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ABSTRACT 

Data acquired during the 1972 Venezuel an International Meteor01 ogi cal 

and Hydrological Experiment i s  used t o  study the thermodynamic structure 

of the cumulus sub-cl oud 1 ayer: i t s  time dependence, and transformation 

by preci pi t a t i  on. A close re1 a t i  onship between 1 i f t ing  condensation 

level (LCL) and cloud base, and between L C 1  and the transit ion layer 

i s  found. Cloud "roots" in the sub-cloud layer are identified,  and 

the improved accuracy of the 1972 VIZ-NWS radiosonde i s  confirmed. 

Different averaging techniques are used to  show the diurnal dependence 

of the sub-cloud layer structure.  A deep s l ight ly  superadiabatic layer 

i s  found. The val idi ty  of determining surface fluxes from bulk 

aerodynamic formul ae using the difference between surface and sub-cl oud 

1 ayer mean quantities i s  questioned. The transformati on of the sub-cloud 

1 ayer by precipitation i s  presented. 
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INTRODUCTION 

1 .1 General Background 

An area o f  meteorology where much s t i  11 needs t o  be learned i s  

t h a t  deal i n g  w i t h  convect ive t ranspo r t s  i n  t h e  troposphere. L i t t l e  

i s  known about t h e  c o n t r i b u t i o n  o f  convect ive t ranspo r t s  t o  g loba l  

processes and, conversely, t h e  c o n t r o l  exer ted by 1 arge sca l  e processes 

on f i e l  ds of convec t i  on remai ns obscured. 

I n  t he  1 i t e r a t u r e  concerning atmospheric convect ion, one f i n d s  

a m u l t i t u d e  o f  papers descr ib ing  t h e  thermal and mois tu re  s t r a t i f i -  

c a t i o n  o f  t h e  atmosphere and the  r e l a t e d  energy f l u x e s  t h a t  occur 

dur ing  convect ion. Consider, f o r  example, t he  f o l  lowing d e s c r i p t i o n  

oP thermal eddy s i ze :  

Warner and Tel f o r d  (1 967) concl ude from an observa t i  cnal  s tudy 

t h a t  thermal s i z e  i s  about 200-300 meters and t h a t  i t  remaigs 

unchanged above a h e i g h t  o f  100 meters. These r e s u l t s  are compared 

favorably w i t h  a i r c r a f t  and sur face observat ions. 

Vul ' f son  (1961 ) suggests an average c e l l  diameter o f  50-100 

meters which changes l i t t l e  w i t h  he igh t .  

Grant (1965) found thermal s i z e  t o  increase from 200 meters i n  

diameter near t h e  sur face  t o  about 900 meters a t  a he igh t  o f  600 

meters and then t o  decrease up t o  t h e  sub-cloud invers ion .  

Konrad (1970) based h i s  d e s c r i p t i o n  o f  convect ive c e l l  growth 

i n  a c l e a r  atmosphere on observat ions taken by radar .  Th is  approach 

leads t o  a more complex p i c t u r e  i n  which c e l l s  o f  many d i f f e r e n t  

s izes  are  found a t  a g iven  a1 t i t u d e .  A t  a g iven  l e v e l ,  a c e l l  forms 

and increases i n  s i z e  whi 1 e becoming p rog ress i ve l y  more d isorganized.  



Cell diameter i s  i n i t i a l l y  100-200 meters b u t  grows t o  1500-2500 

meters before dissipating. 

The purpose of c i t ing these resul ts  i s  simply to  point out the 

s t a t e  of confusion that  has existed in some areas connected with 

atmospheric convection. I t  i s  l ikely that  much of th is  difference 

in results i s  due to  the difference in the method of observation and 

the lack of simultaneous measurements of other parameters (e.g., the 

energy fluxes, advective changes, wind shear, e t c . )  which may be of 

importance during convection. 

The current in te res t  in numerical models of the atmosphere has 

resulted in a demand fo r  some means of parameterizing the effect  of 

convection on the large scale circulation. This demand has led to  

the need for  more highly sophisticated data than previously available, 

and has been reflected in the design of several experiments such as 

the 1969 Atlantic Trade Wind Experiment (ATEX) (Augstein, 1972), the 

1969 Barbados Oceanographi c and Meteorol ogi cal Experiment (BOMEX) 

(Hol 1 and and Rasmusson , 1973) , the 1969 and 1972 Venezuelan Inter- 

national Meteorol ogical and Hydro1 ogi cal Experiments (VIMHEX I and 

I I ) ,  and the proposed GARP At1 ant ic  Tropical Experiment (GATE - 1974). 

This paper i s  concerned with some of the early resul ts  gained from 

data acquired during VIMHEX 11. 

1.2 VIMHEX I1 

Of the experiments which have a1 ready been carried out, two 

were conducted over the tropical ocean (ATEX and BOMEX) and two 

were conducted i n  the tropics over 1 and (VIMHEX I and I I ) .  System- 

a t i  c low humidities recorded during the early experiments (ATEX, 



BOMEX, VIMHEX I )  l e d  t o  design mod i f i ca t i ons  incorpora ted  i n t o  

the  new VIZ-National Weather Serv ice radiosonde. Because o f  t h e  

systematic humid i ty  e r r o r s ,  a  s t a t i s t i c a l l y  der ived  c o r r e c t i o n  

has been app l i ed  t o  t he  ATEX, BOMEX, and VIMHEX I humid i ty  data. 

VIMHEX I 1  i s  one o f  the  f i r s t  major f i e l d  experiments us ing the  

new VIZ-NWS radiosonde. The improved humid i ty  measurements are 

discussed i n  Sec t ion  2.3.2. 

VIMHEX I1  was conducted i n  n o r t h  cen t ra l  Venezuela about 150 

km south-southwest o f  Caracas. The radiosondes were launched from 

Car r i za l  which i s  l oca ted  between t h e  9000 f o o t  Coast Range 100 km 

t o  the  nor th,  and the  6000-8000 f o o t  Guiana Highlands about 400 km 

t o  t he  southeast. The req ion  has a t r o p i c a l  savanna c l imate .  

Atmospheric soundings were the  pr imary measurement taken du r i ng  

the  experiment. There were 327 soundings taken which f e l l  i n t o  t h ree  

categor ies : 

1. Rout ine soundings taken on a t w i c e - d a i l y  bas is .  

2. Sequences o f  soundings taken on several  days when con- 

vec t ion  was suppressed. These prov ide  i n fo rma t i on  about 

the  evol  u t i o n  o f  a  non-prec ip i  t a t i n g  convect i  ve 1 ayer. 

3. Special  soundings which were made, whenever poss ib le ,  

before, dur ing  and a f t e r  each convect ive p r e c i p i t a t i o n  

event.  

Add i t iona l  i n fo rma t i on  about t h e  s t a t e  o f  t he  atmosphere 

du r i ng  sounding was recorded i n  t he  form o f  w r i t t e n  and photographic 

sur face observat ions.  

The ex ten t  and i n t e n s i t y  o f  convect ion was obta ined through 

radar  (mod i f ied  M 33 - 10 cm) coverage o f  t he  area and from 



precipitation measurements from a 43-gauge (-21 recording gauge) 

network. The radar observations were recorded on photographs. 

Measurements of net surface radiation were made on 57 of 

the 108 days that the experiment was i n  progress. The amount of 

heat conducted into the soil  was measured on seven days d u r i n g  

the experiment (see Section 2.8). 

1.3 Objectives and Content of This Paper 

The primary objective of th is  paper i s  the investigation 

of the 1 ower portion of the convective boundary layer, i .e. the 

dry convective layer. The characteristic features of the heat 

and mosi ture s trat i f icat ion observed d u r i n g  dry convection will 

be identified and the time dependence of each feature will be 

described. Momentum will not be considered. 

VIMHEX I1 has provided a large amount of coordinated data 

taken specifi cal ly for the study of atmospheric convection. The 

purpose here i s  to further the understanding of dry convective 

processes through the use of the VIMHEX I1 data. 

The processing of the data will be the subject of Section 2. 

Which thermodynamic variables were computed and the reasons why 

they were chosen will be discussed as will be the accuracy of the 

data. I t  will be shown that the new VIZ-NWS radiosonde i s  

accurate to about 2% of the true humidity value (except near 

saturation) and that the thermal lag of the hygristor i s  about 

10 seconds. The system used to categorize each day of the 

experiment according to convection intensity w i  11 be described 



and the method of determining an upper boundary for the dry 

convective layer that was used will be discussed i n  detai l .  

Pressure scaling and several different averaging techniques 

were employed i n  various parts of the study. The methods and 

reasons for them will also be given i n  Section 2. 

Section 3 w i  11 deal w i t h  the non-precipi tating convective 

1 ayer. Structural features w i  11 be investigated f i r s t  and then 

the time dependence of the structure. A s l ight  superadiabatic 

region i s  observed to extend from near the surface up to about 

920 mb. Some of the implications regarding the computation of 

heat and moisture fluxes upward from the surface will be discussed. 

In Section 4,  the effect  of precipitation on the heat and 

moisture structure of the dry convective layer will be briefly 

exami ned . 



2. PROCESSING OF THE DATA 

2.1 Computed Var i  ab l  es and I n t e r p o l  a t i  on 

I n i t i a l l y ,  t h e  sounding data was ex t rac ted  from the  s t r i p  

char ts  of each ascent a t  t ime (one minute) i n t e r v a l s .  Th is  i s  

equ i va len t  t o  20-25 mb. v e r t i c a l  r e s o l u t i o n .  The pressure, 

temperature and r e l a t i v e  humid i ty  were then used t o  compute mix ing  

r a t i o ,  p o t e n t i a l  temperature, equ i va len t  p o t e n t i a l  temperature and 

s a t u r a t i o n  equ i va len t  p o t e n t i a l  temperature a t  each minute l e v e l  

(Appendix A). These data were then i n t e r p o l a t e d  t o  25 mb. 1  eve1 s  

from 975-150 mb. 

This  r e s o l u t i o n  i s  considered s u f f i c i e n t  f o r  t he  s tudy o f  

most o f  t he  fea tures  o f  atmospheric s t r a t i f i c a t i o n .  However, 

i nspec t i on  o f  t h i s  data i n d i c a t e d  t h a t  a  f i n e r  r e s o l u t i o n  would 

be needed f o r  t he  s tudy o f  some o f  t h e  fea tures  o f  t he  sub-cloud 

1  ayer, p a r t i c u l a r l y  i n  t he  sur face  superadi aba t i  c  region.  

Temperature and humid i ty  a re  measured every 8-12 mb. o f  ascent 

(every "contact"  l e v e l ,  c o n t r o l l e d  by a baroswi tch) .  From the  

e n t i r e  sample o f  327 soundings, 138 were se lec ted  which had been 

taken e i t h e r  on days when i t  d i d  n o t  r a i n  o r  p r i o r  t o  p r e c i p i t a t i o n  

a t  C a r r i z a l .  The optimum v e r t i c a l  r e s o l u t i o n  o f  about 10 mb. was 

achieved by e x t r a c t i n g  the  temperature and humid i ty  measurements 

f o r  t h e  f i r s t  40 contac t  l e v e l s  (up t o  about 680 mb.). 



2.2 Der i  ved Thermodynamic Var i  ab l  es 

There i s  a wide choice o f  thermodynamic va r i ab les  which 

can be computed from the  bas ic  s e t  o f  pressure, temperature and 

humid i ty  data and something should be s a i d  about t h e  choice o f  

va r i ab les  used i n  t h i s  study. 

The v e r t i c a l  d i s t r i b u t i o n  o f  temperature, T(P) , as measured 

by radiosonde, un ique ly  determines the  environmental  v e r t i c a l  

p r o f i l e s  o f  p o t e n t i a l  temperature (0 )  , s a t u r a t i o n  m ix ing  r a t i o  

( r S )  , s a t u r a t i o n  equ i va len t  p o t e n t i  a1 temperature (ees) . 
The combined v e r t i c a l  d i s t r i b u t i o n  o f  temperature, T(P), 

and re1  a t i  ve humid i ty  , RH(P) , determines the  environmental  

v e r t i c a l  p r o f i l e s  o f  m ix i ng  r a t i o  ( r )  , dewpoint (T,,) , wet-bul b 

temperature (TW) , wet-bul b p o t e n t i a l  temperature (ew) , 1 i f t i n g  

condensation l e v e l  (LCL) , and equ i va len t  p o t e n t i  a1 temperature 

The standard p resen ta t i on  o f  radiosonde data cons i s t s  o f  a 

v e r t i c a l  temperature p r o f i  l e y  T(P) , and a v e r t i c a l  m ix i ng  r a t i o  

p r o f i l e ,  r ( P )  , both  p l o t t e d  on a thermodynamic diagram such as 

t he  Skew T- log  P o r  Tephigram. The heavy, so l  i d  1 ines  i n  F igure 

2 . la  a re  the average, v e r t i c a l  temperature and m ix ing  r a t i o  pro-  

f i l e s  f o r  a1 1 soundings taken du r i ng  VIMHEX I 1  p l o t t e d  on a teph- 

igram which has o as o rd ina te  and T as abscissa. 

The dashed 1 i n e  represents the pa th  o f  a parce l  o f  dry ,  

surface a i r  which r i s e s  w i t hou t  mix ing,  d r y  a d i a b a t i c a l l y  ( i  .e. 

a long  a cons tan t  o - l i n e )  t o  t he  l i f t i n g  condensation l e v e l  where 

condensation begins. Above the  LCL the parce l  cont inues i t s  unmixed 



ascent moist adiabatically ( i  .e. along a constant ees-1 ine) . 
Note that  the parcel conserves e only for that  portion of the 

ascent below i t s  LCL,  while eeS i s  conserved throughout the 

enti re ascent. 

Since parcels of a i r  do mix during ascent, the dashed l ine 

on Figure 2.la represents an idealization of true parcel motion. 

The dotted l ine  incorporates the e f fec t  of the entrainment of 

environmental a i r  ( the properties of which are given by the dark, 

sol i d  1 ines) into the parcel . This tends to reduce the buoyancy 

of the parcel . 
I f  the parcel approach i s  used to  study convection, the im- 

portant variables are those which uniquely identify the parcel 

throughout i t s  ascent. I f  radiative effects  are small, an unsat- 

urated parcel conserves i t s  potential temperature. Furthermore, 

i f  an unsaturated parcel mixes w i t h  a parcel of environmental a i r  

a t  the same pressure, the total  potential heat of the parcels i s  

exactly conserved ( i . e .  the extensive quantity / pc edV). I f  dry 
P 

convection or the sub-cloud layer i s  the subject of investigation, 

the potential temperature i s  therefore a convenient thermodynamic 

variable. 

In the more general case, where condensation occurs, the 

parcel conserves i t s  equivalent potenti a1 temperature throughout 

i t s  ascent and the extensive quantity / pc e dV i s  conserved 
P e 

(a1 mos t exactly) during isobaric mi x i  ng .  



Figure 2 . ; .  

Standard p l o t  o f  temperature T(P)  and mixing r a t i o  

r (P ) ,  T D ( P )  on a tephigram. Cashed l i n e  shows the 
I 

path o f  a parcel o f  surface a i r  which ascends wi thout  . 

mixing. The dot ted l i n e  i s  a q u a l i t a t i v e  representat ion 

o f  the e f f ec t  o f  mlxing. Data shown i s  the average of  

a l l  soundings (surface t o  400 mb.) taken dur ing VIFHEX 11. 

xed Parcel Path 

0 20 

Figure 2 . lb :  

Same as 2 . la  except v e r t i c a l  p r o f i l e  o f  o,(e) p l o t t e d  

ins tead o f  r ( e ) .  Note t h a t  a parce l  which does no t  mix 

w i t h  the environment conserves i t s  surface value o f  Oe 

throughout the ascent. 

a. . a,, ("K I 

The data i s  i den t i ca l  t o  t ha t  snown on 2 . lb  but  has been 

p l o t t e d  aga inst  P, !le coordinates ra the r  t h a t  the 0.T 

coordinates used i n  2 . la  and 2. lb .  



Figure 2.lb i s  identical to  2.la except tha t  the envir- 

onmental vertical  mixing r a t io  profile has been replaced by the 

vertical  profi 1 e of equivalent potenti a1 temperature, ae(P) , and 

the temperature profile has been replaced by the ee; prof i le  which 

i s  identical.  

The advantages are apparent. The parcel paths are connected 

to  both environmental surface values and the effect  of mixing i s  

more easily visualized since both the ee profile of the environment, 

ee(e) ,  and that  of the parcel, ee(p) ,  are shown. 

Figure 2. l c  shows the f inal  modification to  the standard pre- 

sentation of radiosonde data. Pressure has replaced potential 

temperature as ordinate, and equivalent potential temperature and 

saturation equivalent potential temperature have replaced temper- 

ature as abscissa. The unmixed parcel path now appears as a 

vertical s t ra ight  l ine.  This plot i s  used in Section 4. 

In Section 3, the dry convective layer structure i s  discussed 

using (0,  p) ,  ( r ,  p) and (0,. p) plots. 

2 . 3  Data Accuracy 

2.3.1 Overall Accuracy of the Measurements 

a )  Radiosonde: The accuracy of the surface and radio- 

sonde data (Compendium of Meteorology, 1951) used in th is  

study i s  considered to  be as follows: 

Pressure: +1 mb. a t  1000 mb. 

+3 mb. a t  500 mb. 

k1.5 mb. a t  100 mb. 

Temperature : 50.2' C 

Relative humidi ty: 52.5% 



The accuracy of radiosonde humidity measurements is 

discussed i n  Section 2.3.2. 

b )  Radiation: The net  radiometer used during VIMHEX I1 

has an instrumental accuracy of 4% based on a cal ibra t ion 

precision of 2.50 i 0.1 mi l l ivo l t s  langley- ' .  The average 

hourly radiat ion values were obtained u s i n g  a planimeter 

t o  in tegrate  the area under the radiat ion t race  f o r  each 

hour. The precision of t h i s  integration i s  about 2.05 

m i  1 l ivol  t s  hour-'. Between 0900 LST and 1600 LST, these 

average net  radiat ion values a re  generally greater  than 

5.0 mv hr-I . The overall accuracy of the radiat ion 

measurements i s  thus 5%. 

c )  Precipitat ion:  The precipi ta t ion data a re  used only 

qual i ta t ively  fo r  t h i s  thes i s .  The d i f f i cu l t y  i n  deter-  

m i n i n g  the accuracy of these measurements i n  terms of gauge 

density and location i s  therefore avoided. An accuracy of 

about 20% i s  considered both probable and tolerable .  

d) Ground Heat Conduction: The computation of ground 

heat conduction i s  discussed in  Section 3 . 3 .  I t  i s  based 

on measurements of so i l  heat content which have an 

estimated accuracy of 10% of the t o t a l  heat content of a 

70 cm. thick col umn of soi 1 . 
2.3.2 Radi osonde Humi d i  ty  Measurements 

In recent years,  several questions have been raised 

concerning the val i di ty  of daytime radiosonde humidi t y  mea- 

surements. Systematical ly l ow readings were recorded during 

the daytime ascents (Morrissey, J .  F. and Brousaides, F. J . ,  1970; 

Ostapoff, F . ,  Shinners , W .  W .  , and Augstein, E., 1970). 



The primary causes were determined to be improper 

shielding of the hygristor from solar  radiation and possible 

internal heating of the hygristor by other components of the 

radiosonde. Another cause, about which 1 i t t l e  has been said,  

i s  the thermal lag of hygristor as the instrument passes 

through regions of strong vertical temperature gradient. The 

response of the carbon hygristor t o  humidity changes a t  25' C 

i s  less than one second (Teweles, 1970). 

The modifications incorporated into the design of the 

VIZ-NWS radiosonde have apparently overcome the problems of 

shielding and internal heating (Friedman, 1972; Riehl and 

Betts, 1972). 

One of the resul ts  obtained in Section 2.5.3 i s  a method 

of locating in the sub-cloud, a i r  with cloudbase properties. 

This resul t  will now be used to  investigate the significance 

of the thermal lag of the radiosonde hygristor. 

The s e t  of VIMHEX I1  soundings which were timed as they 

disappeared through cloudbase, were used to  determine the 

temperature and pressure of cloudbase from the corresponding 

time on the s t r ipchart ,  from which the saturation mixing r a t io  

can be obtained. I t  i s  known that  the hygristor responds 

poorly a t  humidities higher than 95% (near cloudbase, see 

Table 2.1),  so the question i s  whether or not a i r  can be found 

anywhere below the cloud which has a mixing r a t io  sufficiently 

h i g h  that  i t  would become saturated a t  the temperature and 

pressure of cloudbase. 



The average T, r ,  6 ,  ee ,  ees and LCL a t  each 10 mb. l eve l  

f o r  six of t he se  soundings which had an observed cloudbase 

between 910-920 mb. a r e  l i s t e d  i n  Table  2.1. 

The average cloudbase was 915.5 mb. where t h e  average 

temperature  was 20.1' C r equ i r i ng  a s a t u r a t i o n  mixing r a t i o  of 

16.4 gm kg-'. The lowest  computed LCL is  913 mb. f o r  a i r  a t  

940 mb. This  a i r  a t  940 mb. has a mixing r a t i o  o f  16.1 gm kg-' 

which is  0 .3  gm kg-' (1.8%) below t h e  probable  va lue  (16.4 gm 

kg-' ) . Simi l a r  r e s u l t s  a r e  obtained f o r  i nd iv idua l  soundings 

t h a t  went i n t o  cloud. 

I t  seems reasonable  t o  conclude from t h e s e  r e s u l t s  t h a t  

t r o p i  c a l  daytime VIZ-NWS radiosonde humidity measurements a r e  

accu ra t e  t o  about  2% of  t h e  t r u e  humidity va lue  (except  near  

s a t u r a t i o n ,  s e e  Table  2 .1) .  

I f  i t  i s  assumed t h a t  t h e  mixing r a t i o  a t  940 mb i s ,  i n  

f a c t ,  16.4 gm kge1 and t h a t  t h e  temperature  (22.2' C )  is  

a c c u r a t e ,  then i t  is  p o s s i b l e  t o  e s t i m a t e  t h e  thermal l a g  of  

the hygri  s t o r .  

W i t h  t h e s e  assumptions,  t h e  s a t u r a t i o n  mixing r a t i o  a t  

940 mb. is  18.2 gm kg- ' .  The c o r r e c t  r e l a t i v e  humidity 

(RH = 1 )  is  90.2% but  t h e  h y g r i s t o r  i s  measuring on ly  88.5%. 

I f  t h e  h y g r i s t o r  is  s l i g h t l y  warmer than t h e  environment,  then  

t h e  s a t u r a t i o n  mixing r a t i o  near  t h e  h y g r i s t o r  w i l l  a l s o  be 

h igher .  In f a c t ,  a r e l a t i v e  humidity of 88.5% occurs  with  

r = 16.4 gm kg-' and rs = 18.5 gm kg-'. The s a t u r a t i o n  mixing 

r a t i o ,  rs, equa l s  18.5 gm kgm1 (es = 27.21 mb.) a t  22.5' C ,  



Tab1 e 2.1 : Averaged data f o r  se lec ted  
sound1 ngs which entered c l  oud . 

Averaged according t o  t imed c l  oudbase 91 0-920. (Average 91 5.5 mb. ) 

Averaged fo r  t h e  f o l l o w i n g  soundings - 
Ascents # 49 51 112 172 198 254 

Average Time = 1017 L.S.T. 

PRESS HEIGHT TEMP. M I X  
( M B )  METERS DEG.C G/KG 

TH 
DEG. K 

Average LCL = 909.0 mb. 

TH-E 
DEG . K 

TH - ES 
DEG. K 

LCL NO. 
M B  . 

GM. o f  P r e c i p i  t a b l e  Water = 3.56 
Thickness 980 t o  2700 = 2869. 
Mean Column ee = 339.5 



0.3' C above the ambient temperature. This temperature would 

be found a t  about 943 mb. I f  the balloon r i ses  a t  a ra te  of 

20 mb. min-l, the thermal lag of the hygristor i s  about 9 sec. 

2.4 Categorization of Convection 

I t  i s  convenient, in an observational study of convection, 

to  categorize the data in terms of the intensity of the convection. 

The average daily precipitation measurements from 23 selected 

gauges were used to  objectively categorize each day of the 

experiment as a "dry" or a "wet" day. On "dry" days, the 

convection was suppressed while on "wet" days, the convection 

was deep. 

Four categories were defined so that  Categories I and IV 

consisted of the extremely dry and extremely wet days, respectively. 

The division between Categories I1  and I11 was chosen arb i t ra r i ly .  

The c r i t e r i a  are l i s ted  in Table 2.2 along with the number of 

days and soundings in each category. 

Tab1 e 2 .2  : Categories of convection. 

Average Area Number Number of 
Category Precipitation (wm) of Days Soundings 

(Note: 22 soundings were taken prior t o  preci p i  t a t i  on measurements. ) 



2.5 Determination of the Top of the Dry Convective Layer 

2.5.1 General Approach 

Considerable e f fo r t  was spent developing a means of 

determining the top of the non-preci pi t a t i  ng convective 1 ayer 

so tha t  diurnal changes in the depth of the layer could be 

studied. A number of VIMHEX I1 soundings were observed t o  

enter cloud. A cloudbase height was determined fo r  several of 

these ascents by measuring the time a t  which the balloon entered 

cl oudbase, and finding the pressure corresponding to  th is  time 

from the rawinsonde s t r i p  chart. This observed cl oudbase was 

related t o  LCL values in and the s t ructure of the sub-cloud 

layer fo r  the same soundings, and f ina l ly ,  t o  the dry convective 

structure between the clouds . 

2.5.2 Data Used 

The soundings used for  the remainder of th i s  section were 

taken either:  (1) on days when there was l i t t l e  or no 

precipitation, or (2) prior to  precipitation on days when i t  

rained a t  Carri zal . The vertical resolution of the soundings 

i s  10 mb. (see Section 2.1). There were 138 soundings i n  th i s  

group, of which 26 were observed to  enter cloud. The 

distribution with respect to  the previously defined categories 

of convection i s  shown in Table 2.3. 



Table 2.3: Distribution of data w i t h  respect  
t o  category of convection. 

Category of 
Convection 

I 

I I 

I I I 

I v 

Total 

# of Soundings 
Outside Cloud 

# of Soundings 
Into Cloud 

4 

2.5.3 LCL Computation 

A timed cloudbase was available f o r  22 of the 26 soundings 

t ha t  were observed t o  en te r  cloud. The LCL was computed (see 

Appendix A )  a t  each 10 mb. level f o r  each of these 22 soundings. 

I f  a balloon enters cloud i t  must a l so ,  a t  some level below the 

cloudbase, en te r  a i r  which i s  going in to  cloud and has cloudbase 

properties ( i  .e .  an LCL which corresponds roughly t o  the height 

of the cl oudbase) . This was the case i n  14 of the 22 soundings. 

I t  was assumed tha t  the remaining e ight  had e i t he r  entered cloud 

somewhere above cloudbase or  passed through a very shallow cloud 

and therefore they were not used. 

The simplest way t o  compute an LCL r e s t s  on the assumption 

t h a t  surface a i r  r i s e s  ve r t i c a l l y  i n to  cloud. The temperature 

and mixing r a t i o  measured a t  the surface can then be used t o  

compute an LCL and thus an approximate height of cloudbase. This 

procedure does not account f o r  mixing of the surface a i r  w i t h  the 

cooler,  d r i e r  a i r  a l o f t .  The e f f ec t  of mixing may be incorporated 



by computing the  LCL a t  some l e v e l  above t h e  sur face  (e.g. 950 mb.) 

o r  by us ing  an average o f  t he  LCL's computed a t  severa l  l e v e l s .  

Examination of t he  14 VIMHEX I 1  soundings shows t h a t  i f  t h e  

p rope r t i es  of surface a i r  a re  used i n  t he  LCL determinat ion o f  t he  

h e i g h t  of cloudbase, t h e  p red i c ted  cloudbase i s  o f t e n  20-30 mb. 

too  h igh  ( i  .e. a t  a  lower pressure) .  Using the  950 mb. a i r  shows 

no s i g n i f i c a n t  improvement. I n  f a c t ,  t he re  i s  no one l e v e l  which 

g ives c o n s i s t e n t l y  re1  i able  r e s u l t s .  

The problem then i s  t o  determine which l e v e l s  should be used 

t o  determine an average LCL. Examination o f  t he  LCL p r o f i l e s  o f  

t he  soundings which went i n t o  c loud revea ls  t he  f o l l o w i n g  fea tures  

which a re  common t o  both i n d i v i d u a l  soundings and t o  averages o f  

severa l  o f  the  soundings (see F igure  2.2) : 

a)  A sur face LCL which i s  gene ra l l y  10-20 mb. too  h igh  and 

occas iona l l y  as much as 30 mb. t oo  h igh .  

b )  High LCL's a t  severa l  l e v e l s  near t h e  sur face.  

c)  E i t h e r  a  gradual o r  d iscont inuous s h i f t  t o  lower LCL's 

which are  very near t h e  observed cloudbase. I n  13 of t he  

soundings, t he  lowest  LCL i n  t h i s  reg ion  was w i t h i n  5 mb. 

o f  cloudbase. The except ion was a  minimum LCL t h a t  was 10 mb. 

above cloudbase. 

d) The l e v e l s  above t h e  minimum value show h igh  LCL's which 

are due t o  t h e  i n a b i  1  i ty o f  the  radiosonde h y g r i s t o r  t o  

respond near s a t u r a t i  on. 

I f  the  assumption t h a t  sur face a i r  r i s e s v e r t i c a l l y  i n t o  

cloudbase i s  modi f ied,  then a  reasonable exp lanat ion  of these 

fea tures  i s  poss ib le .  The bas is  o f  t h e  exp lanat ion  i s  t he  f a c t  



Figure  2.2: L i f t i n g  condensation l e v e l  o f  a i r .  
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(1  ) average o f  soundings which passed 
through an observed cloudbase between 
910-920 mb ( s o l i d  l i n e )  

922 920 915 910 905 900 897 
Computed L.CL. mb 

(2)  average o f  soundings w i t h  a L.C.L. 
between 910-920 mb which d i d  n o t  
en te r  c loud  (dashed l i n e )  

( 3 )  VIMHEX I1 ascent #63 which passed 
through an observed cloudbase a t  
921 mb (do t t ed  1 i n e )  



t ha t  cumulus clouds are most often observed moving in a wind-shear 

f ie ld .  I t  i s  reasonable to  assume tha t  the currents of a i r  

. entering cloud as we1 1 as the motions induced in the environment 

around the cloud are t i l t e d  away from the vertical  by the vertical  

wind shear. 

This effect  i s  i l lus t ra ted  schematically i n  Figure 2.3. The 

a i r  near the surface a t  point A i s  subsiding and i s  therefore 

relatively warm and dry and would have a high LCL.  The a i r  

which i s  entering the cloud i s  originally located a t  the surface 

a t  some point t o  the l e f t  of A. This a i r  i s  found a t  about 

960 mb. above point A. 

A radiosonde 1 aunched a t  point A would measure temperatures 

and humi di t i e s  that  would lead to  a vertical  LCL prof i l e  very 

similar t o  tha t  described above. The mean LCL computed from the 

average of a l l  soundings with an observed cloudbase between 

910-920 mb. has been given in Table 2.1 as an example. The 

wind indicated in Figure 2.3 i s  the mean fo r  th i s  data 

sample. 

An i t e ra t ive  scheme was devised, based on these considerations, 

which f i r s t  averaged the L C L ' s  computed a t  each 10 mb. level from 

980 mb. to 930 mb. This was used as a f i r s t  "guess." The f i r s t  

i terat ion averaged the LCL's a t  each 10 mb. 1 eve1 from 980 mb. 

t o  30 or 40 mb. below the " f i r s t  guess" depending on the height 

of the " f i r s t  guess." The LCL's a t  and 30 to  40 mb. below 

cloudbase are erroneously high due to  limitations of the radiosonde 

hygristor and were, therefore, not used i n  the average. A second 

i terat ion was performed using the resu l t  of the f i r s t  i terat ion 



Bal loon Trajectory \ 

F i g u r e  2 . 3 :  Suggested  c i  r c u l  a t i  on re1 a t i v e  t o  c loud .  



as a "second guess." The mean LCL which was then obtained was 

found t o  be reasonably c lose  t o  t h e  observed cloudbase. The 

observed cloudbase and computed LCL a re  compared i n  Table 2.4. 

Tab1 e 2.4: Height  d i f f e r e n c e  between 
mean LCL and cloudbase. 

Radiosonde # 

Observed 
Cloudbase (mb) 915 912 921 909 906 886 914 868 850 924 924 91 7 919 916 

Mean LCL (mb) 914 907 919 907 898 882 909 866 844 91 1 917 910 904 909 

D i f f e rence  
(mb) +1 +5 +2 +2 +8 +4 +5 +2 +6 +13 +7 +7 +15 +7 

- 

Average D i f fe rence:  +6 mb. 

Extremum LCL 917 908 920 910 901 888 914 871 847 922 924 914 909 921 

D i f f e rence  
(mb +2 -4 -1 +1 -5 +2 0 +3 -3 -2 0 -3 -10 +5 

Average D i f fe rence:  - 1  mb. 

The LCL extremum values i n  Table 2.4 a re  the  lowest  LCL1s 

i n  t he  subcloud l a y e r  (see a l s o  Table 2.1 and F igure  2.2). Th is  

extremum LCL corresponds most c l o s e l y  t o  t he  observed cloudbase. 

Averaging the  LCLis computed a t  s i x  l e v e l s  (980-930 mb.) y i e l d s  

a mean value which i s  s l i g h t l y  b u t  c o n s i s t e n t l y  h igh.  The use o f  

t h e  lowest  computed LCL i n  each p r o f i l e ,  r a t h e r  than a mean value, 

may a f f o r d  some improvement i n  t h e  correspondence between the  

computed LCL and t h e  t r u e  cloudbase. Th is  was not ,  however, done 

i n  t h i s  study, t he  conclus ion i s  re t rospec t i ve .  



2.5.4 The Relation of the Computed LCL t o  Sub-cloud Structure 

If  the computed LCL i s  t o  be used as an upper bound of the 

dry convective layer, i t  i s  necessary to  show tha t  i t  i s ,  in f a c t ,  

located a t  the top of tha t  layer. The feature of the thermal 

structure of the sub-cloud layer which i s  most vis ible  both in 

individual and average e-profi les  i s  the mixed layer or the region 

where e i s  nearly constant w i t h  height. The top of th is  layer ( i  .e. 

the level above which e begins to  increase more rapidly w i t h  height) 

has been estimated and i s  compared t o  the LCL i n  Table 2.5. The 

evidence i s  tha t  the thermally mixed layer extends up  t o  cloudbase. 

On the average, the LCL i s  found s l ight ly  above the top of the 

mixed e layer under clouds, b u t  the difference is  not  significant.  

Table 2.5: Height difference between the mean 
LCL and the top of the e mixed layer. 

Sounding Observed Mean Estimated Top A P :  Top of Mixed AP: LCL t o  
Number Cloudbase LCL of e Mixed 0 Layer to  Top of Mixed 

(mb) (mb) Layer (mb) Cloudbase (mb) e Layer (mb) 

Average 



2.5.5 The Re la t i on  o f  t h e  Computed LCL t o  Dry Convection 

I n  Clear  Regions 

Th i r t y - two  o f  t he  soundings which were n o t  observed t o  

e n t e r  c l oud  were se lec ted  on t he  bas is  o f  hav ing w e l l  -def ined 

mixed l aye rs  and t r a n s i t i o n  zones. The purpose here i s  t o  j u s t i f y  

the  a p p l i c a t i o n  o f  a mean LCL, determined us ing sub-cloud data, 

t o  reg ions above which t he re  a re  no clouds. The soundings were 

averaged accord ing t o  the est imated he igh t  o f  t he  base o f  t h e  

t r a n s i t i o n  l a y e r .  The r e s u l t s  a re  shown i n  Table 2.6. 

Table 2.6: He igh t  d i f ference between t h e  mean LCL and base 
o f  t r a n s i t i o n  zone n o t  below cloud. 

# o f  Soundings 
i n  Average 

Est imated Base Average (LCL-top of 
o f  t he  T r a n s i t i o n  LCL Mixed Layer) 
Layer (mb) (ni l  ( d l )  

Average -10 

The mean LCL i s  here l oca ted  above the  t op  o f  t he  mixed 

l a y e r .  For  t h e  remainder o f  t h i s  paper, t h e  mean LCL w i  11 be 

considered t o  be t h e  upper boundary o f  t h e  non-preci  p i  t a t i  ng 

convect ive l a y e r  below c loud  and i n  reg ions  where t he re  a re  

no clouds. 



2.6 Pressure Scaling 

Since the depth of the dry convective layer varies s igni f i -  

cantly from day t o  day as we1 1 as diurnally, averaging often resul ts  

in structural features which are present on the individual soundings 

being blurred beyond recogni t i  on. The averaging techniques which 

were used to  minimize th is  are discussed in the next section. Ver- 

t ica l  scaling of the soundings permits an easier  comparison of the 

structure of individual soundings and allows the averaging of 

large numbers of soundings without the loss of definition that  

would be expected due to  variations in the depth of the layer. 

The logical choice of a scale height i s  the mean LCL described 

in the previous section. The scaling was done simply by defining 

a scaled pressure: 

p* = 'surface 
- P( I )  

where I indicates the particular data level. 

I t  can be seen that  when P(1) 'surface ' P * 0.0 and 
* 

when P(1) = PLCL,  P = 1.0. 

2.7 Averaging Techniques 

2.7.1 Selection of Data fo r  Averaging 

Averaging, by any method, i s  bound to  resu l t  i n  some 

smoothing of the data. The amount of smoothing depends on the 

amount of data selected fo r  averaging. A large sample of data 

can be subdivided in many different ways and certain subdivisions 

will resu l t  in subtle differences in the averages tha t  are obtained. 



When radiosonde data is to  be used in the study of the dry 

convective layer,  there are two obvious ways the data might be 

grouped. F i r s t  of a1 1 , the soundings can be arranged according 

t o  the time the balloon was released and then a l l  the soundings 

within a specified time interval can be used to  obtain an average 

for  that  time period. This will be called a time average. 

A second method i s  to  arrange the soundings according t o  

the mean LCL (Section 2.5), se lec t  certain intervals of the LCL 

values and average the soundings that  fa1 1 into each interval 

separately. This wi 11 be referred to  as an LCL average. 

A th i rd ,  not so obvious, method i s  t o  select  a time of 

day, say 1000 LST, as a reference time and consider a sounding 

taken within a certain interval of tha t  time, say 0900-1100 LST 

as a reference sounding. This sounding can then be subtracted, 

variable by variable, from every other sounding taken on the 

same day and a difference from the reference time obtained. 

These differences represent the change in the atmosphere from 

the reference time, and may be averaged separately before being 

added t o  the average of the reference soundings. This will be 

call  ed a difference average. 

The next several sub-sections will be used t o  describe 

the differences between these three types of averages. The 

data used i s  the s e t  of 112 non-precipi tating convective sound- 

i ngs (Secti on 2.5.2) . 

2.7.2 Time averages 

The convective period (0700-1900) was divided into s ix  

two-hour time periods for  time averages used i n  t h i s  paper. 



The soundings i n  t h e  sample used here were a l l  taken between 

0700 and 1700 LST. There was a  r e l a t i v e l y  l a r g e  number o f  

soundings i n  each t ime i n t e r v a l .  I nspec t i on  o f  t he  f i v e  average 

e - p r o f i l e s  revealed t h a t  most o f  t he  s t r u c t u r a l  fea tu res  which do 

appear on i n d i v i d u a l  soundings were smoothed out .  The mixed 

l aye r ,  o r  t h e  l a y e r  i n  which e i s  approximately constant  w i t h  

h e i g h t  was reasonably de f ined  i n  o n l y  two of t he  f i v e  averages 

(average times: 1005 and 1144 LST) . 
Th is  smoothing r e s u l t s  from the  f a c t  t h a t  a t  a  g iven  hour 

o f  t he  day, t h e  depth o f  t he  d ry  convect ive l a y e r  va r i es  g r e a t l y  

from day t o  day. Th is  v a r i a t i o n  must be inc luded i f  t h e  reason 

f o r  t he  average i s  the  s tudy o f  t he  d i u r n a l  change o f  t he  mean 

s t r u c t u r e  b u t  i t  i s  a  ser ious de fec t  i f  one wishes t o  s tudy 

s p e c i f i c  s t r u c t u r a l  fea tu res .  

2.7.3 LCL Averages 

To e l i m i n a t e  the  smoothing o f  t h e  t ime averages, t h e  

soundings were so r ted  i n t o  f i f t e e n  ( f ou r teen  10 mb. and one 40 

mb.) i n t e r v a l s  according t o  LCL. Th is  i s  a grouping o f  t h e  

soundings i n  the  o r i g i n a l  s e t  i n  such a  way as t o  r e s t r i c t  t h e  

depth v a r i a t i o n  o f  the  l a y e r  t o  t h e  s i z e  o f  t he  LCL i n t e r v a l .  

The mixed l a y e r  can be de f ined  t o  w i t h i n  + I 0  mb. on eleven o f  

the  f i f t e e n  averages. There i s  an i nhe ren t  t ime dependence here 

s ince  the  dry  convect ive 1  ayer i s  observed t o  deepen through t h e  

day. The changes i n  t he  LCL averages w i t h  t ime do n o t  necessa r i l y  

r e f l e c t  changes o f  a mean s t r u c t u r e  w i t h  t ime since, by design, 

a  s i g n i f i c a n t  p o r t i o n  o f  t he  v a r i a t i o n  which goes i n t o  t he  t ime 

average has been removed. 



2.7.4 Difference Averages 

The fluxes which occur i n  the dry convective layer are 

linked t o  the absorption of solar  energy a t  the ear th 's  surface. 

I t  i s  reasonable to  assume that  d u r i n g  any period of the day, 

there are similar daily changes i n  the heat and moisture 

s t ra t i f ica t ion  between the beginning and end of the period 

since the change i n  insolation will generally be the same. 

The difference average requires a mean reference structure 

based on a large enough s e t  of soundings to  ensure that  the day 

to  day changes i n  structure have canceled each other out. If  

th i s  i s  the case, then th is  method gives the most accurate mean 

daily changes which are crucial t o  accurate mean flux computations. 
I 



3. THE NON-PRECIPITATING CONVECTIVE LAYER 

3.1 Description 1 
The energy input into the dry convective layer and each of the 

features of the sub-cloud layer will now be investigated using the 

VIMHEX I1 data. The objectives will be: (1) to  determine how well 

the model structure proposed by Betts (1973; Figure 3.1) represents 

the structure as observed during VIMHEX I1 and, ( 2 )  t o  determine 

the variabi l i ty  of each feature during the course of a "typical" 

dry convective day. I t  i s  hoped that  by using th is  relat ively 

1 arge amount of high resolution data, a more precise picture of 

dry convection will be obtained. 

Betts (1973) shows the thermal s t ra t i f ica t ion  of a typical 

( i  .e. model ) dry convective layer (Figure 3.1 ) . The dry convection 

layer i s  composed of three regions, each with a d is t inc t  potential 

temperature lapse r a t e ,  and i s  capped by a "cumulus" layer where 

e increases w i t h  height. 

The superadiabatic layer develops diurnally as the ear th ' s  

surface i s  heated by solar  radiation. There i s  a net flux of 

sensible heat upward through th is  region into the mixed, or dry 

adiabatic, layer. This flux i s  the driving force which determines 

the thermal structure of the dry convective layer. Most of the 

shear turbulence in the lower atmosphere i s  generated in th is  

lower layer. Ball (1960) has shown that  the amount of shear 

turbulence generated i s  about one-tenth of the amount of thermal 

turbulence. 

Thermal eddies are formed as parcels of a i r  near the surface 

are heated and become buoyant. The eddies travel upward through 
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i 
Figure 3.1 : Model dry convective 1 ayer 

s t ruc ture  a f t e r  Betts (1973). 



the dry adi abati c layer, 1 osi ng buoyancy by mixing wi t h  the cooler 

environmental a i r  and through viscous dissipation. The turbulent 

mixing resul ts  in a constant or s l ight ly increasing vertical  e-  

profile in the mixed layer. 

Any buoyant kinetic energy which the parcel has when i t  

reaches the level where i t s  potential temperature i s  equal to  that  

of the environment will cause i t  to  overshoot the equilibrium 

position. During the "overshoot" mixing will cause a cooling of 

the environment. The transit ion layer marks the top of the dry 

convective layer. I t s  height i s  determined by the amount of "over- 

shoot" and the resulting cooling of the environment (Betts,  1973). 

3.2 Observed Structure 

3.2.1 General Consi derati ons 

The variation in the depth of the dry convective layer has 

been previously discussed. I t  has been shown that  in order to  

study average structural features of the heat and moisture 

s t ra t i f ica t ion  in the layer, the effect  of th is  variation in 

averaging must be restr ic ted.  This will be accomplished by using 

LCL averages (Secti on 2.7.3), by averaging soundings which have 

been scaled vertically (Section 2.6), and by using a subset of 

soundings which have parti  cul arly good structural definit ion. 

Both the thermal ( 0 )  and moisture ( r )  s t ra t i f ica t ions  wi 11 be 

cons i dered. 

3.2.2 LCL Averages 

One hundred twelve non-preci pi t a t i  ng convective soundings 

(Section 2.5.2) were used t o  construct the LCL averages. Between 



940-790 mb. a 10 mb. LCL i n t e r v a l  was used. A1 1 the soundings 

w i t h  LCL's higher than 790 mb. were grouped i n t o  one 40 mb. 

i n t e r v a l  , 790-750 mb. A1 1 11 2 soundings had mean LCL ' s  w i t h i n  

t h i s  range bu t  none f e l l  i n t o  the 930-920 mb. i n t e r va l .  There 

were, therefore, 1 5 LCL averages obtai  ned. 

Nine o f  the average e -p ro f i l es  are p l o t t e d  on Figure 3.2. 

Only data t o  the f i r s t  i n te rpo la ted  l eve l  above the mean LCL i s  

p l o t t e d  and dot ted 1 ines are used where needed t o  avoid confusion. 

The corresponding moisture p r o f i  1 es are shown separately on 

Figure 3.3. 

a) Thermal St ruc ture  (Figure 3.2) : The same general 

features as those shown on Figure 3.1 may be seen i n  each 

o f  the average e-prof i  les .  There i s  a sharp decrease i n  e 

i n  the layer  j u s t  above the surface. Since 980 mb. i s  the 

lowest in terpo la ted leve l ,  the averages show tha t  a sharp 

decrease occurs between 980 mb. and the surface. Above 980 

mb. e i s  observed t o  be near ly constant w i t h  height  up t o  a 

leve l  30-50 mb. below the mean LCL. Above the "constant-0" 

o r  mixed layer  the averages show a gradual increase o f  0 

w i t h  height. 

The sharp 8-decrease near the surface averages about 

1 .0-1.5' K. The un i fo rm i ty  ff t h i s  feature  suggests a 
t '  

ra the r  steady energy f l u x  through the l aye r  nearest the 

surface regardless o f  the depth 4 o f  the dry convective layer .  

The exception t o  t h i s  i s  the: average p r o f i l e  f o r  the 

sounding w i t h  LCL's above 790 mb. Here the 0-decrease i s  

only 0.4' K. Since the deepest dry convective layers occur 



Figure 3 . 2 :  Graph o f  p o t e n t i a l  temperature  ( 9 )  a g a i n s t  
p r e s su re  f o r  s e t s  of L .C.L .  averaged d a t a .  





l a t e  in the day, th i s  exception ref lec ts  the decrease in 

surface temperature tha t  also occurs l a t e  in the day. I t  

follows that  the potential temperature o f  the mixed layer i s  

about 1 .O-1.5' K cooler than the surface temperature. 

An interesting feature observed on many of the individual 

soundings and i n  eight of the nine L C 1  averages introduces 

some ambiguity into the definition of "surface superadiabatic 

layer" and "mixed layer" as shown on Figure 3.1. This feature 

i s  the minimum value of 0 between 980 and 900 mb. The 

minimum i s  circled on each profile shown on Figure 3 . 2 .  

Since the highly unstable region i s  generally confined to  a 

layer near the surface, i t  i s  more consistent to  interpret  

th i s  0 minimum as a feature of the mixed layer rather than 

as an extension of the surface superadiabatic layer. 

For LCL's below 840 mb.,  the e-minimum i s  found a t  or 

below 940 mb. and the sharp 8-decrease near the surface i s  

confined below 980 mb. However, for  higher LCL's, the 

position of the 6-minimum in the layer varies widely and 

the strong 0-decrease near the surface extends up t o  970-960 

mb. Possibly, as a dry convective layer deepens, the thermal 

structure of the layer becomes more complex. 

b) Moisture Structure (Figure 3.3) : There i s  a 0.5-1.0 gm 

kg- '  decrease in mixing r a t io  from the surface to  980 mb. 

unti 1 the LCL reaches 830 mb. For deeper layers ( l a t e  in 

the day), th i s  decrease i s  less  than 0.5 gm kg-'. Strong 

vapor fluxes from the surface are therefore imp1 ied only 



while the layer i s  developing. The surface vapor flux i s  

apparently less  s ignif icant  as the 1 ayer reaches fu l l  

devel opment . 
When the dry convective layer i s  shallow ( i  .e. ,  LCL 

be1 ow 900 mb. ) the mixing r a t io  i s  nearly constant in the 

mixed layer. This might be because convection has not 

reached the LCL early in the day, and as ye t  there are no 

dry downdrafts from the cumulus layer. For LCL's above 

900 mb., the mixing r a t io  is seen to  decrease through the 

mi xed 1 ayer by about 1 .O-2.0 gm kg-' . 
The mixing r a t io  lapse ra te  changes abruptly a t  or near 

the top of the mixed layer,  from about -2 gm kg-' (100 mb.)-I 

t o  -7 gm kg-' (100 mb.)-l. The sharpness of th is  discon- 

t i  nui ty i s  a resu l t  of the mi xi ng of the moist convective 

elements a t  the top of the i r  ascent and the simultaneous 

entrainment and mixing of dry a i r  downward through the LCL.  

3.2.3 Pressure Scaled Average 

The ent i re  s e t  of 112 dry soundings which did not enter cloud 

were scaled according t o  the LCL and then averaged. The average 

mean LCL i s  861 mb. and the average time 1145 LST. The e- and 

r-profiles are plotted on Figure 3.4. The ordinate, P*, in 

Figure 3 . 4  i s  the pressure scaled to  the height of the LCL (see 

Section 2.6). 

a)  Thermal Structure: The strong e-decrease i s  observed 

to  be below P* = 0.05. Between P* = 0.1 and P* = 0.5, the 

a i r  has been extremely we1 1 mixed. Potenti a1 temperature 

increases s l ight ly  (0.1' K (10 mb.)-l) between P* = 0.5 and 



F i g u r e  3.4 : Graph of p o t e n t i a l  t e m p e r a t u r e  ( 0 )  and mixing 
r a t i o  ( r )  f o r  mean o f  112 P-sca led  dry 
c o n v e c t i v e ,  sound ings .  



P* = 0.8 b u t  a more marked increase (about 0.4' K (10 mb.)-l) 

probably indicating the mean top of the mixed layer,  begins 

a t  P* = 0.8. The potential temperature a t  the LCL i s  

approximately the same as the surface potential temperature. 

Figure 3.4 indicates that  the thermal driving force of 

convection i s  found i n  the lowest tenth of the layer. I t  

i s  possible tha t  the previously discussed e-minimum has been 

smoothed out, especially since i t  does not appear t o  have 

a fixed positisn i n  the layer relat ive t o  the LCL (see 

Figure 3.2). The mean atmosphere i s  seen to  be unstable or 

neutral in the lower half of the dry convective layer and 

stable above P* = 0.5. 

b )  Moisture Structure: The large decrease in mixing r a t io  

i s  similarly confined below P* = 0.05. Above Pk = 0.05, the 

mixing r a t io  decreases with height. The water vapor i s  

apparently well mixed u p  to  P* = 0.8 where i t  begins t o  

decrease more rapidly with height. The region of sharpest 

moisture decrease i s  found approximately between P* = 0.8 

and P* = 1.05. 

The largest decreases in moisture occur near the surface 

and between pk = 0.8 and pk = 1.05. One might, therefore, 

expect the strongest moisture fluxes to  be upward from the 

surface and upward through the LCL,  using the downgradient 

transport hypothesi s . 
3 . 2 . 4  Average of Soundings With a We1 1 -Defined Transi t i  on Zone 

Since the transit ion zone a t  the top of the dry convective 

layer was not detectable on e i ther  the LCL average or pressure- 



scaled average prof i 1 es , a s e t  of 30 soundings where this  feature 

was well defined was selected from the original sample. The 30 

soundings were divided into four 10 mb. mean LCL intervals and 

then averaged. The 30 selected soundings comprise 71% of the 

original data within these LCL ranges. 

The four mean e-profi les  are plotted on Figure 3.5. Each 

profi l e  has been divided into layers corresponding to Figure 3.1. 

Since the superadiabatic and mixed layers have already been 

discussed, i t  wi 11 only be noted that on three of the four 

profiles,  the lower portion of the mixed layer i s  unstable as 

shown earl i er.  

The reason for the selection of these i s  to examine the 

stable transition layer. The upper and lower boundaries of the 

layer were determined by extrapolating the less stable lapse rate  

above the LCL downward and by estimating the level below the LCL 

where 8 begins to significantly increase with height. These 

boundaries are shown by the dashed 1 ines on Figure 3.5. 

The transition zone i s  located in the region 10 mb. below 

to 10 mb. above the LCL. I t s  average depth i s  10-20 mb. The 

potential temperature lapse rate  above the zone i s  +4-5' K/100 mb. 

while in the zone i t  averages t8.25' K/100 mb. 

3.2.5 A Comparison of a Mean Dry Convective Layer Not Below 
Cloud With a Mean Sub-Cl oud Layer 

Some differences are to  be expected between soundings through 

clear a i r  and those that enter cloud. In order to  determine 

whether or not differences i n  structure do exis t ,  the mean e- 

and r-profiles of a l l  P-scaled soundings which d i d  not enter 





clouds were compared w i t h  the s e t  of P-scaled soundings which 

did en te r  cloud (Figure 3.6). An addi t ional  comparison was made 

between a s e t  of "into-cloud" and "outside-cloud" soundings which 

had cloudbase or  a t rans i t ion  zone between 910-920 mb. (Figure 

3.7),  taken from Table 2.1 and Figure 3.5. 

The difference i n  the extent  of mixing i n  the dry convective 

layer can be seen i n  both the e- and r -prof i les  plotted on 

Figure 3.6. The dry convective layer below cloud is thermally 

we1 1 -mixed between P* = 0.1 and P* = 0.95 while the moisture i s  

nearly constant from P* = 0.05 t o  P* = 0.80; the f a l l  from 

P* = 0.8 t o  P* = 1 .O i s  probably instrumental (see section 2.3.2). 

Away from clouds the dry convective layer is  well mixed thermally 

from P* = 0.1 t o  P* = 0.5 and s l i gh t l y  s t ab l e  from P* = 0.50 t o  

P* = 0.80 where e begins t o  increase s ign i f ican t ly  w i t h  height. 

Moisture decreases slowly w i t h  height from P* = 0.05 t o  P* = 0.80 

away from clouds. Above P* = 0.80 i t  begins t o  decrease more 
I 

rapidly . I 
The prof i les  shown on Figure 3.7 show essen t ia l ly  the same 

features.  The " i  nto-cloud" soundings a re  thermally we1 1 -mixed 

up t o  the LCL (909 mb.) . There i s  a mixing  r a t i o  maximum about 

30 mb. below the LCL showing the a i r  w i t h  cloudbase propert ies 

(Figure 2 .2) .  Away from clouds, the thermal s t ruc ture  i s  unstable 

t o  960 mb., s l i gh t l y  s t ab l e  between 960 mb. t o  10 mb. below the 

LCL,  and markedly s t ab l e  above 920 mb. The mix ing  r a t i o  away 

from clouds i s  nearly cons,tant between 980-930 mb. above which 

i t  decreases w i t h  height. ~ 
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We conclude tha t  the a i r  passing through cloudbase has 

properties closer to  those of a 'mixed' subcloud layer than that  

of the surface a i r .  

For the clear cases, the a i r  is apparently not as well 

mixed below the LCL. Since mixing i s  not as great as tha t  below 

cloud, the top of the mixed layer i s  not as d is t inc t  and the 

s table  transit ion zone i s  vis ible .  

A very weak (0.1' K )  e-minimum is seen a t  940 on the 

average of clear a i r  ascents and a t  960 mb. on the average of 

those soundings tha t  entered cloud. 

Above the LCL,  the "into-cloud" average profiles are cooler 

up to  830 mb. and more moist up t o  810 mb. Above these levels,  

there i s  1 i t t l e  difference i n  structure between the two averages. 

3.3 Determination of the Surface Energy Flux 

3.3.1 Dependence of Dry Convection on Surface Energy Fluxes 

The energy which drives the dry convection is the net 

radiation received a t  the ear th ' s  surface. Some of the energy 

i s  conducted into the soi l  while the remainder enters the lower 

atmosphere i n  the form of sensible and la ten t  heat. The flux 

of energy from the surface determines the structure i n  the dry 

convective layer above. In order to  study the time dependence 

of structural features i n  the dry convective layer, the time 

variation of the surface energy fluxes must f i r s t  be known. 

3.3.2 Surface Energy Bal ance 

The energy balance a t  the surface of the earth consists of 

the fol lowing terms : ~ 



a)  Net so l a r  (short-wave) radiat ion 

b )  Net t e r r e s t r i  a1 (1 ong-wave) radiat ion 
- 

c )  Turbulent transport  of sensible heat (pc w ' e ' )  i n to  the 
P 

atmosphere 

d) Turbulent transport  of l a t en t  heat (pLw1r') in to  the 

atmosphere 

e)  Conduction of heat i n t o  the so i l  

3.3.3 Net Radiation 1 
The net  radia t ive  f lux  a t  the surface (terms A and B )  must 

be accounted f o r  by the remaining three terms. 

Hourly measurements of net (shor t  and long wave) radiat ion 

a t  the surface were taken on 57 of the 108 days during which 

VIMHEX I1  was i n  progress. As might be ant ic ipated,  the overall 

average of these data (Figure 3.8) shows a re la t ive ly  uniform 

loss of energy from the ea r th ' s  surface between 1930 and 0530 LST. 

An average of 2 .4  1 angleys hr-' i n  the form of long-wave t e r r e s t r i a l  

radiat ion en te r  the  atmosphere during this period. After  sunr ise  

the downward f lux of short  wave energy increases a t  an average r a t e  

of 7 .4  langleys hr-* reaching a maximum value of +49.8 langley hr-' 

a t  about 1230 LST. The average value of the net  f lux between 1130 

and 1330 LST i s  +48.6 langleys h i 1 .  After 1330 LST, the net  

radiat ion decreases (-7.5 langley hr-2) t o  a value of -2.61 

langleys hr-' a t  1930 LST. 

Monthly averages of the radiat ion data were a1 so constructed 

(Figure 3 .5) .  The differences between the June, July and August 

curves between 0900 and 1500 LST may be a t t r ibu ted  to:  (1) the 







difference in the data sample s ize  fo r  each month (June - 7 days; 

July - 22 days; August - 28 days), and (-2) variation i n  mean 

cl oudi ness . A particularly notable feature i s  the pronounced 

minimum i n  the June curve. Although the data sample fo r  June is 

small, th i s  depression i n  the net radiation curve indicates the 

presence of a we1 1-defined di urnal maximum of cl oudiness. 

Using the previously described categorization of each day 

of the experiment according to  the intensity of convection, net 

radiation curves were obtained for  the relatively cloudless 

(Category 1) days and the relatively cloudy (Category IV) days 

(Figure 3.10). 

3.3.4 Soi 1 Conduction 

a)  The energy balance a t  the ear th ' s  surface described i n  

3.3.2 may be written as follows: 

Net radiation - heat conducted into soi l  = 

l a ten t  heat + sensible heat 

The objective of th is  section is the determination of the 

sensible and la ten t  heat fluxes from the surface into the 

sub-cloud layer. Something, therefore, must be said about 

the amount of heat conducted into the so i l .  

b )  There were measurements of soi 1 heat content taken on 

seven days during the experiment. The total  heat content 

of a layer of soi l  i s  given by: 

H = L H i  = L CO WSi (Ti  - TO) ti 

where: 

i = ident i f ies  each sub-layer comprising the total  layer 

o = the specific heat of the soi l  including a i r  and water 





3 Ws = the dry unit weight of the soi l  (gmjcm ) 

Ti = mean temperature of the sub-layer 

To = reference temperature 

t = layer thickness 

Thermocouples were placed a t  0, 2 ,  4, 6 ,  10, 20, 30, 

40, 50 and 70 cm below the surface. The dry unit  weight, W s ,  

of each layer between thermocouples were measured and Co,  the 

specific heat of the soi 1 was calculated t o  be 0.33 cal gm-l 
0 -1 C assuming a so i l  moisture content of 15%. To was 

a rb i t r a r i ly  chosen t o  be 30' C. 

c )  Five of the days on which these measurements were taken 

f e l l  into Categories. I and 11, i .e . ,  relatively dry days, while 

the remaining two days were relatively wet. Figure 3.11 shows 

the time variation of the soil heat content fo r  the f ive  "dry" 

days. 

Table 3.1 gives the average hourly values of the heat 

flux through the soi 1 on a "dry" day between 0600 and 2400 

LST. The data are also shown on Figure 3.12. 

Since dry convection i s  the principal area of in te res t  

in th is  investigation, only the soi l  conduction data for  

these dry days wi 11 be used. 

3.3.5 Average Surface Sensible and Latent Heat Fluxes 

The average la tent  and sensible surface heat fluxes have 

been calculated by subtracting the average heat flux through the 

soi l  from the average net radiation fo r  the dry days. The resul ts  

are tabulated (Tab1 e 3.2) and are plotted on Figure 3.13. 
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Loca l  Time (Hours) 

Figure 3.11 : Soil heat content vs. time for  Category I & 11. 



Local Time (Hours) 

Figure 3.12: Mean heat f l u x  in to  the so i l  f o r  
Category I & I1 days. 



TABLE 3.1 

Heat conducted i n t o  s o i l  on Category I & I1  days (Ly/Hr) 

(smoothed). 

Local 
T i  me 06-07 07-08 08-09 09-10 10-1 1 11-12 12-13 13-1 4 14-15 

Local 
Time 15-16 16-17 17-1 8 18-19 79-20 20-21 21 -22 22-23 23-24 

Q(2400) - Q(0600) = 21.20 - (-1.45) = 22.65 

c Negative Q ' s  = -43.78 

c P o s i t i v e  Q ' s  = 66.43 

c P o s i t i v e  Q ' s  + c Negative Q ' s  = 66.43 - 43.78 = 22.65 





Figure 3.13: Mean surface sensible  and l a t en t  heat f lux fo r  
Category I & I1 days. 
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3.4 Time Dependence of the Dry Convective Layer Structure 

3.4.1 General Considerations 

The purpose of section 3.2 was to  establish the existence of 

certain characteristic features of dry convective structure in 

the averaged VIMHEX I1 data and t o  learn something about the 

relation of the features to  each other. 

The next s tep,  a f t e r  establishing the f ac t  that  there i s  a 

"typical" dry convective s t ructure,  i s  t o  investigate the 

evolution of tha t  structure during the day. For the investigation 

of s t ructure,  the soundings were grouped according to  s t ructure,  

i . e . ,  by LCL. The emphasis of th is  section i s  on time variations 

and so the soundings will be grouped according to  time (see 

Section 2.7.2). 

Three separate se ts  of data will be used. They are: 

a)  118 Category I and I1 (dry) soundings which have a 25 

mb. vertical  resolution. These soundings wi 11 be difference 

averaged (Section 2.7.4) . The average prof i 1 es obtained 

from th is  data are not expected t o  show detailed structure 

b u t  rather t o  indicate the major changes which occur i~ 

the layer during the day. 

b )  11 2 non-preci p i  t a t i  ng convective soundings with 10 mb. 

vertical  resolution which did not enter cloud. These will 

be ver t ical ly  scaled by the height of the LCL so tha t  

structural features will be retained i n  the time averages. 

c) Twenty soundings with 25 mb. vertical  resolution which 

were taken during f ive of the "dry day" experiments conducted 



as part  of VIMHEX 11. These w i  11 be difference averaged 

and used i n  the study of the time dependence of the layer. 

I t  i s  important t o  consider how the data was selected 

for  each of three se t s .  Category I and I1 soundings were 

selected on the basis of areal mean precipitation. Soundings 

taken when precipitation was occurring a t  or near Carrizal 

are included i f  the mean precipitation over the area i s  less  

than 2.0 mm. The remaining two data se t s  were selected on 

the basis of "dry" structure.  Since precipitation causes 

marked changes in structure (Section 4 ) ,  soundings taken 

during or near precipitation were systematically excluded. 

The Category I and I1 mean profiles represent s l ight ly  

wetter and cloudier conditions than the mean profiles 

obtained from e i ther  of the other two data se ts .  

The e- ,  r- and ee-structure wi 11 be studied in turn, 

using mean profiles obtained from the three data se ts .  The 

mean profile for  a particular time period will be shown by 

a solid l ine  and the mean profi le  for  the next time period 

shown by a dashed l ine.  This allows the changes which occur 

from one period t o  the next to  be seen more easily.  The 

i n i t i a l  profile will be plotted (dotted l ine)  in the f inal  

diagram of each figure t o  show the net change which occurs 

during the day. Solid horizontal l ines are used t o  mark 

the top of the surface layer (975 mb. ) and the LCL.  

3.4.2 Category I and I1 Difference Averaged Profiles 

a) Thermal Structure (Figure 3.14) : As anticipated (Section 

2.7.4), most of the structural detai 1 has been smoothed out. 





There i s  some indication of a nocturnal surface inversion on 

the 0816 LST 0-profile which i s  not seen a t  1005 LST. The 

atmosphere i s  seen to  be unstable up to 950 mb. and s table  

above 950 mb. from 1000 LST through 1400 LST. After 1400 

LST, the decrease in the potential temperature near the surface 

increases the s t ab i l i t y  of the lowest layers and by 1800 LST 

the en t i re  lower atmosphere has been s tabi l ized.  This i s  

probably due to  precipitation on some of the days included 

in th is  sample (see Section 4.3). The LCL increases from 950 

mb. a t  0816 LST to a maximum of 850 mb. a t  1408 LST a f t e r  

which i t  begins to  decrease in height. 

b )  Moisture Structure (Figure 3.15) : Moisture decreases 

rather uniformly between the surface and the L C L .  The 

decrease averages about 3.0 gm kg-'. I t  i s  d i f f  i cul t to  

infer  much about physical processes leading to  the r ed i s t r i -  

bution of moisture in the dry convective layer due to  the 

a1 ternating increases and decreases in moisture content 

which are indicated a t  each level.  These profiles do not 

show any evidence of abrupt changes in the ra te  of decrease 

of moisture with height. 

c) ee Structure (Figure 3.16): The ee content of the dry 

convective layer increases throughout most of the period 

during which convection i s  occurring. The surface ee reaches 

i t s  maximum value near 1200 LST. Two significant changes in 

decrease of Be with height are observed. The f i r s t  occurs 

a t  950 mb. and i s  probably related to  the change i n  the 

thermal s t ab i l i t y  which occurs a t  th i s  same level ( ~ i g u r e  3.14). 
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The second i s  observed 25 mb. below the LCL on the 1005 LST 

and 1408 LST mean profiles and corresponds to  a s l  ight change 

in the vertical  moisture structure.  

3.4.3 LCL-Scal ed Dry Convective Average Prof i 1 es 

a )  Thermal Sfructure (Figure 3.17): Structural features are 

considerably bet ter  defined in th is  s e t  of mean profiles.  

The large (1  .0-1.5' K )  e-decrease near the surface i s  found 

below P* = 0.15. Above th is  marked superadiabatic region, 

the a i r  i s  i n i t i a l l y  s table  but becomes neutral or s l ight ly  

unstable during the day. This ins tab i l i ty  i s  most noticeable 

on the 1144 LST mean profi le  when i t  extends more than half- 

way up  t o  the LCL.  The variation in height of the e minimum 

i s  shown in Figure 3.23. 

On the 0838 LST mean profi le ,  convection i s  just 

beginning and only the layer below P* = 0.35 i s  well mixed. 

That convection does not always extend up to  the LCL early 

in the day i s  confirmed by the f ac t  that  cumulus clouds are 

n o t  always observed a t  0830 LST. In each of the subsequent 

mean profiles mixing extends upward and by 1545 LST the 

en t i re  layer below P* = 0.95 has been relatively well mixed. 

The potential temperature below the LCL in the dry 

convecti ye 1 ayer increases throughout the period. However, 

this  pressure-scaled data i s  not suitable for  a discussion 

of the time changes of a variable a t  a pressure level. 

This will be done in Section 3.4.4. 



Figure 3.17 : Time averaged, LCL-scal ed, dry convective 
e-prof i 1 es . 



b)  Moisture Structure (Figure 3.18): There i s  a 1.0-1.5 

gm k g - '  decrease in mixing r a t io  between the surface and 

P* = 0.1 during the morning b u t  by 1200 LST the decrease 

through th is  layer i s  less  than 1.0 gm kg". The mixing 

r a t io  decreases gradually with height throughout most of the 

remainder of the layer. A change in the ra te  of decrease occurs 

near the top of the 1 ayer (between P* = 0.75 and P* = 0.90). 

The t o p  of the water vapor "mixed" 1 ayer i s ,  therefore, 

comparable w i t h  the top of the thermal mixed layer. 

c)  ee S tructure ( Fi gure 3.19) : The 0838 LST mean ee- 

profile shows a large ( -  6.0°K) decrease between the 

surface and P* = 0.15. This feature weakens on each 

successive profile and by the end of the period (1545 LST) 

i t  has been reduced to about 3.0°K. 

Above the surface layer ee i s  observed to  increase 

with height only on the i n i t i a l  profi le ,  before convection 

has become well established. The vertical structure i s  

smooth a t  0838 LST and 1005 LST, becomes irregular a t  1144 

LST and 1413 LST and perhaps begins to  smooth out again a t  

1545 LST. A1 though i t  i s  possible that  these i r regular i t ies  

are due to  "noise" in the measurements, the smoothness of 

the early profiles suggests that  the i r regular i t ies  may be 

physically significant.  Possibly, as the 1 ayer deepens, 

the structure of the dry convective eddies may change, b u t  

no firm conclusions can be drawn from th is  data as the data 

sample for  each profile i s  different .  



Figure 3.18: Time averaged, LCL-scaled, dry convective 
r-prof i 1 es . 



Figure 3.19: Time averaged, LCL-scaled, dry convective 
ee prof i 1 es . 



A t  t h e  top  o f  t h e  l a y e r  e i s  seen t o  begin t o  
e  

decrease more r a p i d l y  w i t h  he igh t  between P* = 0.8 and 

P* = 0.9 i n  response t o  t he  presence o f  lower ee a i r  

above the  d ry  convect ive l a y e r .  

3.4.4 "Dry-day D i  f ference-average P r o f i l e s  

a)  Thermal S t ruc tu re  (F igure  3.20) : The thermal s t r u c t u r e  

shown on Figure 3.20 i s  s i m i l a r  t o  t h a t  obta ined from t h e  

prev ious two se ts  o f  data. The s t r o n g l y  superadiabat ic  

reg ion  above the sur face extends up t o  950 mb. except on 

t h e  1201 LST p r o f i l e  where i t  i s  as h igh  as 925 mb. The 

mixed l a y e r  develops as i n d i c a t e d  prev ious ly ,  almost reach- 

i n g  t h e  LCL a t  1600 LST. The e n t i r e  d r y  l a y e r  warms through- 

o u t  t he  pe r i od  o f  observat ion.  The maximum amount o f  hea t i ng  

i s  observed t o  occur between 1006 LST and 1359 LST. 

b) Moisture S t ruc tu re  (F igure  3.21) : This  s e t  o f  data i s  

considered t o  be more representa t i ve  o f  d r y  convect ion than 

t h a t  used i n  Sec t ion  3.2.2 s ince  days when p r e c i p i t a t i o n  

occurred were speci f i c a l  l y  excluded . Moisture i s  seen t o  

decrease w i t h  h e i g h t  throughout t he  l a y e r  on each p r o f i l e .  

The mix ing  r a t i o  increases a t ' each  l e v e l  above 975 mb. 

between 1000 LST and 1200 LST. Between 1200 LST and 1600 

LST the  amount o f  mo is tu re  a t  each l e v e l  below 875 mb. 

decreases. The convect ion r e s u l t s  i n  a  d ry ing  o u t  o f  t h e  

a i r  below 875 mb. and a  moistening o f  t he  a i r  between 875 

mb. and 800 mb. i n  t he  course of t he  day. 



Avg. Time=1359 L.S.T Avg. Ti me = 1559 L.S.T 
Average # 3 Avg. L.C.L= 828 mb ~verage#4 Avg. L.C.L.= 815 mb 

N = 5  N = 5  

Dry Day Means 

Avg. Time =I006 LS.T Avg. Time= 1201 LS.T 
Average # l Avg. L.C.L. = 893 mb Average # 2 Avg. L.C.L= 868mb 

SFC 
300 

8 5 0  - 

900 - 

I 
I 
I 
I 
\ 
\ 
\ 

\ 
\ 

\ I 1 

/ 
/ - 4 

// 

/ 
// 

/ 
/ 

/ - 
/' Initial 
A Profile 

1/ 1006 L.ST 
I 
I - I 
\ 
\ 
\ 

\ 
\ 
\ 
\ 

- 

- 

- 

Figure 3.20: Difference averaged "dry-day" e-prof i  1 es . 
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Figure 3.21 : Di f ference averaged "dry-day" r - p r o f i l e s  



c) ee Structure (Figure 3.22) : The time dependence of 

the mean 9,-prof i 1 e ref 1 ects the redistribution of both 

sensible heat and moisture. Ini t i  a1 ly (1000 LST-1200 LST) 

ee increases throughout the layer. After 1200 LST ee i s  

observed to  decrease a t  most levels be1 ow the LCL. The 

total  e f fec t  of dry convection through the day i s  to  cause 

practically no change i n  the ee structure below 925 mb. 

b u t  t o  increase the ee content of the layer above 925 mb. 

and below the f inal  LCL, corresponding to  the increase i n  

depth of the dry convective layer. 

3.4.5 Summary 

These resul ts  are summarized on Figure 3.23 where the 

variation of several o f  the features of the thermal structure of 

the dry convective layer i s  shown. The data are presented in 

Table 3.3. 

3.4.6 Surface Fluxes 

a )  ee Flux 

The e-minimum observed on several of the mean e- 

profiles (Figures 3.14, 3.17, and 3.20) indicates that  the 

lower portion of the mixed layer is  thermally unstable. 

If  th i s  i s  so,  then the magnitude of the surface sensible 

heat flux may depend on the decrease of e through the ent i re  

unstable region, and not just  through a surface layer w i t h  

a fixed upper boundary. 

The magnitude of the surface sensible and la ten t  heat 

flux has been computed (Section 3.3.5). The time variation 



Dry Day Means 

Average #I Avg. Time=lOO6 LST Average #2 
Avg. L.C.L.= 893 mb 

Avg. Time = 1359 L.S.T 
Average#3 Avg. LC.L.=828 rnb Average #4 

Avg. Time = 1201 LS.T 
Avg. L.C.L.= 868 mb 

N =5  

Avg. Time = 15 59 L S T  
Avg. LCL.= 815 mb 

Figure 3.22 : Di f ference averaged "dry-day" ee-prof i 1 es . 
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o f  t h e  sur face ee f l u x  should correspond t o  t h e  t ime 

v a r i a t i o n  o f  t he  computed sur face  sens ib le  and l a t e n t  heat  

f luxes ,  which can be ca l cu la ted  us ing  a b u l k  aerodynamic 

equat ion: 

where 
'L 
p i s  the  h o r i z o n t a l l y  averaged a i r  dens i t y  

Vo  i s  t he  sur face  wind speed = constant  

C, i s  a  drag c o e f f i c i e n t  t h a t  probably  increases a 

l i t t l e  w i t h  i n s t a b i l i t y  b u t  which w i l l  be taken 

here as constant.  

e i s  t h e  sur face  value of e e  
0 

e i s  t he  va lue o f  ee a t  some l e v e l  chosen as the  

et top  o f  t he  superadiabat ic  l a y e r  

F igure  3.24 and Table 3.4 show the  v a r i a t i o n  w i t h  t ime 

of t he  d i f f e r e n c e  between e and f o u r  values chosen f o r  e . 
0 t 

Also  shown on F igure  3.24 i s  t h e  sur face  energy f l u x  computed 

from n e t  r a d i a t i o n  and s o i l  heat  measurements (Sec t ion  3.3). 

Table 3.4: The v a r i a t i o n  w i t h  t ime o f  hee = e - e 
eo t 

f o r  f o u r  values o f  8 i n  t h e  d r y  convect ive l aye r .  
t 

Local Standard Time nee 07-09 09-11 11-13 13-15 15-17 

1. Surface t o  P* = 0.1 

2. Surface t o  P = 975 mb. 

3. Surface t o  Average e e  
(P* = 0 .14 .8)  

4. Surface t o  &Minimum 2.8 2.7 3.2 2.9 1.6 
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F igure  3.24: Time v a r i a t i o n  o f  t he  e decrease in t he  
lower  p o r t i o n  o f  t he  dr'j convect ive l a y e r .  



There i s  l i t t l e  s imilar i ty  i n  shape between the surface 

energy flux (Figure 3.24(a)) and the hee curves based on 

differences between the surface and P* = 0.1 , P = 975 mb. or 

the average ee between P* = 0.1 and P* = 0.8. The agreement 

in shape with the nee curve computed from the surface to  the 

level of the 8-minimum i s  reasonably good. This needs further 

study, b u t  these data do not confirm that  surface fluxes are 

well predicted by the bulk aerodynamic method using the 

difference between surface ee  and a mean value for  the 

mixed layer. 

b) The Bowen Ratio 

The surface sensible and la ten t  heat fluxes are assumed 

t o  be given by bulk aerodynamic equations of the form: 

'L % 

and Fo = C L ( r o  - r t )  Vo 
r r o v  

respectively, where Vo i s  the magnitude of the wind a t  some 

level i n  the superadiabatic layer, Ce and Cr are essentially 

drag coefficients (assumed t o  be approximately equal ) and 

e and ro, rt are the surface and top of the superadia- 
O0' t 
batic layer values of e and r ,  respectively. The % represents 

a hori zontal average. 

The existence of a e-minimum in the mixed layer leaves 

some question as to  where, exactly, the top of the superadia- 

batic layer i s  located. To investigate the significance of 

th i s  feature i n  flux computations, the Bowen ra t io  was 

computed with %t and Pt taken to  be (as in 3.4.6(a)): 



1)  t h e  values a t  P* = 0.1 

2) t h e  values a t  P = 975 mb. 

3) t he  values a t  P* ( e  minimum) 

4) t h e  mean 8 and P between P* = 0.1 t o  0.8. 

These data a re  shown on Table 3.5 and a re  p l o t t e d  on F igure  

3.25. The Bowen r a t i o  has been computed us ing:  
- 
F 

Bowen r a t i o  = - 

Table 3.5: The Bowen r a t i o  computed us ing  % and t 
d i f f e rences  between t h e  sur face  and 
se lec ted  l e v e l s  i n  t h e  d r y  convec t ive  l aye r  

LOCAL STANDARD TIME 07-09 09-11 11-13 13-15 15-17 

1 ) Surface t o  P*=0.1 

Bowen r a t i o  

2) Surface t o  P=975 mb. 

ae (OK) 

A r  (gm kg-' ) 

Bowen r a t i o  

3 )  Surface t o  e-Minimum 

e Minimum (P*) 

Bowen r a t i o  

4) Surface t o  Mean %, ? 
A 0  (OK) 

A r  (gm kge1 ) 

Bowen r a t i o  
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Figure 3.25: The time variation of &he Bowen ra t io  
computed using e , and r di fferences 
between the surface and selected levels 
in the dry convective layer. 



Quali ta t ively,  the r a t i o  might be expected t o  be 

re la t ive ly  high in the morning and t o  gradually decrease 

through the afternoon as the sensible heat flux decreases. 

This is  the tendency shown by the Bowen ra t ios  computed by 

differencing from the surface to  the 8-minimum. he see that  

the Bowen ra t io  d i f fe rs  markedly depending on the choice of 

e t ,  rt. Current parameterization models fo r  the sub-cloud 

layer are using method four above: on average, this gives 

the lowest Bowen ra t io  f o r  these data. This c lear ly needs 

fur ther  study . 



4. THE MODIFICATION OF THE LOWER ATMOSPHERE BY PRECIPITATING CONVECTION 

Data Used 

A1 though preci pi t a t i  ng convection and the cl oud 1 ayer i tsel  f 

i s  outside the main area of th is  study, the modification of the lower 

atmosphere, i n i t i a l l y  the sub-cloud layer,  by precipitating 

convection will be discussed. The data used in th is  section i s  a 

s e t  of 22 category IV (heavy rain)  soundings which were taken before 

preci pi t a t i  on began and again a f t e r  precipitating ended for  el  even 

heavy preci pi t a t i  on events . Average pre- and pos t-preci pi t a t i  on 

soundings were produced from the eleven pairs of soundings mentioned 

above. Average r-, e- ,  ee- and ees-profiles were computed (Figures 

4.1, 4.2, 4 . 3 ,  and 4.4). 

Measurements of horizontal transports are not available. This 

e f fec t  i s  assumed t o  be small on any given day and i s ,  therefore, 

considered negligible in the profi le  changes which resu l t  from 

averaging data from many days. The changes in s t ructure i n  the 

pre- and post-preci pi t a t i  on soundings wi 11 be interpreted as changes 

which are due to  convection. 

In order t o  t e s t  the s t a t i s t i c a l  significance of the data, the 

standard error (standard error = standard devi a t i  on/(number of 

4 observations) ) of the measured change in potential temperature 

and mixing r a t io  a t  each pressure level was computed and has been 

inserted into Figures 4.1 and 4.2. The standard error  i s  generally 

less  than the value of the difference which lends credence to  the 

subsequent resul ts .  
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4.2 Mixing Ratio (Figure 4.1) 

There i s  l i t t l e  ambiguity i n  the changes which are observed in 

the moisture structure. The layer between the surface and about 

960 mb. has increased i t s  moisture content. From 960 to 740 mb. 

the atmosphere has become drier  by 0.5 to 1.4 gm kg-' . Above 740 mb. 

moisture has been increased. The largest change i n  moisture i s  the 

increase of 1 .5 to 2.0 gm kgw1 which occurs between 525 and 600 mb. 

These changes in water vapor content are related t o  the liquid 

water transports which occur during precipitating convection. Vapor 

condenses, i s  transported vertically by the convective cell s , w i t h  

some of the liquid water fal l ing out as precipitation, and subse- 

quently re-evaporates. The moisture increase in the layer just  

above the surface i s  due, in large part, to  the re-evaporation of 

preci p i  t a t i  on from the surf ace. The moisture decrease from 940- 

740 mb. i s  due to the transport of vapor out of this  layer by 

updraft and downdraft ci rcul a t i  ons . 
The total precipi table water in the surface -150 mb. column 

increases from 4.6 gm before precipitation to 4.9 gm afterwards, 

indicating a convergence of moisture into the column. 

4.3 Potenti a1 Temperature (Figure 4.2) 

There i s  a definite cooling below 900 mb. and a lof t  between 

650-425 mb. A s l ight  warming i s  observed between 850-725 mb. 

The large cooling near the surface (5-6' K )  reflects the 

evaporation of precipitation fa1 1 i n g  through the sub-cl oud 1 ayer 

as we1 1 as the convectively induced downdrafts of cooler a i r .  



The changes in the e-profile represent changes in the s t a b i l i t y  

of the atmosphere. Precipitating convection acts  t o  s tabi 1 i ze the 

i n i t i a l  ly unstable 1 ayer be1 ow 950 mb. ( i  .e. , the surface super- 

adiabatic layer).  In f ac t ,  the en t i re  layer below 725 mb. is much 

more s table  a f t e r  precipitation than i t  was before. A s l i gh t  

destabilization i s  seen between 650 and 400 mb. 

By the time precipitation usually ends, the amount of solar  

heating that  i s  occurring i s  insuff ic ient  t o  restore the temper- 

ature profile to  i ts  original s t a t e .  

4.4 Saturation Equivalent Potential Temperature (Figure 4.3) 

Since potential temperature and saturation equivalent potential 

temperature are both functions of temperature and pressure only, a 

change i n  temperature a t  a specified pressure level can be expected 

t o  produce similar changes in eeS and e .  In f ac t ,  examination of 

Figures 4.2 and 4.3 shows that  the changes i n  ees are an amplifi- 

cation of the changes in e .  What has been said about the changes i n  

the environmental e-prof i 1 es appl i es equal ly t o  the ees- prof i 1 es . 
The value of the ees plots i s  that  the layers in which warming and 

cooling occurs are more apparent. More important, i t  can also 

be seen that  the environment below 900 mb. approaches a constant 

ee, prof i 1 e a f t e r  preci pi t a t i  on has occurred. 

4.5 Equivalent Potential Temperature (Figure 4.4) 

The equivalent potential temperature of a parcel of a i r  i s  

clearly related t o  the quantity gz + c T + Lr, the moist s t a t i c  
P 

energy, of the parcel (Madden and Robi t a i  11 e ,  1970). I t  is conserved 

during parcel ascent under both dry adiabatic and pseudo-adiabatic 



assumptions. The changes i n  the vertical 0,-profi l e  are related 

to the changes i n  the e and r structures which have already been 

discussed. 

Figure 4.4 shows a uniform 2-4' K decrease i n  ee below 750 mb. 

and a 1.5-5' K increase above 750 mb. The observed decrease results 

from a sinking of a i r  i n  downdrafts from higher levels, where ee i s  

1 ower . 
The structural changes above 750 mb. result  from the transport 

of h i g h  9, a i r  from near the surface into the middle troposphere 

probably by the decay of cumulus towers. This a i r  (which i s  also 

very moist) mixes w i t h  the relatively low ee a i r  aloft  causing a 

net increase i n  ee (and moisture content). 

I n  terms o f  moist s t a t i c  energy, Figure 4.4 is  evidence that 

strong convection acts to transport energy upward, which should not 

be surprising. Comparison w i t h  Figure 4.1 indicates that a large 

part of th is  energy i s  i n  the form of latent  heat, 

Precipitating convection i s  also seen to reduce the vertical 

variation of ee and to cause the level of m i n i m u m  ee to  be displaced 

and downward 10-1 5 mb. 

Perhaps the most dramatic change i s  that i n  the s tabi l i ty  of 

the 1 ower atmosphere before and af ter  precipitation. Figure 4.5 

shows the ees- and ee-profi les before and af ter  precipitation. A 

surface parcel displaced upward before precipitation i s  positively 

buoyant up  to  the LCL which i s  located sl ightly below the level of 

free convection ( L F C )  ( i .e . ,  the level above which the moist parcel 

i s  unstable w i t h  respect to i t s  environment and will proceed upward 



Figure 4.5 : eb and e -prof i 1 es before and af ter  precipitation. es 
Changes i n  atmospheric s tabi l i ty  are indicated by 
the change i n  the height of the l i f t ing  conden- 
sation level (L.C .L.  ) and the level of free 
convection ( L .  F. C .  ) before and af ter  precipitation. 



without added impulse) . In comparison, a parcel displaced upward 

from the surface a f t e r  precipitation is s table  and remains stable 

above the LCL; necessi ta t ing a forced 1 i f t i ng  through about 200 mb. 

for  deep convection t o  occur. 



SUMMARY AND CONCLUSIONS 

A l a r g e  sample o f  data c o l l e c t e d  p r i m a r i l y  f o r  t h e  s tudy o f  

convect ion has been used t o  o b t a i n  some i n s i g h t  i n t o  d r y  convect ion 

i n  t he  atmosphere. VIMHEX I1 was unique i n  t h a t  i t  was one o f  t h e  

f i r s t  major l and  experiments du r i ng  which the  new VIZ-NWS radiosonde 

was used. 

A g rea t  deal o f  care was taken du r i ng  the  processing o f  t h e  data 

and considerable a t t e n t i o n  pa id  t o  the e f f e c t  o f  d i f f e r e n t  averaging 

techniques on t h e  mean p r o f i l e s  t h a t  were obtained. I t  was found t h a t  

i n  o rde r  t o  study s p e c i f i c  s t r u c t u r a l  fea tu res  s p e c i a l l y  se lec ted  data 

had t o  be used. Without t he  se lec t i ons  o f  data t h a t  were made i t  i s  

doubt fu l  t h a t  any meaningful r e s u l t s  cou ld  have been obtained. 

Out o f  necess i ty  a method o f  determing t h e  LCL which corresponds 

t o  the  t o p  o f  t h e  d r y  convect ive l a y e r  was developed. The LCL's computed 

by t h i s  method were shown t o  agree w e l l  w i t h  t he  observed cloudbase. There 

was evidence i n  the  LCL v e r t i c a l  s t r u c t u r e  t h a t  a i r  going i n t o  c loud 

.slopes upward from the  sur face r a t h e r  than r i s i n g  v e r t i c a l l y .  Th i s  

fea ture  a l lowed an es t ima t i on  o f  t h e  accuracy o f  t he  radiosonde humid i ty  

measurements and the  amount o f  thermal l a g  i nhe ren t  i n  t h e  h y g r i s t o r .  The 

humid i ty  measurements were determined t o  be accurate t o  w i t h i n  2% o f  t h e  

t r u e  value, except near sa tu ra t i on .  The h y g r i s t o r  was found t o  have a 

thermal l a g  o f  about 10 seconds i n  t he  d ry  convect ive l a y e r .  

The mean p r o f i l e s  t h a t  were computed i n d i c a t e  a r a t h e r  complex 

s t r u c t u r e  i n  t he  d r y  convect ive l a y e r .  The most i n t e r e s t i n g  r e s u l t  was 

t h e  d iscovery t h a t  t he  lower p o r t i o n  o f  what has been c a l l e d  the  



Path 

F i g u r e  5.1 : M o d i f i c a t i o n  of  model sub-c loud 
s t r u c t u r e  s u g g e s t e d  by VIMHEX I1 
d a t a .  



"constant 0" layer i s ,  i n  f ac t ,  s l igh t ly  unstable during most or 

the convective period. The modification of the model sub-cl oud 

structure (Figure 3.1) which the VIMHEX I1 data suggests is shown 

on Figure 5.1 . The z* level (see Figure 5 .I ) i s  that  of the 

6-minimum. The significance of th is  feature i s  shown when energy 

flux computations are compared the measured energy flux into the 

layer. Some agreement is found only when the flux computations are 

based on the energy gradient through the en t i re  unstable layer 

rather than through a fixed layer above the surface. 

The time dependence of the major structural features of dry 

convection has been studied and a clearer picture of the develop- 

ment of a dry convective layer has been obtained. 

The atmospheric structure below cloud has been presented, ana 

compared with the corresponding s t ructure of the atmosphere between 

clouds. Air ascending through cloudbase has been shown to  have 

essenti a1 ly "mixed" 1 ayer properties, a1 though cl oudbase a i r  i s  

usually s l ight ly  moister than the a i r  found beneath i t  i n  the 

subcloud layer. Between the clouds, a s table  transit ion layer i s  

vis ible  on many soundings. 

Section 4 has presented the transformation of the dry layer 

by precipitation showing the dramatic stabi 1 ization, caused by 

the low level cooling and the simultaneous reduction in equivalent 

potenti a1 temperature by deep convective downdrafts. 
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Appendix A: Compu t a t i  on of Thermodynami c Variables 

The basic s e t  of thermodynamic data consists of the temperature (T) 

and relat ive humidity (RH) measurements taken a t  specified pressure ( P )  

levels by radiosonde. The accuracy of the humidity data are discussed 

i n  Section 2.3.2. 

Several thermodynami c vari abl es have been computed from the basic 

data. These are water vapor mixing r a t io  ( r )  , potential temperature 

( e ) ,  saturation equivalent potential temperature (ees),  and equivalent 

potenti a1 temperature (0 , ) .  

Mixing Ratio ( r )  has been computed using: 
e 

r = E 

where E = the r a t io  of the mean molecular weight of water vapor t o  that  

of dry a i r  = 0.622 

e = vapor pressure (mb.) and i s  given by the empirical formula: 

es = saturation vapor pressure and i s  given by: 

A1 1 owi ng computation of saturation mi xi ng r a t io  ( r s )  : 

es 
r~ 

= E- 
P-eS 

Potential Temperature ( e )  i s  computed from i t s  definit ion 

6 where R = dry gas constant = 2.871 x 10 erg g -1 oK-1 

= specific heat of dry a i r  = .240 IT cal g -1 oK-1 
P 

( A .  4.) 



Saturat ion Equivalent Potent ia l  Temperature (ees) . The formula 

which i s  general ly  w r i t t e n  f o r  sa tura t ion equivalent po ten t i a l  temperature 

i s :  

The equation i s  obtained through in teg ra t ion  o f  the entropy 

equation which describes the water satura t ion adiabat ic  process. One 

form o f  the entropy equation de f in ing  water satura t ion adiabats i s  : 

(Betts , 1973) 

where %, 
C ~ m  

= gas constant and spec i f i c  heat o f  the moist  a i r  

respect ive ly  

v = l a t en t  heat o f  vapor izat ion 

9s = satura t ion spec i f i c  humidity 

The i n t eg ra t i on  o f  (A. 7)  t o  obta in  (A.6) involves several 

approximations, one o f  which i s  the neglect  o f  the va r i a t i on  o f  T i r  

the t h i r d  term of (A.7). I t  has been shown (Betts and Dugan, 1972) 

t h a t  more accurate values o f  ees can be generated by using an empir ical  

formula. 

ees 
ArS = e exp (T) 

where A i s  emp i r i ca l l y  determined t o  be given by: 

A = 2.61 + 0.0014 e 
W 

Ow 
= wet-bulb po ten t i a l  temperature i n  OC 

Since the range o f  ew i s  small f o r  the data under considerat ion, 

an average value, ew 1. 20' C, was used i n  the computations and ees was 

computed accodi ng to: 
2.64 rs 

'es = e exp (A. 10) 



Equivalent  P o t e n t i a l  Temperature (8,) : The e q u i v a l e n t  p o t e n t i a l  

temperature  of an unsa tura ted  a i r  parce l  is  determined from (A.lO) by 

rep1 acing rs by r. 
2.64 r ee = e exp 

LCL 
(A. 11 ) 

The temperature  used i n  (A. 11 ) must be t h e  temperature  a t  which t h e  

l a t e n t  h e a t  represen ted  by r begins  t o  be r e a l i z e d ,  i . e . ,  t h e  temperature  

a t  which condensation begins o r  t h e  temperature  a t  t h e  l i f t i n g  conden- 

s a t i o n  l eve l  (LCL) . 
LCL Computation. The LCL has been computed using t h e  fo l lowing  

scheme: 

Given P ,  Ty r and e 
P r 1 .  Determine vapor p r e s su re ,  e ,  from e = 

2. From (A.3) dewpoint,  TD, can be determined 

- ( (237 .3  * log (e)/2.302585) - 186.527) 
T~ - (8.286 - ( l o g  (e) /2 .302585))  

(A. 13)  

3.  Let AT = T - TD (A. 14)  

4. Compute an approximate average temperature ,  T*, i n  t h e  sub-LCL 

1 ayer  using 

T* = T,, - 0.62 AT + 273.2 (A. 15)  

5. Compute a mean dewpoint l a p s e  r a t e ,  rD, below t h e  LCL from 

6.  The LCL he igh t ,  H L C L ,  i s  then given by 

H~~~ = ~ T / ( 9 . 7 6  - r D )  

and t h e  temperature  a t  t h e  LCL,  TLCLy by 

T~~~ 
= T - 9.76 HLCL + 273 - 2  (OK) 

(A. 16)  

( A .  17)  
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