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 10 

Abstract  11 

We study the relationships between convective characteristics and air density over the 12 

Tibetan Plateau (TP) from the perspective of both climate statistics and large eddy 13 

simulation (LES). First, based on climate data, we found that there is stronger thermal 14 

turbulence and higher frequency of low cloud formation for the same surface relative 15 

humidity over the eastern and central TP compared with the eastern monsoon region 16 

of China. Second, we focus on the dynamical and thermal structure of the atmospheric 17 

boundary layer (ABL) with low air density. With the same surface heat flux, a 18 

decrease in air density enhances the buoyancy flux, which increases the ABL depth 19 

and moisture transport from the subcloud layer into the cloud layer. With the same 20 

low cloud cover for different air densities, the greater ABL depth for lower air density 21 

means that the average mixed-layer relative humidity with higher air density will be 22 

greater than that with low air density. Results from a subcloud convective velocity 23 

scaling scheme were compared with LES results, which indicated that the original 24 

fixed parameter values in this scheme may not adequate in case of lower relative 25 

humidity and weaker thermal turbulence in the subcloud layer. 26 

 27 

Key words: Tibetan Plateau, air density, convective boundary layer, shallow cumulus, 28 

large eddy simulation 29 

 30 

1 Introduction 31 

The Tibetan Plateau (TP), which resembles a "third pole" and a “world water 32 

tower”, plays an important and special role in the global climate and energy–water 33 

cycle (Xu et al., 2008). Cumulus convection over the TP transfers heat, moisture and 34 

momentum to the free troposphere, which can impact the atmospheric circulation 35 

regionally and globally (Li and Zhang 2016). (Dai,1990) conducts statistics of the 36 
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proportion of different cloud types in different regions, the results show that 37 

cumulonimbus clouds over the center of the TP account for 21%, which is about five 38 

times than that of over the rest of China. The elevated land surface with strong 39 

radiative heating makes the massive TP a favorable region for initiating numerous 40 

convective cells, and has a high frequency of cumulonimbus or mesoscale convective 41 

systems (MCSs) (Sugimoto and Ueno, 2012). Li and Zhang (2016) confirmed that the 42 

climatological occurrence of cumulus over the TP is significantly greater than over the 43 

surrounding area by using four years of CloudSat–CALIPSO satellite data. They 44 

found that the ubiquitous cumulus over the northern TP is related to the higher air 45 

temperature and larger relative humidity above the surface than those in the 46 

surrounding regions at the same height above sea level. 47 

Xu et al. (2002) and Zhou et al. (2000) found that the turbulence with motion at 48 

vertical speeds of up to 1 m s
-1

 at a height of about 120 m above the surface with the 49 

horizontal scale about 600 m, strong convective plumes and a larger than 2000 m 50 

mixed layer may result in ubiquitous "pop-corn-like" convective clouds over the TP. 51 

These clouds, which have relatively large vertical and small horizontal scale occurred 52 

when the strong vertical motions penetrate the capping inversion layer. They can 53 

sometimes evolve into mature super convective cloud clusters. Xu et al. (2002) 54 

documented the structure of the distinctive "popcorn-like" cloud systems over the TP 55 

by comprehensively analyzing TIPEX II observational data. Xu et al. (2012) 56 

conjectured that these clouds may be favored by low air density ρ and strong 57 

turbulence. The reduced ρ and enhanced buoyancy production results in turbulent 58 

characteristics of the convective boundary layer (CBL) over the plateau that are 59 

considerably different from that over the plain (Xu et al., 2012). 60 

The sodar data from TIPEX II and the boundary layer tower data from TIPEX III 61 

indicated that the contributions of buoyancy and shear to the turbulence kinetic energy 62 

in the lower troposphere were larger over the TP than over the southeastern margin of 63 

the TP and the low-altitude Chengdu Plain (Zhou et al., 2000; Wang et al., 2016). 64 

Observations also indicated that organized turbulence on the meso- and micro-scale 65 

was large due to the abnormally strong solar radiation over the TP (Zhou et al., 2000). 66 

Therefore, the question arises as to whether there is a relationship among the 67 

formation and evolution of frequent "pop-corn-like" convective clouds, low ρ, and 68 

turbulence generation over the TP. 69 

We discuss the above key scientific issues from two aspects: climate statistics and 70 

large eddy simulation (LES). Climate statistics are used to study the spatial 71 

distributions of summertime low cloud cover (LCC). Here low cloud includes the total 72 
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area of observed cloud cover with cloud base less than 2.5 km above the ground level. 73 

In the early stages of development we classify the "pop-corn-like" convective cloud as 74 

shallow convective cumulus due to their very small horizontal scale (from tens of 75 

meters to a few kilometers). We also use high-resolution LES to simulate the 76 

three-dimensional turbulent flow and shallow cumulus. We conducted sensitivity tests 77 

to study the effect of varying ρ on the formation and evolution of shallow cumulus, 78 

and the interrelation between turbulence and convective motion. The LES is also used 79 

to test subcloud convective velocity scaling schemes with varying ρ. Finally, we 80 

attempt to explain some of the physical processes determining the climate statistics of 81 

summertime low cloud cover over China. 82 

 83 

2 Data 84 

The data used here are taken from the following observation and reanalysis products: 85 

2.1 observational data at Nagqu in TIPEX III 86 

a) Turbulent fluxes (sensible and latent heat flux) in the surface layer calculated 87 

by the eddy covariance technique. Here we applied EDDYPRO software for 88 

eddy covariance data quality control. EDDYPRO is an open source software 89 

application developed, maintained and supported by LI-COR Biosciences 90 

(Available at www.licor.com/EddyPro). 91 

b) L-band sounding data from the China Meteorological Administration (CMA) 92 

operational station, three times a day at 06:00, 12:00 and 18:00 LST.  93 

c) Daily mean climate data from 2479 automatic weather stations (AWS) from 94 

1979 to 2016 in China.  95 

2.2 ERA-Interim reanalysis data 96 

We used the synoptic monthly means derived from the ERA-interim reanalysis 97 

surface-layer data every 3 hours for summer from 1979 to 2016. We also used 9 day 98 

ERA-interim reanalysis data at standard isobaric levels every 6 hours in summer 2015 99 

to calculate large-scale forcing for the LES. Both of these data sets have a spatial 100 

resolution of 0.75° x 0.75°, and all the final results of large-scale forcing are derived 101 

from the mean values of grids within a radius of 300 km.  102 

 103 

3 The climatic characteristics of summertime low cloud and their correlation with 104 

air density 105 

Figure 1(a) presents the following two consistent patterns: 1. Because the atmosphere 106 

is easily moistened to saturation with ambient high relative humidity, the LCC 107 

generally increases with increasing relative humidity at 2 m (RH2m) with constant air 108 
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density at 2 m (ρ2m), which is consistent with our common sense. 2. The LCC 109 

increases approximately parabolically with decreasing ρ2m for RH2m both greater than 110 

and less than 75% (corresponding to A region and B region, respectively). That is, 111 

more low cloud exists in the high altitude area of the TP with low ρ2m and low RH2m 112 

(50% < RH2m < 70%). As shown in Figure 1(b), LCC greater than 50% is mainly over 113 

mid-eastern TP, and southwestern China. Despite the abundant water vapor over the 114 

eastern China monsoon region (ECMR), LCC is significantly lower over the ECMR 115 

relative to that over the mid-eastern TP. Figure 1(c) shows that there is a large area of 116 

LCC greater than 35% north of 30°N in mid-eastern TP with low RH2m (RH2m < 70%) 117 

and large surface virtual potential temperature flux  v s
w   118 

> 0.1 ◦K m s
-1

 in contrast to the low altitude area. 119 

 120 

4 The effect of low air density over the TP on the formation and development of 121 

cumuli 122 

Zhu et al. (2002) indicated that shallow cumuli result from the daytime 123 

development of the CBL in which buoyancy is the dominant mechanism driving 124 

turbulent mixing. Mixing by convective elements, or thermals, is limited by the height 125 

of the mixed layer h, which is capped by an overlying inversion layer. Whether or not 126 

shallow cumuli can form is determined by the thermodynamic properties of the CBL 127 

and maximum height of the convective turbulence. In Appendix A we present a simple 128 

dry CBL model that illustrates the sensitivity of h to air density at the surface. We 129 

explore this sensitivity in more detail for the TP region by using LES to analyze the 130 

effect of ρ on the formation and evolution of cumuli. The LES model description and 131 

simulation setup, and a comparison between the observations and the LES are shown 132 

in Appendix B. We analyze in detail the results of control experiment CON, six 133 

sensitivity experiments with air densities (1.2ρCON, 1.4ρCON , 1.7ρCON) and relative 134 

humidities (1.4ρCONRH0.05, 1.4ρCONRH0.15, 1.4ρCONRH0.3). 135 

4.1 The height of the mixed layer h and its growth rate dh/dt for varying air density 136 

Zhu et al (2002) showed that with constant water vapor mixture ratio qT and 137 

adiabatic temperature lapse rate ∂T/∂z = γd within the CBL, the relationship between 138 

the relative humidity at the top of the surface layer RH0  and the relative humidity at 139 

the top of the mixed layer (ML) RHh can be written as  140 

  
0 2

0

1
 

  
 

d
h

v

L h
RH RH

R T



     (1)

 141 

where L is the enthalpy of vaporization, Rv is the gas constant of water vapor, and T0 is 142 
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the temperature at the top of the surface layer. Eq. (1) indicates that RHh increases 143 

with increasing h under conditions of fixed T0 and RH0. In this study we use the 144 

profiles of virtual potential temperature gradient ∂θv/∂z to define h as the lowest level 145 

for which ∂θv/∂z > 2 K km
-1

.  146 

The equation for the rate of change of h is given by Betts (1973) and Neggers et 147 

al. (2006) as 148 

  e s

dh
w w M

dt      (2)
 149 

where we and ws  are the entrainment and large scale subsidence velocities, 150 

respectively and M is the kinematic mass flux of air transported by clouds from the 151 

subcloud to cloud layer. M can be modeled as  152 

 cc ccM a w            (3) 153 

where acc and wcc are the maximum cloud core fraction and its corresponding vertical 154 

velocity at the same height, respectively. Cloud core is the positively buoyant region 155 

with respect to the environment. Here we ignore the differences between the height of 156 

maximum acc and h when we use eq. (2) to calculate we. M can be ignored since it is 157 

more than an order of magnitude smaller than we when acc < 1%(before about 15:00 158 

LST). However, M cannot be ignored in the developmental stage of cumuli due to 159 

larger acc (after about 15:00 LST), which will be discussed in the subsequent section 160 

4.3. ws  is significantly smaller than we in this study, and thus the variation of dh/dt 161 

mainly depends on we. Figure 2(b) shows the time variations of we  calculated with eq. 162 

(2) in four LES experiments (CON, 1.2ρCON, 1.4ρCON , 1.7ρCON). For the zero-order 163 

jump assumption, we can be modeled as: 164 

   1
   

  
 

v v

v vh s
e

w w
w

 

  

     (4)
 165 

where  v h
w  is the entrainment flux at the top of the CBL,  v s

w  is the surface 166 

buoyancy flux, Δθv 
is the virtual potential temperature difference across the inversion, 167 

and the proportionality factor 1 is assumed to be a constant, ~0.2 for free convection 168 

(e.g. Sullivan et al., 1998). For constant 1 Zhu et al (2002) derived the following 169 

expression for Δθv: 170 

1

11




v

v

h
=





 

             (5)
 171 

where γθv is the mean virtual potential temperature lapse rate above the ML and α is a 172 

subsidence-dependent parameter whose likely maximum range is between 1 and 2. 173 

For ws = 0, α = 2; and for dh/dt = 0 (i.e. we + ws = 0), α = 1. Substituting eq. (5) into 174 
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(4), we get  175 

 
 11

v

e v s
w = w

h







 

         (6)
 176 

Therefore, we is directly proportional to  v s
w   and inversely proportional to h and 177 

γθv. 178 

For the four LES experiments (CON, 1.2ρCON, 1.4ρCON , 1.7ρCON) with varying ρ, 179 

we can confirm that  v s
w   is inversely proportional to ρ with constant sensible heat 180 

flux H = cp  v s
w   as shown in Figure 2(c). As shown in Figure 2 (a)-(d), with 181 

increasing air density, the increase in h with time is delayed, and there are also 182 

obvious delays in the time of the first occurrence of cumulus clouds and cloud core. 183 

The increase in h can be divided into 3 stages: 1. h increases slowly with time when h 184 

is less than 0.5 km; 2. the growth rate of h obviously increases between about 0.5 km 185 

and 1.5 km; 3. the growth rate of h slows down when h exceeds 1.5 km. In the first 186 

stage the strong inversion layer at the top of the nighttime stable boundary layer (SBL) 187 

gradually erodes due to surface heating. Compared to the high ρ case, the strong 188 

inversion layer vanishes faster for the low ρ case due to larger  v s
w  . During the 189 

second stage, the increase of  v s
w   and decrease of γθv lead to larger we and thus the 190 

growth rate of h. This phenomenon is more obvious for low ρ over the TP. In the final 191 

stage, h increases relatively slowly over time, but h is significantly larger for small ρ 192 

than for large ρ. There are no significant differences in RH0 and relative humidity 193 

above h for the four LES experiments (CON, 1.4ρCONRH0.05, 1.4ρCONRH0.15, 194 

1.4ρCONRH0.3, Figure omitted). Therefore, we conclude that larger RHh and more 195 

favorable conditions for saturation occur for small ρ compared to large ρ.  196 

4.2  Penetrative convection at the top of a growing mixed layer with varying air 197 

density 198 

Penetrative convection at the top of the ML can result in cumulus formation (e.g. 199 

Stull, 1988). A forced cloud will form when a thermal reaches the lifting condensation 200 

level (LCL), but the top of the forced cloud does not reach its level of free convection 201 

(LFC). Condensation and latent heat release are insufficient to produce positive 202 

buoyancy within the forced clouds, so they remain shallow and undeveloped. Active 203 

clouds have positive buoyancy when the updraft reaches the LFC.  204 

Decreasing ρ leads to an earlier appearance of cloud cores. With increasing ρ, h 205 

corresponding to the appearance of active cloud (the fraction of cloud core acc > 206 

0.01%) gradually increases as shown in Figure 2(a). With the same h, the RHh 207 

corresponding to h is basically the same for the four LES experiments (CON, 1.2ρCON, 208 
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1.4ρCON , 1.7ρCON). As a result, the differences in the appearance of active cloud 209 

among the four experiments can be considered independent of RHh in this case. Zhu et 210 

al (2002) defined local CBL height hlocal as the height where the gradient of any 211 

conserved variable starts to change dramatically. Here the determination of hlocal is 212 

consistent with h, and the penetration depth dt at any location is defined as the 213 

difference between hlocal and h. Here acp and accp are the projection of the three 214 

dimensional cloud and cloud core fields on the XY plane, respectively. Figures 3(a) 215 

and (b) show that the proportion of the area of deeper dt (dt > 0.3 km) for small ρ is 216 

significantly larger than for large ρ (25.67% versus 3.05%). There is a good 217 

correspondence between the horizontal distribution of acp and larger dt, and for small ρ 218 

a cloud core forms only at the location of maximum dt . 219 

When thermals overshoot into the inversion layer, they become negatively 220 

buoyant and decelerate. Compared to the large ρ case, stronger local ascending 221 

motion appears (Figure3 (c) X ≈ 5.2 km) for the small ρ case, corresponding to larger 222 

overshoot, and greater probability of the air parcel reaching LCL and LFC . Both 223 

cloud cover and cloud cores appear in the area of strong ascending motion above the 224 

ML. Thus, the areas of cloud fractions acp and accp for small ρ are larger than for large 225 

ρ. 226 

4.3  Cloud fraction, vertical velocity and mass flux for varying air density 227 

Three mass flux schemes were used for LES of the Small Cumulus Microphysics 228 

Study (SCMS) and Atmospheric Radiation Measurement (ARM) cases: 1. moist static 229 

energy convergence closure; 2. Convective available potential energy (CAPE) 230 

adjustment; 3. a subcloud convective velocity scaling scheme. The details of the first 231 

two schemes are described in Gregory et al (2000). The third scheme was first 232 

proposed by Grant (2001) who used turbulent kinetic energy arguments to link the 233 

cloud base mass flux to the convective vertical velocity scale of the ML. The three 234 

schemes results were compared with the LES results of Negger et al (2004). In 235 

general, the third scheme showed a best agreement with LES results in the 236 

reproduction of the diurnal variation of the mass flux at cloud base in shallow 237 

cumulus convection. However, the algorithm proposed by Grant (2001) produces 238 

cloud base mass fluxes too early due to lack of cloud core information. Negger et al 239 

(2004) added cloud core fraction to solve this problem. We discuss the effects of air 240 

density on cloud or cloud core fraction, vertical velocity and mass flux, and the 241 

applicability of the third scheme. 242 

Cuijpers and Bechtold (1995), Neggers et al (2006) and van Stratum (2014) 243 

indicated that the cloud fraction at the top of the ML can be estimated by the average 244 
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saturation deficit  ; ;t h s h
q q and the spatial moisture distribution that can be 245 

described by specific humidity variance q;h. The  ; ;t h s h
q q  are the differences 246 

between the specific humidity qt;h and the saturation specific humidity 
;s h

q  at the 247 

ML top. The parameterization of the maximum cloud fraction at cloud base ac  is 248 

assumed to be: 249 

 ; ;

;

0.5 arctan
t h s h

c

q h

q q
a =  



 
 
 
 

      (7) 250 

where the constants α = 0.36,  = 1.55 are used to fit this function to LES results as 251 

proposed by Cuijpers and Bechtold (1995). As shown in Figure 4 (a) and (b), for CON 252 

and 1.4ρCON, we see that although the relationship between ac and (qt;h ;s h
q )/q;h

 
253 

basically satisfies eq. (7), it also overestimates ac relative to LES results, especially 254 

for smaller ac (ac < 5%). The relatively large q;h for small ρ is an important reason 255 

for the high frequency of occurrence of larger ac, while large q;h 
is associated with 256 

the entrainment of drier air between the moist thermals. Although ac generally 257 

increases with increasing RHh, relatively large q;h 
is an indispensable condition for 258 

the appearance of larger ac. When q;h < 0.2 g kg
-1

 and ac < 5%, ac is significantly less 259 

than that calculated from eq. (7). In the cumulus developmental stage, the thermals 260 

with strong ascending motion transport more moisture from the subcloud layer into 261 

the cloud layer, thereby significantly increasing ac. For the single purpose of 262 

introducing the first-order feedbacks between core fraction and mass flux, Negger et 263 

al (2004) temporarily simplified the relationship between ac and acc to linear relation, 264 

cc ca = a ,           (8) 265 

where  is a constant ( = 0.3). In fact, Negger et al (2004) considered  should 266 

be a variable rather than a constant. The factors that can affect the variation of  267 

should be analyzed and discussed, and on this basis we can build a more sophisticated 268 

parameterization of the core fraction.As noted above, Figure 4 (c) and (d) also show a 269 

similar trend in that both the areas of ac and acc for small ρ are larger than for large ρ. 270 

However, with increasing ρ,  decreases from 0.27 to 0.03. 271 

On the other hand, LeMone and Pennell (1976) observed that cumulus clouds 272 

often are deeply rooted in the subcloud layer as dry thermals. Based on the above 273 

findings, Neggers et al (2004) proposed a relationship between the convective 274 

velocity scale of the subcloud layer w*,  and wcc: 275 

 
1 3

0*=cc v s
v

gh
w w w  

 
   

 
,     (9) 276 
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where g is the gravitational acceleration, 0

v  is the average virtual temperature of the 277 

subcloud layer, and  is a proportionality factor. Neggers et al (2004) and Ouwersloot 278 

et al (2014) proposed that   1, while van Stratum et al (2014) estimated   0.84 279 

based on results from the Dutch Atmospheric LES.  280 

As expected, wcc increases with increasing w* as shown by the results of three 281 

LES experiments (CON, 1.2ρCON and 1.4ρCON) in Figure 4(d). However, with 282 

increasing ρ, the rate of reduction of wcc is much faster than *w , and  decreases from 283 

0.7 to 0.46. The deviation between the results of our sensitivity experiments and 284 

previous research increase for increasing ρ. The cases studied by Neggers et al (2004) 285 

and van Stratum et al (2013) are at low altitudes, but the results of  and  at high 286 

altitudes in this study are closer to previous research rather than those at low altitudes. 287 

There seems to be a contradiction between the two, and it seems worthwhile to 288 

discuss the reason for the large deviation of  and  for different values of ρ. The 289 

results for 1.7ρCON are not given in Figure 4 due to very small acc. We found in our 290 

sensitivity experiments that the values of  and  are determined by the strength of 291 

ascending motion within the thermal characterized by w* and subcloud layer moisture. 292 

As shown in Figure 4(e) and (f), when the ascending flow within the thermal reaches 293 

the LCL in the drier subcloud layer, there is a relatively small probability of air 294 

parcels reaching the LFC due to small latent heat release. In this case the cloud core 295 

buoyancy at cloud base height,  296 

 ,cc v cc v

v

g
B =  


 ,        (10) 297 

Bcc is also small (Figure omitted), where θv,cc andθv are average potential temperature 298 

of the cloud core and all grid points at cloud base height, respectively. This results in a 299 

more rapid decrease in  and  relative to a moister subcloud layer. Larger acc, wcc, 300 

and Bcc generate stronger updrafts within the thermals for small ρ, which favors the 301 

further development of cumulus as shown in Figure 4(c) and (d). Small ρ to some 302 

extent compensates for the drier subcloud layer. In addition, we found that the 303 

deviation from multiple sensitivity tests between the values of acc, wcc,  and  for 304 

varying ρ increases with decreasing relative humidity in the subcloud layer. The water 305 

vapor case for SCMS is moister than that of ARM. Therefore, the reason that Neggers 306 

et al (2004) found from LES that  ≈ 1 for the SCMS case can at least be partly 307 

explained. 308 

 309 

5 Discussion 310 

Water vapor is relatively abundant over ECMR in summer. However, observations 311 
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indicate that high LCC occurs mainly over the mid-eastern TP rather than ECMR 312 

during summer. Statistical results from ERA-Interim reanalysis data indicate that LCC 313 

might still be greater than 35% north of 30°N over the mid-eastern TP for small RH2m 314 

(RH2m < 70%), and this is not the case at low altitude. The surface buoyancy flux over 315 

the TP is obviously larger than that over lower altitude in eastern China. This density 316 

effect is demonstrated with a simple mixed-layer model in Appendix A and further 317 

confirmed by LES with the same initial profiles of T, RH and surface layer turbulent 318 

fluxes but different values of ρ. That is, reducing ρ increases thermal turbulence and 319 

overshooting, which increases the probability of air parcels reaching the LCL and 320 

LFC and thus the growth rates of h and RHh, which favor cloud formation. Stronger 321 

ascending motions transport more moisture from the subcloud layer into the cloud 322 

layer, and wcc and acc also increase. The results also indicate that the values of  and  323 

are determined by the strength of ascending motion within the thermal that can be 324 

characterized by w* and subcloud layer moisture. Previous research for a drier 325 

subcloud layer has suggested that  = 0.3 and   0.84, mainly because the smaller 326 

latent heat release reduces cloud core formation, which causes a significant decrease 327 

in  and . The values of  and  for small ρ are significantly larger than for large ρ, 328 

especially with a drier subcloud layer. Based on the above analysis, we find that 329 

smaller ρ over the TP lead to stronger thermal turbulence which favors the formation 330 

and development of convective cloud as demonstrated by the climate statistics of the 331 

LCC in summer over China as shown in Figure 1. Here we analyzed the effect of only 332 

air density on convection and cloud formation. Further studies need to be conducted 333 

on the effects of other factors (e.g. vertical wind shear and complicated heterogeneous 334 

terrain). 335 

 336 

6 Conclusions 337 

The cumulus extent and thermal turbulence over the TP are larger than those 338 

over the eastern plain of China. When the relative humidity at 2 m height over the TP 339 

is less than 70%, the coverage of low clouds still exceeds 35%, which is rare over the 340 

east China plain. 341 

For the same surface sensible heat flux over the TP and the elevated plain, the 342 

buoyancy flux over the plateau is larger than over the plain due to the smaller air 343 

density which increases the mixing layer height and the relative humidity at the top of 344 

the mixed layer. This favors the formation of cumulus clouds over the plateau and 345 

increases the probability of the air mass reaching the lifted condensation level and the 346 

level of free convection. More water vapor is transported into the clouds from the 347 
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subcloud mixed layer, and the rate of cumulus growth is increased. 348 

The values of  and  in the subcloud convective velocity scaling mass flux 349 

scheme decrease with lower surface relative humidity and weaker thermal turbulence 350 

in the subcloud layer, and thus the values obtained from previous studies may not be 351 

applicable to a drier subcloud layer or weak thermal turbulence cases. 352 

 353 

Appendix A 354 

A SIMPLE MODEL FOR INCORPORATING DENSITY EFFECTS IN THE 355 

GROWTH RATE OF THE CONVECTIVE BOUNDARY LAYER 356 

Here we present a simple model to demonstrate that a decrease in surface atmospheric 357 

density in the clear convective boundary layer (CBL) increases the growth rate of the CBL 358 

depth h. The model illustrates how the same surface sensible heat flux ρcp 0( )wT  results in an 359 

increasing surface buoyancy flux, (g/T) 0( )wT , with decreasing air density ρ. The 360 

development utilizes the model of Tennekes (1984)
 
that predicts CBL height h and 361 

magnitude of the temperature jump ΔT across the CBL top assuming no mean vertical 362 

motion in the CBL and horizontal homogeneity. We assume a dry well-mixed CBL so that 363 

γd - γ = 0, where γ = - dT/dz and γd = 9.8K km
-1

 is the dry adiabatic lapse rate, throughout 364 

the entire CBL and ΔT is assumed to be discontinuous; that is, we assume the entrainment 365 

layer has zero thickness. Above h, the free troposphere is assumed to have a constant potential 366 

temperature lapse rate γθ = γd – γ = dθ/dz. This model has been widely used and generally is 367 

successful in predicting reasonable values for h and ΔT during the rapid growth phase of the 368 

daytime CBL at least up to early afternoon and before clouds form with moderate or less 369 

mean wind speeds and approximately barotropic conditions. 370 

The model equations start with a relation for the temperature flux at h(t), ( )hwT , 371 

which is equal to the rate at which heat is entrained into the CBL. This yields 372 

( ) .h

dh
wT T

dt
            (A1) 373 

The net rate of change of ΔT(t) is given by:  374 

,
d T dh T

dt dt t


 
 


         (A2) 375 

where T  is the mean mixed-layer temperature. The rate of change of T  is given by 376 

0( ) ( )( )
,hwT wTT wT

t z h h

 
   

 
     (A3) 377 

since ( )wT  is a linear function of height. 378 

Substitution of (A3) into (A2) yields 379 
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0( ) .
d T dh dh

h h wT T
dt dt dt




        (A4) 380 

This can be rearranged to 381 

0

( )
( ) .

d h T dh
h wT

dt dt



         (A5) 382 

We integrate (A5) from t = 0, which is the start of solar heating in the morning, to the time τ at 383 

which we obtain a measurement of h: 384 

2 2

0 0 0

1
( ) ,

2
ph T h T h h H c           (A6) 385 

where Hτ is the integrated sensible heat flux, 386 

0
0

( ) .pH c wT dt


           (A7) 387 

Thus, we have a relationship involving two unknowns: ΔT and h. To reduce this to one 388 

unknown, we introduce the relation 389 

1 0( ) ( ) ,hwT wT           (A8) 390 

where the entrainment coefficient β1 is assumed to be an empirical constant that has been 391 

estimated by multiple numerical and observational studies (e.g. Sullivan et al., 1998). Next 392 

we modify the first term in (A4) and substitute (A1) and (A8) into this expression to obtain 393 

0
1

( )
.

wTd T d T dh d T
h h h

dt dh dt dh T


  
 


   (A9) 394 

We then substitute (A9) into (A4) which yields  395 

1

1
(1 ) 0.

d T
h T h

dh





           (A10) 396 

The solution to this is 397 

1 1

1 1

1 1
(1 )

1

.
2 1

Th h C

 

 



 


  


      (A11) 398 

Where C is a constant. In order to give an estimate of the expected magnitude and 399 

functional dependencies in (A11), we insert a typical value for β1 of 0.2 (e.g. Sullivan et 400 

al., 1998). Substituting this into (A11), we obtain 401 

6 7 .
7

Th h C            (A12) 402 

To evaluate C, we consider that in the morning at t = 0, h(0) is very small compared to 403 

later in the day, while ΔT changes much less, so that C must also be small compared to h(τ), 404 

especially since h is taken to a very large power, and thus can be neglected as soon as h 405 

becomes several times h0. Therefore, 406 

1

.
(2 1 ) 7

h h
T   


 


        (A13) 407 

If we again assume h0 and ΔT0 are small, from (A6) we have  408 

21
( ).

2
ph T h H c           (A14) 409 

Substituting (A13) into (A14), 410 
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2 1(2 1)
2 .

p

h H
c







 


         (A15) 411 

This gives us a relation to estimate the CBL height at a specific location given the integrated 412 

temperature flux from the initiation of surface heating in the morning to a time τ presumed 413 

to be before mid-afternoon when the surface heating has dropped significantly from its 414 

mid-day maximum. Alternatively, it may also be possible to use (A15) to estimate Hτ if 415 

h and γθ are known. 416 

We now apply (A15) to estimate the effect of air density ρ on h. Here we assume two CBL 417 

heights: one at sea level h0 and the other at h. We further assume that the integrated sensible 418 

heat flux at each location is the same, that is, Hτ = Hτ0. From the hydrostatic equation, we 419 

have 420 

0

,
( + )d d

dp g g
dz dz

p R T R T z
          (A16) 421 

where z is the surface elevation above sea level, Rd = 287.06 J kg
-1

 K
-1

 is the dry air gas 422 

constant, and g = 9.807 m s
-2

 is the gravitational acceleration. From the ideal gas law, 423 

.
d dp dT

p T




             (A17) 424 

Then, substituting (A16) into (A17) we obtain 425 

0 0 0

1 .
( ) ( ) ( )d d

d g dz dz g dz

R T z T z R T z

 


    

 
      

   
   (A18) 426 

Integrating from z = 0 to z,  427 

0

0 0

,

m

T z

T





 
  
 

          (A19) 428 

where +1
d

g
m

R

 
  

 
. 429 

Substituting h at height z and h0 at height z0 = 0 into (A15) and taking the ratio of the 430 

heights, we have 431 

 
2

1 2 0
0 0

0

+
,

m

T z
h h

T


 



  
   

 
        (A20) 432 

As a demonstration of the impact of γ on h/h0 we show in Figure A1 how h/h0 changes 433 

with z for different values of γθ starting with the lowest level in Table B1 of Appendix B and 434 

decreasing to a value close to that of the second level, i.e.: γθ = {20, 14, 8, 2}K km
-1
 or γ = 435 

{-10.2, -4.2, 1.8, 7.8} K km
-1
. Here we assume that the entire layer through which we 436 

calculate h has the same γθ, and standard atmosphere values of T0 = 288.16K and ρ0 = 437 

1.225 kg m
-3

. We see a strong dependency of h/h0 on γθ; for example, h/h0 is almost 20% 438 

larger than its sea level value at 4 km elevation for γθ = 20 K km
-1
 and more than 30% larger 439 

for γθ = 2 K km
-1

. 440 
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  441 
Figure A1. Ratio of the CBL height at an elevation z versus height at sea level for γ = 20 442 

(blue), = 14 (orange), = 8 (green), 2 (red) K km
-1

. 443 
 444 

Appendix B 445 

THE LES MODEL DESCRIPTION AND SIMULATION SETUP, AND A 446 

COMPARISON BETWEEN THE OBSERVATIONS AND THE LES 447 

The LES experiments discussed here were performed with the Dutch 448 

Atmospheric LES (DALES) (Heus et al. 2010) using the Deardorff subgrid-scale 449 

closure (Deardorff, 1973) and a second-order advection scheme for scalars, 450 

momentum, and turbulence kinetic energy. We used the radiation scheme proposed by 451 

Fu and Liou (1993) and Pincus and Stevens (2009), and a simple ice microphysics 452 

scheme (Grabowski, 1998) that considers the impact of the relatively low 453 

temperatures over the TP on ice phase microphysical processes. A resolution of 6.4 454 

km x 6.4 km x 6.0 km with 256 x 256 x 150 grid points is used, with a total 455 

integration time of 50400 s. Zhang et al (2017) pointed out that an effective way to 456 

simulate shallow cumulus is by building a composite modeling case (average values 457 

of multiple “golden days”). Using this method, we attempted to construct the initial 458 

profiles, surface turbulent fluxes and large-scale forcing in the control experiment 459 

(CON) by selecting nine shallow cumulus days at Nagqu over TP. In order to reduce 460 

the differences between the LES and the observations, 9-day means were slightly 461 

modified. We adopted the method proposed by van der Dussen et al (2013) to 462 

construct the initial profiles of virtual potential temperature θv and specific humidity 463 

qT by dividing them into 3 linear segments,  464 

   

   

1

1 2

1 2 3

1

1

1

                                                  0 km 0.5 km

0.5 0.5                         0.5 km 4 km,

0.5 4 0.5 4    4 km 6 km

z z

z z z

z z



 

  



 



    


       


         

 (B1) 465 

 466 

with the constants given in Table B1. Where  , T vq   are the total specific 467 

humidity and the virtual potential temperature, respectively. 468 

 469 
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Table B1 Values of the constants which are used to describe the initial profiles shown 470 

in Figure S1 471 

 
1

1 1g kg  km 
Tq

  
2

1 1g kg  km 
Tq

  
3

1 1g kg  km 
Tq

  1

1 g kg

Tq  

-2.4 -0.89 -0.2 4.8 

 
1

1K km
v

  
2

1K km
v

  
3

1K km
v

  1 Kv  

20 2.29 5.5 320 

 472 

Figure B1 Vertical profiles of (a) θv and (b) qT at 06:00 LST. The red and blue 473 

lines are the observations and LES initial profiles, respectively. (c) The solid red and 474 

blue lines are the nine-day averaged sensible heat flux H and latent flux LE, 475 

respectively, calculated by the eddy covariance method. Error bars represent standard 476 

deviations. The dashed red and blue lines are the “corrected” sensible heat fluxes 477 

corrH and latent fluxes corrLE. 478 

As shown in Figure B1, the diurnal maximum of both the sensible heat flux H 479 

and the latent flux LE at Nagqu occur at roughly the same time (12:00 LST), and H is 480 

larger than LE during the daytime. However, compared to the radiosonde observations 481 

at 12:00 LST and 18:00 LST, we find poor agreement between the LES results and 482 

the observations when we directly use the H and LE data calculated by the eddy 483 

covariance method without any corrections. The comparison results show that within 484 

the boundary layer qT is overestimated by 2 g kg
-1

 while θv is underestimated by 4 °K. 485 

To adddress this, we increased H by 20%, and decreased LE by 25%; we call these 486 

corrected values corrH and corrLE.   487 

Figures B2(a) and (b) show that the geostrophic wind direction changes 488 

counterclockwise from southeast in the surface layer to northwest in upper levels in 489 

response to the cold advection. As shown in Figures B2(d) and (e), from 06:00 LST to 490 

16:00 LST, the cooling rate caused by weak cold air advection at all levels generally 491 

did not exceed 1 °K day
-1

, and dry advection below 450 hPa was about 0.5 g kg
-1

 492 

day
-1

; thus, temperature and moisture advection were negligible. As shown in Figure 493 
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B2(c), the vertical temperature and moisture transport due to large scale subsidence 494 

can result in about 1-2 °K warming and 0.5 g kg
-1

 drying after 10 hours. 495 

 496 

 497 

Figure B2 Time–height composite-mean large-scale for geostrophic wind components 498 

(a) Ug, (b) Vg, (c) subsidence rate ω, (d) temperature advection, and (e) moist 499 

advection for the composite case based on nine days continuous forcing data from 500 

ERA-Interim reanalysis data. 501 

We carried out an LES control experiment (CON) and two sets of sensitivity 502 

experiments: The first set, 1.2ρCON, 1.4ρCON, and 1.7ρCON, have air densities ρ altered 503 

by the factor r1 compared to CON but with the same profiles of θv and relative 504 

humidity. The second set, 1.4ρCONRH0.05, 1.4ρCONRH0.15, and 1.4ρCONRH0.3, have 505 

different relative humidities below 1.5 km, increasing from RHCON to RHCON + (1 - 506 

RHCON) x r2 for the 1.4ρCON  case. RHCON is the relative humidity for control 507 

experiment (CON), and the values of r1 and r2 are shown in Table B2. 508 

Table B2 Specifications for the LES sensitivity experiments 509 

 r1 r2  

CON 1.0 0.0 

1.2ρCON 1.2 0.0 

1.4ρCON 1.4 0.0 

1.7ρCON 1.7 0.0 

1.4ρCONRH0.05 1.4 0.05 

1.4ρCONRH0.15 1.4 0.15 

1.4ρCONRH0.3 1.4 0.3 

Figure B3 shows that the LES model can reproduce the general tendencies and the 510 

https://doi.org/10.5194/acp-2019-273
Preprint. Discussion started: 8 July 2019
c© Author(s) 2019. CC BY 4.0 License.



17 
 

diurnal variation of θv and qT  at Nagqu, which indicates that the large-scale forcing 511 

has been correctly specified. There are minor differences between the observations 512 

and the LES; the absolute value of qT differences generally do not exceed 0.5 g kg
-1

, 513 

and the LES underestimates θv by 1-3 K. 514 

 515 
Figure B3 Vertical profiles of (a) θv and (b) qT at 12:00 LST (solid line) and 516 

18:00 LST (dash line) at the Nagqu site. The red and blue lines represent the observed 517 

profiles from radiosondes and the simulated profiles from CON, respectively. 518 

 519 

Data availability. The reanalysis data were from ECMWF (European Centre for 520 

Medium-Range Weather Forecasts), which is available at 521 

https://apps.ecmwf.int/datasets/data/interim-full-mnth/levtype=sfc/ and 522 

https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/. The original 523 

codes of DALES (Dutch Atmospheric Large Eddy Simulation) were publicly 524 

available at https://github.com/dalesteam/dales. All the original datasets and code 525 

needed to reproduce the simulation results shown in this paper are available upon 526 

request via email: wyj@cma.gov.cn. 527 
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 646 

 647 

 648 

Fig. 1 (a) The relationships among monthly means of LCC, ρ2m and RH2m observed by 649 

the AWS in summer. The samples are divided into two groups: RH2m > 75% (red dots) 650 

and RH2m < 75% (blue dots). A region and B region generally correspond to RH2m 651 

both greater than and less than 75%, respectively. The histogram shows an 652 

approximate relationship between ρ2m and surface elevation above sea level z at the 653 

bottom of Figure 1 (a). (b) The spatial distribution of the observed monthly mean 654 

LCC.  (c) The spatial distribution of monthly means of relative humidity and surface 655 

virtual potential temperature flux in the surface layer with LCC greater than 35% from 656 

ERA-interim data from 9:00 LST to 15:00 LST (3:00 UTC to 9:00 UTC). The TP is 657 

the cross-hatched area (altitude > 2500 m) in Figures 1(b) and (c). 658 
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 659 

 660 

Fig. 2 The time variations of (a) h,
 
(b) we , (c) surface virtual potential temperature 661 

flux, and (d) γθv for four LES experiments (CON, 1.2ρCON, 1.4ρCON , 1.7ρCON) before 662 

the early stage of cloud core formation. Solid and hollow symbols represent the 663 

presence or absence of cloud core, respectively. 664 

  665 
 666 
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667 

 668 

Fig. 3 The horizontal distribution of dt (color shaded) for h ≈ 1.85 km for two LES 669 

experiments (a) CON at 12:52 LST (b) 1.4ρCON at 14:10 LST. The area enclosed by 670 

the pink line and solid circles delineate acp and accp. The solid straight lines in Figures 671 

(a) and (b) represent the projection of the XZ plane in Figures (c) and (d) on the XY 672 

plane, respectively. The vertical cross-section (XZ-plane) of relative humidity (color 673 

shaded) and wind vectors (X-axis wind speeds are ten times smaller than true values) 674 

for two LES experiments: (c) CON (d) 1.4ρCON obtained along the black solid lines in 675 

Figure 3(a) and (b), respectively. Hollow circles represent the lifting condensation 676 

level of the grids in the X-direction at the height of the mixed layer zlcl(h), and the 677 

pink line and solid circles have the same meaning as in Figure 3 (a) and (b). 678 

 679 
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 680 

 681 

Fig. 4 Scatter diagrams of ac versus (qt;h ;s h
q )/q;h for two LES experiments (a) 682 

CON (b) 1.4ρCON. The black dashed lines are from eq. (7), and the color and the size 683 

of the points represent the values of q;h 
and RHh, respectively. Scatter diagrams of (c) 684 

ac versus acc and (d) w* versus wcc are shown for three LES experiments (CON, 685 

1.2ρCON, 1.4ρCON). The color identifies the experiments and the size of the points 686 

represents the cloud core buoyancy at cloud base Bcc. Figure 4 (e) and (f) are the same 687 

as Figure 4 (c) and (d), respectively, but for the three LES experiments 688 

(1.4ρCONRH0.05, 1.4ρCONRH0.15, 1.4ρCONRH0.3) 689 
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