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ABSTRACT 

An important process in predicting the evolution of the 

boundary layer is the entrainment rate, which has received 

little verification using observed data. The entrainment 

rate is therefore computed using aircraft measurements 

obtained off the coast of California during FIRE in 1987. 

The entrainment zone is defined and determined to be 

typically less than 10 meters deep. The structure above the 

boundary layer is found very complex and consists of a 

layered structure located in the first few hundred meters 

above the cloud top. These layers are 20-130 meters deep 

and posses properties that relate the layers to boundary 

layer processes. A conceptual model is presented to explain 

the formation of these layers. 

The added presence of the layered structure above the 

cloud top complicates the determination of jump conditions 

and thus the calculation of entrainment velocity. In 

addition, jumps in conserved quantities vary considerably 

between soundings, which questions the validity of using a 

simple average to calculate the entrainment rate. 

Therefore, a new method for calculating entrainment velocity 

is presented, which decreases the variation in jump 

conditions. This method is physically based and yields an 

entrainment rate with significantly less uncertainty. 
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INTRODUCTION 

The structure and evolution of the cloud-topped 

boundary layer are of significant meteorological interest 

and of tactical importance to the united States Navy. In 

contrast to a cloudless boundary layer, a boundary layer 

topped with extensive clouds, such as stratocumulus, adds a 

level of complexity and uncertainty in the ability to assess 

or even predict boundary layer structure. As a result, 

weather forecasts and the effectiveness of tactical 

decisions may be degraded. The presence of stratocumulus, 

for example, significantly alters the boundary layer 

inversion strength, which plays a role in Electromagnetic 

and Electro Optical propagation and the tactical use of 

elevated ducts. The change in inversion stability and 

corresponding changes in cloud evolution also modifies 

aerosol-cloud interaction. The resulting changes to cloud 

structure therefore impact Navy remote sensing and 

surveillance capability, such as in the satellite analysis 

of ship tracks. In addition, the presence of stratocumulus 

adds difficulty to short-period and mesoscale forecasting, 

pollution transport and its chemical evolution, and 

radiative feedback processes in climate studies. 

Consequently, an improved understanding of the evolution of 

a stratocumulus-topped boundary layer could significantly 

enhance the Navy's tactical use of the environment. 

One important process in the evolution of a 

stratocumulus-topped boundary layer is entrainment, which 

describes the exchange process between the relatively 

quiescent free atmosphere and the turbulent boundary layer. 



Entrainment, or more importantly the rate of entrainment, 

transports free tropospheric air into the cloud-topped 

boundary layer. The resulting mixing then alters cloud 

structure and consequently influences the boundary layer 

dynamics and thus boundary layer structure. A quantitative 

measure of the rate of entrainment, or entrainment velocity, 

is therefore essential in determining low-level cloud 

evolution. The objective of this thesis, then, is to 

evaluate a reliable means of quantifying entrainment 

velocity. 

Many attempts have been made in the past to infer the 

physical processes that drive entrainment; however, a 

consensus regarding the interaction between the myriad of 

individual processes has not been reached. Consequently, 

the process of entrainment and the physical processes that 

potentially modify the effects of entrainment are poorly 

understood. The role of entrainment in the mixing process, 

for example, has received much attention. Nicholls and 

Turton (1986), for instance, have shown that significant 

mixing occurs in a relatively shallow layer of only a few 

tens of meters deep. In their analysis, they conclude that 

filaments of relatively subsaturated and warm air are drawn 

from the shallow layer into the boundary layer by turbulent 

motion. The downdrafts then mix into the cloud layer, 

whereby evaporative cooling generates turbulent kinetic 

energy (TKE) as the cooled cloud parcels become negatively 

buoyant and sink. This process, which relates entrainment 

mixing to the downward acceleration of mixed parcels, is the 

basis for early studies of cloud-top entrainment instability 

(CTEI) (Randall, 1980) . It emphasizes the positive feedback 

between negative buoyancy produced by evaporative cooling 

and the generation of TKE. 



The significance of the role of evaporative cooling, 

however, has also been questioned. Some studies, for 

example, describe CTEI as an interfacial instability, 

whereby entrainment driven evaporative cooling dominates all 

other physical processes in the generation of TKE (Randall, 

1980; MacVean and Mason, 1990; Siems et al., 1990). 

Furthermore, Siems et al. (1990) points out that typical 

cloud top jump conditions do not satisfy the criteria for 

strong buoyancy reversal and are not consistent with the 

rapidly induced entrainment normally observed in the real 

stratocumulus topped boundary layer. Nicholls (1989) 

further shows that evaporation alone cannot produce the 

negative buoyancy which is typically observed. Nicholls and 

Turton (1986) estimate that other factors, such as latent 

heat release and radiative cooling, may dominate over the 

effects of evaporative cooling. They conclude that 

radiative cooling effects are more significant than the 

effects of evaporative cooling when little mixing occurs. 

In another perspective on entrainment and the 

mechanisms which determine the rate of entrainment, the 

interaction between entrainment and the boundary layer 

circulation has been investigated (e.g., Albrecht et al., 

1985; Moeng et al., 1992; Wang and Albrecht, 1994). These 

studies show that entrainment is enhanced by evaporative 

cooling through the boundary layer circulation (Albrecht et 

al., 1985). A conceptual model (Wang and Albrecht, 1994) 

suggests evaporative cooling and radiative cooling together 

result in the downward acceleration of the mixture. The 

excess buoyancy flux in the entrainment downdrafts then 

serves to maintain or strengthen the boundary layer 

circulation. In return, the stronger boundary layer 

circulation can then increase the entrainment. 



An important aspect of entrainment is the role of 

entrainment mixing in the structure of the stratocumulus 

cloud layer. Since one effect of entrainment is to transfer 

above boundary layer air properties into the cloud layer, 

the entrainment velocity and the specific properties of the 

above inversion air play an important role in determining 

the cloud microphysics. Latham and Reed (1977) suggest that 

evaporation caused by the entrainment of dry inversion air 

into the boundary layer results in a reduction in droplets 

of all sizes through the inhomogeneous mixing process. 

Their theory suggests a reduction in droplet concentration 

rather than a reduction in the mean droplet size. Another 

effect of entrainment is to modify the concentration of 

cloud condensation nuclei (CCN) since the condensation 

nuclei in the entrained air are unlikely to be activated at 

the cloud top (Nicholls and Leighton, 1986). This suggests 

that mixing of dry air into the boundary layer affects the 

formation of some new droplets. An in-depth understanding 

regarding the effects of entrainment therefore provides 

insight towards stratocumulus cloud evolution. 

In the past decade, several extensive field 

measurements have occurred to increase our understanding of 

stratocumulus-topped boundary layer processes. These 

measurements, from experiments like the First International 

Satellite Cloud and Climatology Project (ISCCP) Experiment 

(FIRE), the Atlantic Stratocumulus Transition Experiment 

(ASTEX), and the Monterey Area Ship Tracks (MAST) 

experiment, have significantly enhanced our knowledge of 

important physical process such as decoupling, cloud-top 

entrainment instability (CTEI), cumulus-stratocumulus 

interaction, and cloud-aerosol interaction. However, the 

entrainment rate in a stratocumulus-topped boundary layer 



remains a significant unknown. For example, Moeng et al. 

(1998) examines the current capability of representing the 

stratocumulus-topped boundary layer in numerical models by 

comparing results from various large eddy simulation (LES) 

and 1-D models. Moeng et al. (1998) concludes that 

differences between the participating LES models exist as a 

result of different entrainment rates. The calculation of 

the entrainment rate has thus become a central issue in 

stratocumulus-topped boundary layer studies. 

The major difficulty in the study of the entrainment 

rate from observations is the uncertainty in determining its 

value. The uncertainty is mainly a result of variability in 

the jump conditions, which are determined from individual 

soundings. In this study, the detailed structure of the 

above boundary layer air is analyzed in an effort to 

understand the variability of the jump conditions. A new 

method for determining entrainment velocity is also 

developed and tested. This new method is physically based 

and yields an entrainment rate with significantly less 

uncertainty. The reliability of the method is evaluated 

using aircraft measurements obtained off the coast of 

California during FIRE in 1987. A major objective of this 

analysis is to understand the structure near the cloud top 

and to develop an optimal method for determining entrainment 

velocity. 

This thesis is organized into seven chapters. Chapter 

II describes the basic background behind describing 

entrainment and the rate of entrainment in a marine 

atmospheric boundary layer topped with stratocumulus. 

Chapter III describes the data used in the calculation of 

entrainment velocity. Chapter IV provides a detailed 

analysis of the entrainment zone and the above boundary 



layer structure. Chapter V presents the new method for 

calculating entrainment velocity. Discussion and 

conclusions are offered in Chapter VI. Finally, Chapter V 

gives recommendations for further research. 



II. BACKGROUND ON ENTRAINMENT AND ENTRAINMENT RATE 

A.   STRATOCUMÜLÜS-TOPPED BOUNDARY LAYERS (STBL) 

The presence of stratocumulus clouds, in contrast to a 

clear atmospheric boundary layer (ABL), adds a level of 

complexity to boundary layer structure and the physical 

processes that drive boundary layer dynamics. Additional 

factors that must now be considered include the radiative 

fluxes and phase changes associated with the presence of a 

stratocumulus cloud deck. Whereas surface fluxes and large- 

scale external conditions drive the turbulence structure of 

the dry ABL (Garratt, 1992), radiation fluxes which produce 

local heating or cooling within the boundary layer must be 

included when the boundary layer is cloud topped. In 

addition, phase changes may alter the turbulent kinetic 

energy (TKE) budget through evaporative cooling. Deardorff 

(1980) and Randall (1980) have investigated the 

thermodynamics and significance of this cloud top 

evaporative cooling effect. 

The mechanisms that determine the dynamics of the STBL 

can be explored by considering the possible sources of TKE. 

Knowledge of turbulence structure and mixing processes then 

lead to valuable insights into the cloud microphysics and 

the possible role of entrainment in determining cloud 

structure. Numerous studies in the past have revealed 

information regarding the detailed structure of the marine 

STBL off the southern California coast. 

In 1976 during the Marine Stratocumulus Experiment 

(STRATEX) off the southern California coast, Brost et al. 

(1982) and Albrecht et al.  (1985) analyzed aircraft data 



consisting of well-mixed boundary layer cases. Brost et al. 

(1982) concluded that shear production played an important 

role in the TKE budget at that time. Penc and Albrecht 

(1987) later determined that two of the cases studied by 

Brost et al. (1982) were also influenced by large surface 

buoyancy flux with large variability in the in-cloud 

buoyancy flux. As a contrast, Hignett (1991) studied 

tethered balloon observations on San Nicolas Island during 

FIRE. He encountered strong diurnal variations in turbulent 

mixing and estimated that cloud-top radiative cooling was 

the major source of TKE. Hignett (1991) also concluded that 

boundary layer turbulence structure was determined mostly by 

in-cloud buoyancy flux and differential warming of the 

boundary layer. 

All of these studies suggest that a variety of boundary 

layers, each with a unique turbulence structure, can exist 

at different times in the same region. It is therefore 

important to possess a detailed knowledge of the turbulent 

transport and mixing processes that reflect the true 

boundary layer, dynamics. Wang (1993) provides such 

information, whereby the key physical processes are 

analyzed. The motivation for this thesis is to understand 

the cloud top entrainment process and to develop a reliable 

calculation for entrainment velocity, which will describe 

the interaction of these physical processes and their net 

effect on entrainment. 



B.   ENTRAINMENT AND THE ENTRAINMENT ZONE 

1.   Entrainment 

Entrainment is the process whereby fluid is exchanged 

across a density interface bounding a region of turbulent 

flow. This exchange process physically occurs when 

turbulent motions engulf a relatively quiescent fluid across 

the mean density interface such that the quiescent fluid is 

mixed into the turbulent region. Smaller scale motion is 

rapidly damped by the interfacial density gradient and the 

volume of the turbulent region increases (Nicholls and 

Turton, 1986) . Turner (1973) developed this description of 

the entrainment process in laboratory experiments. A 

transformation to its application in an observed 

stratocumulus-topped boundary layer can be made by relating 

the density interface to the base of the inversion and the 

interfacial density gradient to the strength of the 

inversion. In this respect, entrainment entails the 

transport of above boundary layer air properties into the 

boundary layer via turbulent motion. The ensuing boundary 

layer mixing between the above boundary layer air properties 

and the cloud layer properties can then change the cloud 

microphysics. The degree of this change in cloud 

microstructure depends not only on the boundary layer 

turbulence structure (i.e. dynamics) and the properties of 

the air above the boundary layer, but also on the degree of 

mixing determined by the entrainment process. 



2.   The Entrainment Zone 

Numerous past studies have yielded significant results 

regarding the understanding of entrainment in a clear 

convective boundary layer. Deardorff et al. (1979) provided 

an early description of entrainment zone in a convectively 

mixed layer by performing experiments in a laboratory 

convection chamber. From this, he defined the entrainment 

zone as the outermost portion of the mixed layer where non- 

turbulent fluid is being entrained, but is not yet 

incorporated into the well-mixed layer. The top of the 

entrainment zone was therefore determined to be the maximum 

height any mixed parcel could reach. His depiction of the 

entrainment zone is shown in Figure 1, where the depth 

marked Ah is an ensemble-mean of many soundings. Tank 

study results indicated that the depth of the entrainment 

zone was typically 25% of the mixed layer depth,  but 

Figure 1 Depiction of the Entrainment 
Zone in a Convection Tank, from Deardorff 
et al. (1979) . Light areas show the well 
mixed fluid. The region indicated by Ah 
is defined as the entrainment zone. 

10 



Deardorff (1979) suggested that the actual thickness of the 

entrainment zone was difficult to determine. He concluded 

that knowledge of the thickness of the entrainment zone was 

essential for developing and testing mixed layer growth 

theories. 

Similar to research conducted for the clear convective 

boundary layer, other studies have analyzed the structure of 

the entrainment zone for boundary layers topped by 

stratocumulus clouds. Measurements analyzed by Nicholls and 

Turton (1986), for example, indicated a thin layer of only a 

few meters deep, in which significant mixing of cloudy and 

inversion air occurred. This region was described as the 

entrainment interface layer (EIL) following Caughey et al. 

(1982), which differs from the definition developed by 

Deardorff for the clear case. In their definition, Caughey 

et al. (1982) defined the upper extent of the entrainment 

zone as the depth at which turbulent vertical velocity 

fluctuations extend above a sharply defined inversion base. 

In contrast to the clear case, the EIL was found to have a 

characteristic entrainment scale of about 10m (Caughey et 

al., 1982). Nicholls and Turton (1986) found similar 

results for the EIL and suggested that entrainment in this 

zone occurs as an interfacial process in a smaller layer 

compared to the description given by Deardorff. (1980). In 

their study of the EIL, Nicholls and Turton noticed that 

total water and virtual potential temperature were 

negatively correlated and suggested that the interfacial 

density jump across the layer was modified by physical 

processes occurring within the entrainment region. In situ 

processes, such as radiative and evaporative cooling were 

therefore determined to be an additional source of density 

fluctuations,  in  addition  to  the  processes  known  to 

11 



affect entrainment in cloud-free situations. These 

additional factors were found to result in an entrainment 

rate 4 to 13 times the value determined for similar cloud- 

free conditions. 

The differences found in the definitions and observed 

structure of the entrainment zone between cloud-free and 

stratocumulus topped boundary layers suggest a need for an 

increased understanding of entrainment under cloudy 

conditions.  The changes that occur to the inversion and 
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Figure 2 Comparison Between a Cloud-topped and Clear 
Boundary Layer from Flight 5 of FIRE. Total water and 
virtual potential temperature profiles for the clear case 
are shown in (a) and for the stratocumulus-topped case in 
(b). 
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entrainment zone structure when clouds are present do not 

appear subtle. An example of the added complexity due to 

the presence of stratocumulus is shown in Figure 2. This 

comparison between two soundings taken from the same area on 

the same day demonstrates the significant changes that can 

occur when clouds are present. The strengthening of the 

inversion in the stratocumulus topped boundary layer profile 

suggests the added effect of radiative cooling at the cloud 

top. With these types of observed differences, more detail 

regarding the entrainment process in a stratocumulus-topped 

boundary layer is needed if the effect of such clouds on 

boundary layer evolution is to be fully understood. 

C.   ENTRAINMENT RATE 

The role of entrainment and the determination of the 

entrainment rate are undoubtedly complex issues. They are, 

however, essential elements in predicting cloud and boundary 

layer evolution. Since entrainment transports air from 

above the boundary layer into the cloud layer, the 

entrainment rate therefore quantifies the rate of exchange, 

or flux, across the inversion. Characteristics of the 

entrainment rate, along with the properties of the above 

inversion air, are fundamental towards interpreting the 

interaction of the key physical boundary layer processes. A 

reliable method for calculating entrainment velocity is 

therefore essential if the effects of entrainment on 

boundary layer structure are to be analyzed. 

13 



The entrainment rate is defined by Deardorff (1976) as, 

We=- , {-L> 

where § is any conserved variable and A<j) is an ensemble-mean 

of the jump conditions across the entrainment zone. This 

definition is used in this thesis to calculate the 

entrainment velocity using total water and ozone. The 

objective of performing the calculation is to understand the 

result and to gain insight into the improvement of 

parameterizations of entrainment rate for stratocumulus 

topped boundary layers. 

14 



Ill.  DATA 

A.   OVERVIEW OF EXPERIMENT 

On 29 June - 19 July 1987 the First International 

Satellite Cloud and Climate Project (ISCCP) Regional 

Experiment (FIRE) completed the Marine Stratocumulus 

Intensive Field Observations (IFO) phase off the coast of 

southern California. Using 12 coordinated multi-missions 

with five separate research aircraft and a collection of 

surface-based measurements and satellite imagery, one 

objective of FIRE was to bridge together the interaction 

between physical processes of varying scales in terms of the 

structure and evolution of stratocumulus clouds. The aim of 

this objective was to increase the understanding of 

stratocumulus development, maintenance, and dissipation and 

to use this knowledge to improve parameterizations used in 

large-scale models and to assess methods for remote sensing 

of cloud properties. A detailed description of project 

objectives is given in Albrecht et al. (1988) and Cox et al. 

(1987). In addition, Kloesel et al. (1988) gives a summary 

of experiment operations and general meteorological 

conditions during the period. In this study, observations 

provided by the NCAR Electra aircraft are exclusively used 

to analyze the turbulence and inversion structure of the 

cloudy boundary layer. The general locations of each of the 

nine Electra flights are shown in Figure 3. Figure 4 

depicts the typical stratocumulus cloud cover experienced 

during the experiment. 

15 



Electra Flight Missions During FIRE 
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Figure 3 Flight Missions Flown by Electra During FIRE. 
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during the respective Electra flights. The solid lines 
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AIRCRAFT AND INSTRUMENTATION 

Aircraft 

The National Center for Atmospheric Research (NCAR) 

Electra aircraft was used to characterize the turbulence, 

radiation, and cloud microphysics characteristics of the 

boundary layer. Each Electra mission consisted of 

horizontal flight legs at constant headings and slant path 

or spiral soundings at multiple time periods and locations. 

n 
f. 

i-*-^-iilk->*;...-,.i 

Figure 4 Stratocumulus Cloud Cover on June 25, 
1987. The extent of cloud cover reflects the 
typical  cloud  conditions  experienced  during 
FIRE. 
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The aircraft speed was held constant at 100 m/s. Horizontal 

flight legs consisted of 10-20 minute legs at levels below, 

in and above the cloud layer, to capture cloud structure and 

to measure the turbulent flux at various levels in the 

boundary layer. Temporal variations within each flight were 

considered negligible. Wang (1993) suggested that time 

variations in the boundary layer turbulent structure were 

small given the uncertainties in the turbulence statistics. 

Aircraft soundings provided vertical profiles of boundary 

layer variations, inversion layer characteristics, and a 

representation of the above boundary layer air properties. 

Aircraft soundings were treated as vertical profiles 

assuming near horizontal homogeneity. 

2.   Instrumentation 

Temperature variations were obtained using a Rosemount 

Type 102 sensor located on the boom of the aircraft. Betts 

and Boers (1990) estimated that this thermal sensor was 

least affected by wetting in the cloud layer. Virtual 

potential temperature was derived from temperature and 

specific humidity measurements using methods described by 

Bolton (1980) and Buck (1981). 

Moisture variations were captured as absolute humidity 

at a high sampling rate using a Lyman-Alpha hygrometer 

calibrated by a dew-point hygrometer. Paluch and Lenschow 

(1991) estimated that these moisture measurements might be 

over-estimated by a few tenths of a gram per kilogram. 

However, this error in the absolute measurement is not a 

significant factor in moisture flux calculation and the 

determination of the cloud-top moisture jump conditions. 

18 



The calibrated Lyman-Alpha measurements are therefore used 

in this thesis to calculate moisture flux and to illustrate 

the boundary layer moisture structure. 

Fast response ozone measurements were obtained using a 

Model Mark II sensor.• The high-rate ozone mixing ratio was 

determined using the nitric oxide-chemiluminescence method 

discussed in Albrecht et al. (1988). The fast ozone 

measurements are used in this study to determine the ozone 

cloud-top jump conditions across the entrainment zone and 

the ozone flux in the upper boundary layer. 

Liquid water variations were measured by a King Liquid 

Water Probe at a high sample rate. Betts and Boers (1990) 

showed that the King Probe provided fewer variable offset 

errors compared to other available liquid water sensors. 

They estimated that the typical liquid water measurement 

errors could be ± 50% with a tendency for liquid water to be 

underestimated. In addition to the King Probe, the Particle 

Measuring Systems (PMS) Inc. Model Forward Scattering 

Spectrometer Probe (FSSP) - 100 measured droplet size 

spectra for droplet sizes of 3-45 microns. In this study, 

the King Probe measurements are used for cloud liquid water 

content and the FSSP for droplet concentration and size 

distribution. 

C.   DETERMINATION OF ENTRAINMENT FLUXES 

Entrainment fluxes of moisture, equivalent potential 

temperature, and ozone were determined using the eddy 

correlation method. In this process, cospectra of vertical 

velocity  and  either  moisture,   equivalent  potential 
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temperature, or ozone were obtained using the Fast Fourier 

Transform (FFT) method. The cospectra were then integrated 

from the smallest resolvable scale to a large wavelength 

cutoff to eliminate the large-scale and mesoscale influence 

not sufficiently sampled by the aircraft measurements. 

Paluch and Lenschow (1991) noted that turbulence statistics 

obtained by filtering out variations greater than 5km in the 

FIRE data produced results similar to when a 2km high pass 

filter was applied. This suggests that the spectral gap in 

the kinetic energy spectrum (Stull, 1988) could be on the 

order of 5km. In this particular study, a wavelength cutoff 

of 6km was chosen to separate the microscale turbulence from 

the mesoscale and synoptic scale variations. 

Wang (1993) pointed out that there are two. primary 

sources of error in computing the turbulence statistics: 

error due to instrument response and error associated with 

the length and time of the statistical sample record. 

Errors associated with instrument response are purely a 

function of instrument technology and can only improve with 

technological advancements. Error due to the length and 

time of the sample, however, can be minimized by increasing 

the record length and by decreasing the temporal variability 

aspect of the measured quantity. In this analysis, typical 

horizontal legs measured 10 minutes or 60km in length. Some 

in-cloud flux legs required the removal of clear patches to 

compute the in-cloud turbulent statistics. In these cases, 

horizontal legs decreased below a 30km or a 5 minute record 

length were not included in the boundary layer flux profiles 

in order to maintain statistical significance in the flux 

values. The typical time span between the horizontal flight 

legs and soundings used in the analysis for each flight was 
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4-5 hours. Changes in the boundary layer structure within 

this time period were considered negligible. 

Vertical profiles of moisture, equivalent potential 

temperature, and ozone flux were constructed using a linear 

approximation in the upper boundary layer. A linear fit 

assumes that temporal changes in the vertical gradient of 

the mean quantities of moisture and ozone are negligible 

(Garratt, 1992). For a well-mixed layer, the vertical flux 

profile of a conserved variable is expected to be linear 

with height through the depth of the layer. This is 

generally the case, as shown in Figure 5. In this analysis, 

entrainment fluxes were determined using the best fit linear 

profile from measurements in the cloud mixed layer. In a 

well-mixed boundary layer, the cloud mixed layer is the 

entire boundary layer, while in a decoupled boundary layer 

the cloud mixed layer is the upper layer associated with the 

cloud layer (Wang 1993). Cloud top heights were obtained 

using LIDAR measurements or sounding profiles when LIDAR 

measurements were not available. Figure 5 and Figure 6 show 

examples of the flux profiles and the linear best fit for 

two of the Electra flights. In addition, Table 1 gives the 

estimated flux values for moisture and ozone at the cloud 

top for all nine flights. 
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Table 1 Estimated entrainment fluxes for ozone and total 
water. Units are ms-1ppbv for ozone flux and W/m2 for total 
water flux. 

Flight W'03' pLw'qr' 

2 -.01 28.7 

3 -.10 58.9 

4 -.03 34.1 

5 .04 45.8 

6 .01 8.0 

7 -.02 13.6 

8 .01 32.0 

9 -.20 13.0 

10 -.03 42.2 
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IV.  JUMP CONDITION VARIABILITY AND LAYERED STRUCTURE ABOVE 
THE BOUNDARY LAYER 

A.   DETERMINATION OF JUMP CONDITIONS 

Jump conditions were estimated using aircraft 

soundings. Vertical profiles of total water, virtual 

potential temperature, and ozone were first analyzed to 

identify the top of the cloud mixed layer. Mean FSSP 

droplet concentrations were added to identify the vertical 

extent of the stratocumulus cloud layer. In addition, a 

multi-level 1-D wavelet decomposition of vertical velocity 

and potential temperature were utilized to evaluate the 

vertical extent of turbulence and mixing. This application 

of the wavelet analysis has been discussed in Wang et al. 

(1998). In general, the top of the mixed layer correlated 

well with the cloud top, as indicated by the droplet 

concentration, and with the region of uniform turbulence and 

mixing, as indicated from the wavelet analysis profiles. 

The top of the well-mixed region also corresponded very well 

with the inversion base, above which gradients in some 

observed quantities were found. As a result, the height of 

the inversion layer base and corresponding total water and 

ozone values were determined using the height at the cloud 

top which still reflected well-mixed conditions. Total 

water was computed as the sum of water vapor and liquid 

water (qT=qv+qi) • 

The inversion top was determined using the height at 

which the initial gradients of virtual potential 

temperature, total water, and ozone quickly decreased with 

height.    The depth of the  strong gradient  layer was 
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typically the same for virtual potential temperature and 

total water, whereby the end of the initial virtual 

potential temperature increase correlated well with the end 

of the initial total water decrease. The layer selected to 

represent the inversion layer was therefore chosen as this 

strong gradient layer in direct contact with the mixed 

layer. It was noted that some soundings revealed a lag in 

instrument response for ozone, which resulted in an often 

deeper mixed layer as described by the high-rate sampled 

ozone. This might have been caused by the TECO ozone sensor 

that was used to calibrate the absolute chemiluminescent 

fast ozone measurements. Consequently, the inversion base 

and the inversion top heights were not always the same for 

ozone as for the other conserved variables. The same 

initial gradient layer as that found in the virtual 

potential temperature and ozone profiles was, however, still 

observed above the ozone indicated mixed layer. 

The layer immediately above the cloud top is of 

particular interest in this study since entrainment of the 

layer properties exerts direct influence on the dynamics and 

thermodynamics of the boundary layer (Wang, 1993). The 

upper bounds for the jump conditions were thus obtained 

using the values of total water, virtual potential 

temperature, and ozone at the top of the inversion layer 

residing immediately above the mixed layer. Changes in 

virtual potential temperature, total water, and ozone across 

the inversion layer (termed inversion jumps) were then 

calculated using the difference between the conserved values 

at the upper and lower bounds to the inversion layer. The 

vertical profiles from soundings from Flight 4 (Figure 7) 

demonstrate the typical properties of the inversion layer. 
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Corresponding jumps for each sounding in Flight 4 are given 

in columns 2-4 of Table 2. 

Table 2 Properties of the Inversion Layers from Flight 4 
Soundings. Columns 2-4 are the inversion jumps for total 
water (g,kg), ozone (ppbv), and virtual potential 
temperature (K), respectively. A positive jump indicates an 
increasing value with height. Column 5 is the depth of the 
inversion layer in meters. Column 6 is the virtual 
potential temperature gradient in the inversion layer (K/m) . 
Column 7 is the cloud top height in meters. 

Sounding AqT A03 A0V Az vev 
Cloud-Top 
Height 

SI -0.5 -2.8 l.l 3.0 0.36 780.0 

S2 -0.9 -3.9 2.1 1.8 1.18 805.0 

S3 -0.8 -2.4 2.2 2.2 0.98 872.0 

S4 -1.2 2.1 2.1 3.6 0.59 842.0 

S5 -1.5 4.5 2.3 4.5 0.50 834.0 

S6 -1.2 6.0 2.5 2.0 1.24 968.0 

S7 -1.4 -2.7 2.6 3.2 0.81 819.0 

S8 -1.5 -5.7 2.9 4.7 0.62 788.0 

S9 -0.7 -2.7 1.4 2.2 0.64 814.0 

S10 -0.5 1.0 0.3 1.6 0.19 734.0 

Sll -1.1 4.4 2.0 2.2 0.88 913.0 
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An interesting outcome from the sounding profiles is 

the small depths of the inversion layers (column 5 of Table 

2). The average depth of the layer was 2.8 meters for 

Flight 4. Similar mean depths were found for other flights. 

The increase in virtual potential temperature in this small 

layer is rather significant and results in an extremely 

strong temperature gradient. The gradient is substantially 

larger compared to a clear convective boundary layer (e.g., 

Deardorff, 1979) 

The effect of such a strong inversion layer on an 

entraining updraft is analyzed using a parcel theory. 

Neglecting horizontal inhomogeneity, virtual effects, and 

mixing between the parcel and the environment, the vertical 

equation of motion following a parcel can be written as, 

dw        s 
 =-—(0-00. (2) 
dz        © 

where 0 and ©±   are the potential temperatures of the 

penetrating parcel and the inversion layer, respectively. 

Assuming the parcel has the mean properties of its origin, 

(2) can be rewritten as, 

dw        g  — 
w =-=(0-0,), (3) 

dz        0 

where  0 is the mean potential temperature of the cloud 

mixed layer.   Integration of  (3)  from the base of the 

inversion, where z=zi and w=w0, to the level where vertical 

velocity becomes zero (z=zu and w=0), yields, 

2 0       Az & 
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The maximum distance the parcel can penetrate is therefore 

given by, 

i 

Az = 
'0 Az^ 2 

Wo. (5) 
UgA0, 

With a rather strong updraft (say, w0=l m/s), the 

weakest temperature gradient from Table 2 (S10 with a 

potential temperature gradient of .19 K/m), and a mean 

potential temperature of 290K, the maximum distance the 

updraft can penetrate is 1.7 meters. If the average updraft 

velocity is used ( wup=.3m/s from Flight 4), the maximum 

distance the updraft can penetrate is only 0.5 meters. 

These estimates indicate that the majority of updraft 

parcels might not be able to penetrate through a very small 

layer at the base of the inversion. Since the average 

updraft cannot penetrate past this layer, it physically 

represents the limiting region in which direct exchange with 

the boundary layer will occur. The entrainment zone, where 

mixing between the boundary layer air and the air above 

occurs, thus can only be within this strong inversion layer. 

The inversion layer is therefore also the entrainment zone. 

Consequently, the changes in thermodynamic and scalar 

quantities across the inversion layer accurately describe 

the jump conditions in the entrainment zone. 

An important aspect, however, of the definition of the 

entrainment zone is the impact of the definition on the jump 

conditions, which is also a difficult issue in the clear 

convective boundary layers. In other words, the value of 

the jump weighs heavily on the character or thickness of the 

entrainment zone, which varies between soundings. 

Inspection of the total water jump conditions from Table 2 

reveals that the magnitude of the total water jump varies by 
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a factor of three, from -0.5 to -1.5. This is significant 

given that the jump conditions themselves are taken from a 

very small layer of only a few meters deep. It is also a 

vital concern, since the jump conditions are used in the 

calculation of entrainment velocity. An understanding of 

the source of variation in the jump conditions is therefore 

essential if the scope of the variability and its effect on 

entrainment is to be understood. 

B.   LAYERED STRUCTURE ABOVE THE ENTRAINMENT ZONE 

A striking feature between the soundings analyzed for 

each flight is the layered structure above the entrainment 

zone. Sounding profiles, for example, typically show a 

layer 20-130 meters thick, which resides directly above the 

entrainment zone. This layer often contains strong 

perturbations in all variables, with intermittent turbulence 

within the layer. The mean of the variables, however, 

remains very well mixed. Signatures of cloud droplet 

concentrations are also observed in this layer at times, 

which suggests that this layer might have been part of a 

cloud layer at one time. 

In addition to the layer immediately above the 

entrainment zone, other very apparent layers also appear at 

higher levels. These layers tend to possess fewer 

perturbations and, in fact, appear fairly well mixed at 

times, but with no signs of turbulence. The values of 

temperature, total water, and other scalars in these layers 

are generally between the boundary layer values and the 

respective values  at  several hundred meters  above the 
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boundary layer, which suggests that they are possibly a 

mixture of boundary layer and free troposphere air 

properties. Consequently, the presence of these layers is 

possibly tied to boundary layer processes. 

An example of an observed layered structure is depicted 

in Figure 8. This particular sounding shows a well-mixed 

boundary layer up to 1020 meters. Above the entrainment 

zone, a layer is identifiable up to 1040 meters, at which a 

weak inversion and a relatively sharp decrease in water 

vapor can be identified. The layer also shows strong 

vertical perturbations of total water, virtual potential 

temperature, and ozone. The wavelet analysis for vertical 

velocity and potential temperature show significant 

perturbations in the small scales within the layer, 

suggesting the presence of turbulence. In addition, the 

FSSP cloud droplet concentrations also indicate that some 

residual cloud droplets exist in the lower part of the 

layer. Above this first layer, a second layer also exists 

from 1040 to 1060 meters, a third from 1060 to 1100 meters, 

and a fourth layer resides from 1100 to 1130 meters. The 

profile of ozone yields a clear picture regarding the 

vertical variations in these upper layers. Clearly, the 

scalars distribute rather uniformly within each layer as if 

they were part of a mixed layer. A presence of turbulence, 

however, is not depicted in the wavelet analysis of vertical 

velocity for the upper layers. 

The resounding presence of these observed layers above 

the entrainment zone is a viable concern in the study of 

entrainment. Since the structure of each layer, or most 

importantly the lowest layer, determines the magnitude of 

the gradient and depth of the entrainment zone, the.presence 

of these layers therefore determines the jump conditions 
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used in the calculation of entrainment velocity. The 

physical existence of the layers thus adds a level of 

complexity to determination of the entrainment rate. As a 

result, it is imperative to understand the formation of the 

layered structure above the entrainment zone. 

C.   HYPOTHESIS ON FORMATION OF LAYERED STRUCTURE 

An initial understanding of the formation of layers above 

the entrainment zone comes about by comparing the variation 

in the cloud top height with the vertical range of the 

layered structure. Table 2 (Column 7) shows that the 

boundary layer height varies between 730 m and 970 m. The 

range of this variation correlates remarkably well with some 

of the layers that exist above the entrainment zone for 

Flight 4, suggesting that these layers were probably part of 

the boundary layer in its history. Similar observations are 

also obtained from other flights. From this observation and 

the properties. of the layers discussed earlier, some 

possibilities that may lead to the formation of these layers 

are now discussed. 

1.   Entrainment Drying 

One approach towards understanding the development of 

the structured layer above the entrainment zone is to 

consider the presence of layers as a history of the local 

cloud top evolution. Now consider the changes to the 

structure of the upper boundary layer that could occur if 

the local cloud top height begins to decrease as a result of 
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entrainment drying in the upper portion of the cloud layer. 

This scenario could happen if the time scale of boundary 

layer mixing is large compared to that of the entrainment 

mixing. This would satisfy the condition that there be 

sufficient dry inversion air to mix with the upper cloud 

layer to cause the cloud to dissipate. Therefore, as 

sufficient dry air is drawn into the cloud layer, the cloud 

droplets are evaporated, resulting in a total or partial 

decrease in droplet concentration within a finite volume of 

the upper cloud layer. Consequently, the source of TKE also 

decreases as the cloud dissipates. Mixing of the layer, 

however, continues before the turbulence completely 

dissipates. Any residual turbulence may then cause 

entrainment mixing with the previous entrainment zone. The 

gradients of all scalars in the previous inversion decrease 

due to entrainment mixing by the residual turbulence as a 

result. In addition, as the cloud dissipates, the gradient 

of potential temperature also decreases at the previous 

inversion level since there is no more radiative cooling to 

maintain the inversion. 

Meanwhile, radiative cooling at the newly formed cloud 

top generates turbulence mixing in the remaining boundary 

layer while a new inversion forms at the new cloud top due 

to radiative cooling and the subsequent turbulent mixing in 

the boundary layer. As the boundary layer moistens from 

mixing with the near-surface air, a gradient in total water 

also forms at the new inversion. The drying process 

described above is illustrated in the conceptual sketch in 

Figure 9(a). The lowest layer formed from this process will 

be further referred to as the first residual layer. 

The description given for the entrainment drying effect 

is substantiated by many of the FIRE profiles, whereby the 

35 



Figure 9 Idealized Schematic of the Entrainment Drying 
Effect. Stages of cloud top evolution for two 
hypothetical times tl and t2 are depicted in (a) for the 
decreasing cloud top and in (b) for the growing cloud top. 
Vertical profiles refer to those of virtual potential 
temperature and total water. Zc indicates the cloud 
depth. The circulation between the profiles suggests a 
boundary layer circulation. 

history of past cloud layers is very apparent. One such 

example is shown in Figure 10. Here, the layers above 875 

meters are non-turbulent. The layers are, however, 

vertically homogeneous. This suggests that these layers 

were at one time fully turbulent and well mixed. The time 

period for the residual turbulence to persist can be 

estimated using the dissipation rate of turbulence kinetic 
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energy (TKE) described by, 

de 
—=-s, (6) 
dt 

where e is TKE and s is the dissipation rate.  The expected 

time for complete dissipation of the turbulence can then be 

determined using, 

e 
t=~. (7) 

£ 

Assuming e«0.30m2/s2 and s«0.0001m/s3, the turbulence is 

expected to dissipate fully in 3000 seconds, or in less than 

an hour. This implies that the residual layers, which are 

not turbulent, have existed for more than an hour. This is 

certainly true for the layers above 875 meters in Figure 10. 

For the layer between 830 and 875 meters, however, some 

residual turbulence is apparent. Examination of the wavelet 

analysis of potential temperature shows that mixing is still 

occurring in this layer. The downward evolution of the 

cloud top is therefore explained by the presence of non- 

turbulent layers over layers containing turbulence and 

residual mixing. 

Another indication of the history of the local cloud 

top is also found in Figure 10 between the entrainment zone 

and 830 meters. Here, a strong turbulent layer exists with 

an indication of a past jump condition at 830 meters and the 

formation of a new jump below the entrainment zone. 

Significant vertical variations in the conserved variables 

are also evident in this layer, which reflects the recent 

formation of the layer. This strengthens the hypothesis 

that the downward formation of layers is occurring as 

entrainment drying reduces the cloud droplet concentrations 

in discrete jumps. 
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An example of a composite time sequence depiction of 

the entrainment drying effect is shown in Figure 11 and 

Figure 12. These two soundings, S7 and S8 from Flight 4 

respectively, depict the downward progression of the 

formation of the residual layers as the upper stratocumulus 

cloud dissipates. Figure 11 shows at least two very 

distinct layers above the mixed layer. The first residual 

layer, from 820 to 840 meters, contains strong vertical 

variations in the scalar variables. The wavelet depiction 

of turbulence reflects mixing in the layer, but the 

turbulence is weak compared to the boundary layer below as 

seen in the profile of vertical velocity perturbations. 

Some cloud droplets also remain in the layer. The inversion 

and the jumps in total water and ozone are still rather 

significant and the location of the inversion still 

corresponds to the top of the remaining cloud droplets. 

From 840 to 875 meters, a second layer exists, which is 

topped by another weak inversion at about 875 m and 

corresponding rapid changes in water vapor and ozone. This 

weak inversion layer is likely the height of the cloud top 

before the one at 840 m formed. No cloud droplets exist in 

this second residual layer and the turbulence is extremely 

weak. Meanwhile, at 820m, a new inversion is under 

development at the newly formed cloud top. The change in 

water vapor appears to be more significant than in 

temperature and ozone. 

The next stage of the layered development is shown by 

another sounding (S8) made about 20 minutes later. Since 

the sounding was not made in exactly the same location as 

S7, the height of cloud top and the first residual layer is 

not exactly the same.  Again, the first residual layer is 
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weakly turbulent, but appears weak compared to that in S7. 

In the lower layer, now from 790 to 835 meters, the cloud 

droplets have evaporated from S7, and turbulence has 

decreased. The jump condition of the conserved variables 

has consequently increased in the newly shaped entrainment 

zone, as radiative cooling at the cloud-top is enhanced by 

the lack of lingering cloud droplets above the main 

stratocumulus cloud deck. 

It should be mentioned that the layered structure above 

the cloud top only depicts the lowering of the cloud-top 

height through entrainment drying. Growth of the local 

cloud top height, as illustrated in the lower panel of 

Figure 9, cannot be identified from soundings at an earlier 

time. Such growth would occur in cases of strong boundary 

layer turbulence mixing, where the entrained dry air is 

quickly mixed with a large volume of cloud and boundary 

layer air. Because of the strong horizontal variability of 

turbulence mixing in the boundary layer, it is likely that 

both growth and lowering can occur locally but at different 

locations. Therefore, the lowering of the cloud top height 

observed from the soundings is not necessarily indicative of 

a decrease of an ensemble cloud top heights for a general 

area. Nevertheless, if the boundary layer turbulence mixing 

is decreased, as a result of decoupling during daytime for 

example, it is possible that the ensemble boundary layer 

height lowers as a result of entrainment drying. 
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2.   Other Possibilities 

A detail that is not explained well by the entrainment 

drying hypothesis is found when the residual layers above 

the entrainment zone do not posses a mixture consistent with 

the boundary layer and above boundary layer ozone structure. 

Ozone is specifically mentioned because this inconsistency 

seems to only occur in the ozone profiles. An example of. 

this situation is found in Figure 12, where the above ozone 

structure consists of a high ozone concentration of 40 ppbv 

whereas the boundary layer ozone is well mixed at 

approximately 32 ppbv. In the residual layers above the 

entrainment zone, however, layered ozone concentrations of 

20-25 ppbv are found. This variation therefore appears to 

be inconsistent with the idea that the residual layers are a 

mixture of the above boundary layer and cloud mixed-layer 

ozone. 

One possible cause of the observed inconsistency in 

the ozone residual layer structure is horizontal advection 

through a depth corresponding to the range of depths of 

observed layers. Lenschow et al. (1980) suggested that 

ozone is commonly inhomogeneous above the boundary layer. 

It therefore seems reasonable that the advection of higher 

or lower values of ozone could be occurring and complicating 

the residual layer structure. 

Layers of prominent ozone and/or water vapor anomalies 

from above the subsidence inversion were studied for some of 

the FIRE measurements by Kloesel (1993). Kloesel (1993) 

suggests that these layers were the result of an intrusion 

of air from the middle and upper troposphere. The layers 

studied by Kloesel (1993) are different from the layers 

identified here.  The layers from this study are closer to 
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the boundary layer top and the differences between layers 

are less prominent than those studied by Kloesel. 

Evidently, these layers are associated with the boundary 

layer processes rather than synoptic perturbations. 

However, the possibility that the layers studied by Kloesel 

(1993) may extend down to the immediate top of the 

entrainment zone cannot be excluded. The influence of these 

layers may be the reason that entrainment drying cannot 

account for some of the observed layer structure from the 

soundings. 
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ENTRAINMENT VELOCITY 

ENTRAINMENT VELOCITY VARIABILITY 

The variability of entrainment zone jump conditions 

between different soundings from one flight is seen in 

Chapter IV Table 2. Clearly, each sounding results in very 

different entrainment rates using Equation (1), as depicted 

now in Table 3. The entrainment rate varies by a factor of 

three between soundings. Since the entrainment flux used in 

the calculation was kept the same, the variability shown in 

Table 3 reflects that in the jump conditions. 

The large variability in the entrainment rate estimated 

for one flight for individual soundings indicates that a 

single sounding cannot be used to obtain the properties of 

the entrainment zone and entrainment jump conditions. As 

discussed in Chapter II, the jump condition required for the 

entrainment rate calculation is defined by the change of the 

quantity across the entrainment zone (Figure 3), which has a 

depth of about 25% of the depth of the clear convective 

boundary layer. The outermost extent of the entrainment 

zone is determined by the level penetrated by the strongest 

updrafts at any given time. Since updraft parcels with 

different vertical velocities may penetrate differently into 

the free troposphere, a particular sounding may chance to 

pass through the vicinity of an active updraft, whereby a 

deeper upper limit of the entrainment zone would result. 

As pointed out in Deardorff (1980), however, only an average 

of several (or many) soundings can give reliable 

estimates of the thickness of the entrainment zone and the 

properties at its lower and upper edges.  Consequently, the 
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top of the entrainment zone should be determined as an 

ensemble average of the outermost penetration shown in each 

sounding. Similarly, the base of the entrainment zone is 

the average boundary layer top over all soundings. The jump 

condition of a particular scalar quantity is therefore the 

mean jump condition from all soundings. 

Based on this discussion, a mean jump condition was 

obtained for each flight by averaging the jump conditions 

obtained from all the available soundings. The resultant 

mean jumps in total water and ozone and the corresponding 

entrainment rate is given in Table 4 for all nine flights 

during FIRE. These entrainment rates from total water are 

generally in the range between 0.8-4.7 cm/s. Negative 

entrainment rates were obtained from Flights 4, 5, 6, and 8, 

which are obviously unrealistic. The ozone fluxes from 

these flights are not consistent with the sign of the mean 

jump condition. Table 3 also shows large variations in the 

ozone jump across the entrainment zone, which seems to 

indicate strong ozone variation on a scale larger than the 

60 km covered by one flux measurement leg. These results 

certainly raise concerns with using ozone for entrainment 

rate estimates even though it is a conserved variable. More 

study should be done to examine the representation of ozone 

flux from a limited area such as that covered by a regular 

measurement leg of usually less than 100 km. 
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Table 3 Entrainment Velocity Using Total Water Jump 
Conditions. Values are given in cm/s for each sounding 
using equation (1) in Chapter II. 

Sounding We           1 

SI 2.7 

S2 1.5 

S3 1.7 

S4 1.1 

S5 0.9 

S6 1.1 

S7 1.0 

S8 0.9 

S9 1.9 

S10 2.7 

Sll 1.2 
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Table 4 Entrainitient Velocities for each FIRE Flight Using 
Mean Jump Conditions. Entrainment velocities for total 
water and ozone are given in columns 3 and 5 in cm/s. 
Average jump conditions for each flight are given in columns 
2 and 4. A positive jump condition indicates an increase in 
height. 

Flight 
Mean 
AqT 

We (qT) 
Mean 
A03 

We (03) 

2 -.57 2.0 3.22 0.3 

3 -.73 3.2 2.72 3.7 

4 -1.02 1.3 -0.18 -16.7 

5 -1.38 1.3 6.48 -0.6 

6 -.36 0.9 1.40 -0.7 

7 -.71 0.8 3.80 0.5 

8 -.85 1.5 2.43 -0.4 

9 -.11 4.7 17.19 1.2 

10 -.56 3.0 4.73 0.6 
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B.   AN ALTERNATIVE METHOD FOR CALCULATING ENTRAINMENT 

VELOCITY 

A major problem associated with the entrainment rate 

calculation discussed in the previous section is the 

statistical representativeness of the soundings used to 

obtain the ensemble average jump conditions. Theoretically, 

the soundings should be at least one boundary layer height 

apart to ensure independence between each sounding. This 

requirement is generally met with aircraft soundings. 

However, the number of soundings available for averaging is 

usually insufficient, resulting in large uncertainties even 

when calculating the entrainment rate using average jump 

conditions. In this section, an attempt is made to develop 

a modified averaging method for the jump conditions in hope 

for better ensemble representativeness. The results from 

the new method will be compared with those from the previous 

method. 

The basic idea of the modified method is to consider 

time averaging as well as spatial averaging of the jump 

conditions to obtain a representative ensemble jump 

condition. A time averaging is desirable for the 

stratocumulus-topped boundary layer for two reasons. First, 

and as discussed in Chapter IV, the local mixing with the 

above boundary layer air is likely to occur in a small layer 

of several meters in depth above the boundary layer in 

cloudy conditions due to the extremely strong inversion. 

The region of entrainment is thus confined to a small layer 

following the interface between the cloud and the air above. 

Unlike the clear convective boundary layer, the interface 

between the cloud and the air above is also clearly defined 
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by the presence of the cloud layer, as seen in the sounding 

profiles shown in chapter II. The second reason for time 

averaging is that the depth of the stratocumulus-topped 

boundary layer varies slowly with time compared to a clear 

convective boundary layer, where entrainment may result in 

rapid growth of the boundary layer. The relative steady 

state of the boundary layer height in the cloudy case allows 

penetrations of updrafts of different vertical velocities at 

a particular local interface. Therefore, the depth of the 

entrainment zone from one sounding represents the effect of 

the strongest updrafts in the history of this interface. A 

particular updraft with intermediate vertical velocity thus 

entrains the integrated mixture of all previous updrafts of 

stronger vertical velocity. 

Based on the above considerations, a time averaged jump 

condition can be derived using a single sounding in cloudy 

conditions by considering penetrations of updrafts with a 

spectrum of updraft velocities. Given a temperature 

gradient of the inversion layer from the sounding, a simple 

parcel model can be used by first considering the 

penetration of an updraft as it moves into the inversion 

layer. As the parcel moves into the layer, it loses kinetic 

energy and gains potential energy as it overcomes the 

negative buoyancy force. Consequently, the distance it can 

travel within the entrainment zone is dependent on the 

updraft's TKE before it enters the inversion layer and on 

the strength of the stability in the layer, which is 

described in Equation 5.  Equation 5 can be rewritten as, 

Az = 
' 0^ 
v2gr. 

2 

Wo, ( 8 ) 
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where y is the gradient of potential temperature, w0 is the 

velocity of the updraft, 6 is the mean boundary layer 

potential temperature, and g is gravity. If a linear 

gradient of a conserved scalar <|> is assumed through a finite 

depth Az, then the jump experienced by the scalar and an 

individual updraft, j, can be expressed as, 

A$' = J —dz = Tr Azj, 
» dz 

(9) 

where z±    is the height of the base of the inversion. 

Substituting (8) into (9), 

l 

Adj= Yd 
'<sP 
\igy. 

Wj, do; 

gives the jump condition experienced by an individual 

updraft with velocity Wj as it penetrates a layer with a 

gradient of r+j. If the contribution of all updrafts is 

considered, then an updraft ensemble jump condition can be 

written as, 

(11) 

which describes the mean jump condition experienced by an 

ensemble  of  updrafts.    Here, PA^(A^>)      refers  to  the 

probability density function of A<|>.   Substituting A<|) from 

(10) into (11), we obtain, 

A^= jpyTr 
' e" 

■w-dAfi, (12) 
\2gy) 

If the probability density function for vertical velocity is 

pw(w) , then, 

p*rdA0 = pw-dw. (13) 
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Substituting (13) into (12) yields, 

+» 

A^= )Trp«>-w-dw= Tr A-Wo, (14) 
-00 

where w0 the average updraft velocity in the mixed layer 

and A is defined from (10) as, 

( e V 
A = 

2 

(15) 

Equation (14) thus gives the time averaged jump condition at 

the location of the sounding. Since this approach uses the 

gradients of potential temperature and the scalar, this 

method is further referred to as the gradient method. 

Examples of the time averaged jump in total water and 

ozone are shown in Figures 13 and 14. In these plots, the 

jump conditions used in the original calculation of the 

entrainment velocity (referred to as the maximum jump 

conditions) are compared to the time-averaged jump 

conditions from the gradient method. Both figures clearly 

show that the magnitudes of the time-averaged jump 

conditions vary at a small fraction of the variation of the 

maximum jump condition from individual soundings. This is 

expected due to the averaging process that accounts for 

contributions from all updrafts. Such smaller variation 

among different soundings certainly reduces the random error 

associated with spatial averaging of all soundings to be 

performed before a new entrainment velocity is calculated. 

Results from both examples also show that the mean jump 

from the gradient method is smaller than the maximum jump 

used in the previous entrainment rate calculation, which 

reflects the suppression of updrafts by the strong 

inversion.  In the example of Flight 4 (Figure 14), it seems 
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that the averaged jump is still correlated with the maximum 

jump when the maximum jump has a small magnitude (a result 

of either a thin inversion or a small gradient) . In the 

case of a substantial maximum jump, the time-averaged jumps 

from different soundings are nearly independent of the 

maximum jumps. 

The calculation of entrainment velocity can now be 

performed using the jump conditions from the gradient method 

in Equation (1). The results for all nine FIRE flights are 

shown in Table 5. The entrainment fluxes used in the 

calculation were given in Table 2. Ensemble jump conditions 

used in the calculation consisted of an average of all time- 

averaged jumps for each flight. These values are suggested 

to represent the space and time average of updrafts 

penetrating into the entrainment zone. It is noted that the 

new method does not eliminate the unrealistic entrainment 

velocities from the ozone flux on Flights 5, 6, and 8, 

however. 
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Table 5 Entrainment Velocities for each FIRE Flight Using 
the Gradient Method. Entrainment velocities for total water 
and ozone are given in columns 3 and 5 in cm/s. The 
ensemble jump conditions across the entrainment zone and 
used in the calculation for entrainment velocity are given 
in columns 2 and 4. A positive jump condition indicates an 
increase in height. 

Flight 
Mean 
ÄqT 

We (qT) 
Mean 
ÄÖ3 We (03) 

2 -.26 4.A 1.30 0.8 

3 -.38 6.2 1.30 7.7 

4 -.52 2.6 0.03 1.0 

5 -.54 3.4 2.49 -1.6 

6 -.24 1.3 0.69 -1.4 

7 -.48 1.1 2.64 0.8 

8 -.33 3.9 0.54 -1.9 

9 -.03 17.3 2.70 7.4 

10 -.22 7.7 1.17 2.6 
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Gradient Method Comparison for Flight 2 
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Figure 13 Comparison Between Maximum Jump Conditions and 
the Time-Averaged Jump Conditions for Flight 2. Maximum 
jump conditions are plotted on the y-axis for (a) total 
water and (b) ozone. Time-averaged jump conditions 
determined using the gradient method are plotted on the 
respective x-axis. 
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Gradient Method Comparison for Flight 4 
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Figure 14  Same as in Figure 16, except for Flight 4 
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VI.  SUMMARY, CONCLUSIONS, AND DISCUSSIONS 

A.   SUMMARY AND CONCLUSIONS 

The overall objective of this thesis was to understand 

the properties of the entrainment zone and to explore a new 

method of determining entrainment rate for the 

stratocumulus-topped boundary layer. Aircraft soundings and 

horizontal measurements by the NCAR Electra during FIRE were 

used for this analysis. The analysis was based on 

measurements from all nine flights, although most of the 

examples shown are from Flight 4. Entrainment fluxes and 

entrainment rates are given for all the flights. 

The entrainment fluxes were obtained by linear 

extrapolation of the observed flux profiles in the cloud 

mixed layer to the cloud top height. The average cloud-top 

height, or equivalently, the boundary layer top, was 

obtained from the downward lidar measurements or from 

sounding profiles when lidar measurements were not 

available. 

An in-depth analysis of the inversion structure from 

the sounding profiles revealed the unique inversion 

structure at the stratocumulus top. The inversion layer is 

extremely shallow, usually less than 10 m, but with strong 

temperature inversion as well as large changes in other 

scalars and sometimes in the mean horizontal wind 

components. Using a simple parcel theory and measurements 

from Flight 4, it is estimated that the maximum penetration 

of a typical updraft parcel is less than 2 meters. As a 

result,  the entrainment zone was defined as the lowest 
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strong gradient layer of only a few meters deep, which 

existed directly above the mixed layer. The jump conditions 

used for the initial estimate for entrainment velocity 

therefore consisted of the change in conserved variables 

through this zone. 

An important aspect of the determination of the jump 

conditions for the entrainment zone was the variability 

found in the jump conditions themselves. For Flight 4, jump 

conditions between individual soundings varied by a factor 

of three. This was an important concern, since the jump 

conditions are used in the calculation of entrainment 

velocity. Variation in the jump conditions was shown to 

lead to variation in the entrainment rate, and therefore an 

unrealistic representation of boundary layer dynamics. The 

source of jump condition variability was thus analyzed in 

order to understand the variation and the scope of the 

variability on entrainment. 

Layered structure above the entrainment zone was found 

to be a common feature between soundings. These layers were 

typically 20-130 meters thick and resided immediately above 

the cloud mixed layer. The lowest layer was found to have 

weak or intermittent turbulence, whereas the uppermost 

layers were non-turbulent, but scalar variables conserved in 

adiabatic mixing processes were vertically homogeneous. 

This suggested that the upper layers were at one time 

turbulent and that the turbulence had dissipated. An 

estimate of the time needed to fully dissipate the 

turbulence without a source of TKE suggests a time scale of 

less than an hour. Therefore, for those soundings where 

turbulence was identified in the first residual layer, the 

layer may have been formed within an hour of the measured 

sounding. A calculation regarding the expected dissipation 
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rate of turbulence confirmed that still fully turbulent 

layers, or those possessing residual turbulence, were formed 

within an hour of the measured sounding. The formation of 

the layers was therefore determined to be the result of 

boundary layer processes and a reflection of the history of 

cloud top evolution. 

The formation of the layered structure about the local 

cloud top was considered the result of entrainment drying as 

illustrated in the upper panel of Figure 9. In this theory, 

entrainment was considered to evaporate cloud droplets 

within a finite depth of the cloud layer. As the cloud 

droplets evaporate, the cloud height decreases and a new 

layer is formed as any residual turbulence dissipates. A 

new jump is created at the newly formed cloud top as 

radiative cooling acts to increase the gradient of virtual 

potential temperature. This then results in the formation 

of a new entrainment zone and corresponding new jump 

conditions. 

To minimize the uncertainty due to variation of jump 

conditions in the entrainment zone, a gradient method for 

calculating entrainment velocity was presented. In this 

approach, a new jump condition based on the penetration of 

an ensemble of updrafts through a layer with a given virtual 

potential temperature gradient in a single sounding was 

developed. This is based on the assumption that the 

stratocumulus-topped boundary layer height varies slowly 

compared to the time scale of boundary layer large eddy 

circulation so that updrafts of various vertical velocities 

may attempt to penetrate through the same cloud top. The 

jump across the inversion layer thus only represents the 

effect of the strongest updraft, while the mean difference 

between air property entrained by the updrafts and the 
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boundary layer air should be weighted by the probability 

distribution of updraft vertical velocity. An average jump 

condition can thus be derived based on one sounding that 

represents the time-average of the jump conditions at a 

local cloud top. The ensemble jump condition used to 

calculate the entrainment rate is further obtained by 

averaging over all soundings at different locations. This 

method of estimating the jump condition is physically based 

and showed less variation (by a factor of two) from sounding 

to sounding. The small variation among soundings certainly 

reduces the requirement on the number of soundings that 

should be used to obtain a statistically sound ensemble mean 

of the jump conditions and thus increases our confidence in 

the entrainment velocity estimate using the new jump 

conditions. The new entrainment rate for all FIRE flights 

were shown in Table 5. 

B.   DISCUSSION 

The new gradient method for obtaining an ensemble jump 

condition offers an appealing improvement for determining an 

entrainment velocity that accurately reflects the boundary 

layer dynamics using a limited number of soundings. 

However, the inconsistency between entrainment velocity 

estimated with different scalar quantities (Table 5) 

suggests room for improvement. One such improvement is in 

increasing the number of soundings used for jump condition 

estimates, which relies on measurement design and flight 

planning in future field experiments. Another aspect, which 

has not been discussed in this thesis, is in the improvement 

of entrainment flux estimates.  Ozone flux, in particular, 

60 



needs to be quantified to better accuracy given its large 

spatial variability as seen from the soundings. The 60 km 

horizontal leg used for ozone flux calculations is 

determined insufficient to represent the variation of fluxes 

in a larger area, resulting in unrealistic entrainment 

estimates. This was found to be true for FIRE Flights 5, 6, 

and 8. 

The layer structure above the entrainment zone may have 

significant impact on the dynamics of entrainment process at 

the interface. In their tank experiment on the entrainment 

process in a clear boundary layer, Deardorff (1980) found 

that the entrainment rate was very different when the 

entrainment zone was capped by a neutral layer rather than a 

stable layer. Kantha et al. (1977) and Linden (1975) also 

found similar effects of a two-layered structure in the 

ocean mixed layer.  Up to now, the effect of the neutral 

residual layers  (^%Z
Ä0)  has not been studied for the 

stratocumulus-topped boundary layers and should be a subject 

of future investigation. A quantitative understanding of 

the process of entrainment drying would enable prediction of 

the entrainment zone properties and the associated jump 

conditions. 

The parcel theory used in the gradient method is an 

initial attempt for improved ensemble averaging of the jump 

conditions. Measurements from tank experiments for the 

convective boundary layer (Deardorff, 1979) indicated 

discrepancies in the depth of the entrainment zone when the 

parcel theory is used, particularly in case of large 

Richardson numbers. Nevertheless, the time-averaged jump 

condition indeed shows less variability compared to the 
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maximum jump from each sounding, suggesting the validity of 

the averaging concept. 
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