effects on the MR in entrained air 328 

and the estimated λ. Entrainment rate and environmental MR show similar variation tendencies with 329 

the increasing distance (D) of the assumed environmental air to the cloud edges. The average λ 330 

obtained from aircraft vertical sounding is smaller than the λ assuming environmental air is near cloud 331 

because of comparatively smaller MR vertical sounding. The relatively short distances between 332 

adjacent clouds cause the variation tendencies of both λ and water vapor content to be non-monotonic. 333 

Both of the selection of the optimal D and the influence from surrounding clouds need to be fully 334 

considered for the parameterization of λ in models. 335 

Acknowledgments 336 

This research was supported by the Beijige Funding from Jiangsu Research Institute of Meteorological 337 

Science (BJG201408); China Meteorological Administration Special Public Welfare Research Fund 338 

(GYHY201406007); the National Natural Science Foundation of China (41305120, 91537108,  339 

91337215); the Natural Science Foundation of Jiangsu Province, China (BK20130988); the 340 



 16 

Specialized Research Fund for the Doctoral Program of Higher Education (20133228120002); the 341 

Natural Science Foundation of the Higher Education Institutions of Jiangsu Province, China 342 

(13KJB170014); the Open Funding from Key Laboratory of Meteorological Disaster of Ministry of 343 

Education, China (KLME1305); the Qing Lan Project; a Project Funded by the Priority Academic 344 

Program Development of Jiangsu Higher Education Institutions; the U.S. Department of Energy’s 345 

(DOE) Earth System Modeling (ESM) program via the FASTER project (www.bnl.gov/faster) and 346 

Atmospheric System Research (ASR) program. Data used in this article are from the Tropical Ocean 347 

Global Atmosphere Coupled Ocean Atmosphere Response Experiment. 348 

Author Contributions 349 

  Xiao Guo prepared the original manuscript. Chunsong Lu, Tianliang Zhao, Guangjun Zhang and 350 

Yangang Liu made a lot of modifications. 351 

Conflicts of Interest 352 

  The authors declare no conflict of interest 353 

References and Notes 354 

1. Tost H, Jockel P, Lelieveld J (2006) Influence of different convection parameterisations in a GCM. Atmso Chem 355 

Phys 6:5475-5493. 356 

2. Liang XZ, Li L, Dai AG et al (2004) Regional climate model simulation of summer precipitation diurnal cycle 357 

over the United States. Geophys Res Lett 31:L24208. 358 

3. Li X (2013) Sensitivity of WRF simulated typhoon track and intensity over the Northwest Pacific Ocean to 359 

cumulus schemes. Sci China earth Sci 56:270-281. 360 

4. Zhang GJ, Song X (2009) Interaction of deep and shallow convection is key to Madden-Julian Oscillation 361 

simulation, Geophys Res Lett 36: L09708,. 362 

5. Siebesma AP, Cuijpers JWM (1995) Evaluation of parametric assumptions for shallow cumulus convection. J 363 

Atmos Sci 52:650-666. 364 

6. Wang Y, Li Z, Kevin H (2007) Effect of convective entrainment/detrainment on the simulation of the topical 365 

precipitation diurnal cycle. Mon Wea Rev 135:567-585. 366 

7. Betts AK (1975) Parametric Interpretation of Trade-Wind Cumulus Budget Studies. J Atmos Sci 32:1934-1945. 367 

8. Gerber HE, Frick GM, Jensen JB et al (2008) Entrainment, Mixing, and Microphysics in Trade-Wind Cumulus. J 368 

Meterol Soc Jpn 86:87-106. 369 



 17 

9. Raga GB, Jensen JB, Baker MB, (1990) Characteristics of cumulus band clouds off the coast of Hawaii. J Atmos 370 

Sci 47:338-356. 371 

10. Jensen MP, Genio ADD (2006) Factors limiting convective cloud-top height at the ARM Nauru Island climate 372 

research Facility. J Climate 19:2015-2117. 373 

11. Norgren, MS, Small JD, Jonsson HH et al (2014) Observational Estimates of Detrainment and Entrainment in 374 

Non-Precipitating Shallow Cumulus. Atmos Chem Phys Discuss 14:21785-21827. 375 

12. Genio D, Anthony D, Wu JB (2010) The role of entrainment in the diurnal cycle of continental convection. J 376 

Climate 10:2722-2738. 377 

13. Arakawa A, Schubert WH, (1974) Interaction of a cumulus cloud ensemble with the large-scale environment, Part 378 

I. J Atmos Sci 31:674-701. 379 

14. Khairoutdinov M, Randall D (2006) High-resolution simulation of shallow to deep convection transition over 380 

land. J Atmos Sci 63:3421-3436. 381 

15. de Rooy WC, Bechtold P, Fröhlich K et al (2011) Entrainment and detrainment in cumulus convection: an 382 

overview. Q J R Meteorol Soc 00:2-29. 383 

16. Martin SS, Paul AO (2013) Influence of entrainment on the thermal stratification in simulations of 384 

radiative-convective equilibrium.Geophys Res Lett 40: 5223-5227. 385 

17. Steven JB, Harm JJ, Witek A et al (2014) On the deceiving aspects of mixing diagrams of deep cumulus 386 

convection. J Atmos Sci 71:56-68. 387 

18. Romps DM (2010) A Direct Measure of Entrainment. J Atmos Sci 67:1908-1927. 388 

19. Dawe JT, Austin PH (2011) The influence of the cloud shell on tracer budget measurements of LES cloud 389 

entrainment. J Atmos Sci 68: 2909-2920. 390 

20. Lu CS, Liu YG, Niu SJ et al (2012) Lateral entrainment rate in shallow cumuli: dependence on dry air sources 391 

and probability density functions. Geophys Res Lett 39: L20812. 392 

21. Webster PJ and Lucas R (1992) TOGA COARE: The Coupled Ocean—Atmosphere Response Experiment. Bull 393 

Amer Meteor Soc 73: 1377-1416. 394 

22. Lu CS, Liu YG, Niu SJ et al (2013) Empirical relationship between entrainment rate and microphysics in cumulus 395 

clouds. Geophys Res Lett 40: 2333-2338. 396 

23. Yang J, Chen BJ, Yin Y (2011) Physics of clouds and precipitation. China Meteorological Press. 397 

24. Wang YG, Geerts B, French J (2009) Dynamics of the cumulus cloud margin: An observational study. J Atmos 398 

Sci 66: 3660-3677. 399 

25. Dawe JT, Austin PH (2013) Direct entrainment and detrainment rate distributions of individual shallow cumulus 400 



 18 

clouds in an LES. Atmos Chem Phys 13:7795-7811. 401 

26. Böing SJ, Jonker HJJ, Nawara WA et al (2014) On the deceiving aspects of mixing diagrams of deep cumulus 402 

convection. J Atmos Sci 71:56-68. 403 

27. Romps DM, Kuang Z (2010) Nature versus nurture in shallow convection. J Atmos Sci 67:1655-1666. 404 

28. Sušelj K, Hogan TF, Teixeira J (2014) Implementation of a Stochastic Eddy-Diffusivity/Mass-Flux 405 

Parameterization into the Navy Global Environmental Model, Weather and Forecasting 29:1374-1390. 406 

29. Neggers RAJ, Siebesma AP, Jonker HJJ (2002) A multiparcel model for shallow cumulus convection. J Atmos 407 

Sci 59:1655-1668. 408 

30. Bretherton CS, Blossey PN, Khairoutdinov M (2005) An energy-balance analysis of deep convective 409 

self-aggregation above uniform sst. J Atmos Sci 62:4273-4292. 410 

31. Kuang Z, Bretherton CS (2006) A mass-flux scheme view of a high-resolution simulation of a transition from 411 

shallow to deep cumulus convection. J Atmos Sci 63:1895-1909. 412 

32. Cheng MN, Lu CS, Liu YG (2015) Variation in entrainment rate and relationship with cloud microphysical 413 

properties on the scale of 5m. Sci Bull 60:707-717. 414 

33 Asuero AG, Sayago A, Gonzalez AG (2006) The correlation coefficient: An overview. Crit Rev Anal Chem, 36: 415 

41-59. 416 

34. Lu CS, Liu YG, Niu SJ (2011) Examination of turbulent entrainment-mixing mechanisms using a combined 417 

approach. J Geophys Res 116: D20207. 418 

35. Lu CS, Liu YG, Niu SJ et al (2014) Scale dependence of enrainment-mixing mechanisms in cumulus clouds, J 419 

Geophys Res 119: D022265. 420 

36. Andrejczuk M, WW Grabowski, SP Malinowski et al (2009) Numerical simulation of cloud-clear air interfacial 421 

mixing: Homogeneous versus inhomogeneous mixing. J Atmos Sci 66: 2493–2500 422 

37. Lehmann K, H Siebert, RA Shaw (2009) Homogeneous and inhomogeneous mixing in cumulus clouds: 423 

Dependence on local turbulence structure, J Atmos Sci 66: 3641–3659. 424 

38. Burnet F and Brenguier JL (2007) Observational study of the entrainment-mixing process in warm convective 425 

clouds, J Atmos Sci, 64:1995-2011. 426 

39. Jensen JB, Austin PH, Baker MB and et al (1985) Turbulent mixing, spectral evolution and dynamics in a warm 427 

cumulus cloud, J Atmos Sci, 42: 173-192. 428 

40. Lehmann K, Siebert H and Shaw RA (2009), Homogeneous and inhomogeneous mixing in cumulus clouds: 429 

dependence on local turbulence structure, J Atmos Sci, 66:3641-3659. 430 

41. Arakawa A, Schubert WH (1974) Interaction of a cumulus cloud ensemble with the large-scale environment, part 431 



 19 

I. J Atmos Sci 31:674-701. 432 

42. Tiedtke M (1989) A comprehensive mass flux scheme for cumulus parameterization in large-scale models, Mon 433 

Wea Rev 117:1779-1800. 434 

43. Kain JS, Fritsch JM (1990) A one-dimensional entraining/detraining plume model and its application in 435 

convective parameterization. J Atmos Sci 47:2784-2802. 436 

44. Wagner TM, Graf HF (2010) An ensemble cumulus convection parameterization with explicit cloud treatment. J 437 

Atmos Sci 67:3854-3869. 438 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 439 
distributed under the terms and conditions of the Creative Commons Attribution license 440 
(http://creativecommons.org/licenses/by/4.0/). 441 




