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ABSTRACT

Data acquired during the 1972 Venezuelan International Meteorological
and Hydrological Experiment is used to study the thermodynamic structure
of the cumulus sub-cloud layer: its time dependence, and transformation
by precipitation. A close relationship between 1ifting condensation
level (LCL) and cloud base, and between LCL and the transition layer
is found. Cloud "roots" in the sub-cloud layer are identified, and
the improved accuracy of the 1972 VIZ-NWS radiosonde is confirmed.
Different averaging techniques are used to show the diurnal dependence
of the sub-cloud layer structure. A deep slightly superadiabatic layer
is found. The validity of determining surface fluxes from bulk
aerodynamic formulae using the difference between surface and sub-cloud
layer mean quantities is questioned. The transformation of the sub-cloud

layer by precipitation is presented.
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INTRODUCTION

1.1 General Background

An area of meteorology where much still needs to be Tearned is
that dealing with convective transports in the troposphere. Little
is known about the contribution of convective transports to global
processes and, conversely, the control exerted by large scale processes
on fields of convection remains obscured.

In the literature concerning atmospheric convection, one finds
a multitude of papers describing the thermal and moisture stratifi-
cation of the atmosphere and the related energy fluxes that occur
during convection. Consider, for example, the following description
of thermal eddy size:

Warner and Telford (1967) conclude from an observaticnal study
that thermal size is about 200-300 meters and that it remains
unchanged above a height of 100 meters. These results are compared
favorably with aircraft and surface observations.

Vul'fson (1961) suggests an average cell diameter of 50-100
meters which changes T1ittle with height.

Grant (1965) found thermal size to increase from 200 meters in
diameter near the surface to about 900 meters at a height of 600
meters and then to decrease up to the sub-cloud inversion.

Konrad (1970) based his description of convective cell growth
in a clear atmosphere on observations taken by radar. This approach
leads to a more complex picture in which cells of many different
sizes are found at a given altitude. At a given level, a cell forms

and increases in size while becoming progressively more disorganized.



Cell diameter is initially 100-200 meters but grows to 1500-2500
meters before dissipating.

The purpose of citing these results is simply to point out the
state of confusion that has existed in some areas connected with
atmospheric convection. It is 1ikely that much of this difference
in results is 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, etc.) which may be of
importance during convection.

The current interest in numerical models of the atmosphere has
resulted in a demand for 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 Oceanographic and Meteorological Experiment (BOMEX)
(Holland and Rasmusson, 1973), the 1969 and 1972 Venezuelan Inter-
national Meteorological and Hydrological Experiments (VIMHEX I and
II), and the proposed GARP Atlantic Tropical Experiment (GATE - 1974).
This paper is concerned with some of the early results gained from

data acquired during VIMHEX II.

1.2 VIMHEX II

0f the experiments which have already been carried out, two
were conducted over the tropical ocean (ATEX and BOMEX) and two
were conducted in the tropics over land (VIMHEX I and II). System-

atic Tow humidities recorded during the early experiments (ATEX,



BOMEX, VIMHEX I) led to design modifications incorporated into
the new VIZ-National Weather Service radiosonde. Because of the
systematic humidity errors, a statistically derived correction
has been applied to the ATEX, BOMEX, and VIMHEX I humidity data.
VIMHEX II is one of the first major field experiments using the
new VIZ-NWS radiosonde. The improved humidity measurements are
discussed in Section 2.3.2.

VIMHEX II was conducted in north central Venezuela about 150
km south-southwest of Caracas. The radiosondes were launched from
Carrizal which is located between the 9000 foot Coast Range 100 km
to the north, and the 6000-8000 foot Guiana Highlands about 400 km
to the southeast. The region has a tropical savanna climate.

Atmospheric soundings were the primary measurement taken during

the experiment. There were 327 soundings taken which fell into three
categories:

1. Routine soundings taken on a twice-daily basis.

2. Sequences of soundings taken on several days when con-
vection was suppressed. These provide information about
the evolution of a non-precipitating convective Tayer.

3. Special soundings which were made, whenever possible,
before, during and after each convective precipitation
event.

Additional information about the state of the atmosphere

during sounding was recorded in the form of written and photographic
surface observations.

The extent and intensity of convection was obtained through

radar (modified M 33 - 10 cm) coverage of the 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 in progress. The amount of
heat conducted into the soil was measured on seven days during

the experiment (see Section 2.8).

1.3 Objectives and Content of This Paper

The primary objective of this paper is the investigation
of the Tower portion of the convective boundary layer, i.e. the
dry convective layer. The characteristic features of the heat
and mositure stratification observed during dry convection will
be identified and the time dependence of each feature will be
described. Momentum will not be considered.

VIMHEX II has provided a large amount of coordinated data
taken specifically for the study of atmospheric convection. The
purpose here is to further the understanding of dry convective
processes through the use of the VIMHEX II 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. It will be shown that the new VIZ-NWS radiosonde is
accurate to about 2% of the true humidity value (except near
saturation) and that the thermal lag of the hygristor is about
10 seconds. The system used to categorize each day of the

experiment according to convection intensity will be described



and the method of determining an upper boundary for the dry
convective layer that was used will be discussed in detail.

Pressure scaling and several different averaging techniques
were employed in various parts of the study. The methods and
reasons for them will also be given in Section 2.

Section 3 will deal with the non-precipitating convective
layer. Structural features will be investigated first and then
the time dependence of the structure. A slight superadiabatic
region is 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

examined.



2.

PROCESSING OF THE DATA

2.1 Computed Variables and Interpolation

Initially, the sounding data was extracted from the strip
charts of each ascent at time (one minute) intervals. This is
equivalent to 20-25 mb. vertical resolution. The pressure,
temperature and relative humidity were then used to compute mixing
ratio, potential temperature, equivalent potential temperature and
saturation equivalent potential temperature at each minute Tevel
(Appendix A). These data were then interpolated to 25 mb. levels
from 975-150 mb.

This resolution is considered sufficient for the study of
most of the features of atmospheric stratification. However,
inspection of this data indicated that a finer resolution would
be needed for the study of some of the features of the sub-cloud
layer, particularly in the surface superadiabatic region.

Temperature and humidity are measured every 8-12 mb. of ascent
(every “contact" Tlevel, controlled by a baroswitch). From the
entire sample of 327 soundings, 138 were selected which had been
taken either on days when it did not rain or prior to precipitation
at Carrizal. The optimum vertical resolution of about 10 mb. was
achieved by extracting the temperature and humidity measurements

for the first 40 contact levels (up to about 680 mb.).



2.2 Derived Thermodynamic Variables

There is a wide choice of thermodynamic variables which
can be computed from the basic set of pressure, temperature and
humidity data and something should be said about the choice of
variables used in this study.

The vertical distribution of temperature, T(P), as measured
by radiosonde, uniquely determines the environmental vertical
profiles of potential temperature (6), saturation mixing ratio
1

The combined vertical distribution of temperature, T(P),

(rs), saturation equivalent potential temperature (ees
and relative humidity, RH(P), determines the environmental

vertical profiles of mixing ratio (r), dewpoint (TD), wet-bulb
temperature (Tw), wet-bulb potential temperature (ew), 1ifting
condensation level (LCL), and equivalent potential temperature

(0g)-

The standard presentation of radiosonde data consists of a
vertical temperature profile, T(P), and a vertical mixing ratio
profile, r(P), both plotted on a thermodynamic diagram such as
the Skew T-log P or Tephigram. The heavy, solid lines in Figure
2.1a are the average, vertical temperature and mixing ratio pro-
files for all soundings taken during VIMHEX II plotted on a teph-
igram which has 0 as ordinate and T as abscissa.

The dashed line represents the path of a parcel of dry,
surface air which rises without mixing, dry adiabatically (i.e.

along a constant 0-1ine) to the 1ifting condensation level where

condensation begins. Above the LCL the parcel continues its unmixed



ascent moist adiabatically (i.e. along a constant ees-1ine).
Note that the parcel conserves ¢ only for that portion of the
ascent below its LCL, while B is conserved throughout the
entire ascent.

Since parcels of air do mix during ascent, the dashed line
on Figure 2.7a represents an idealization of true parcel motion.
The dotted Tine incorporates the effect of the entrainment of
environmental air (the properties of which are given by the dark,
solid Tines) into the parcel. This tends to reduce the buoyancy
of the parcel.

If the parcel approach is used to study convection, the im-
portant variables are those which uniquely identify the parcel
throughout its ascent. If radiative effects are small, an unsat-
urated parcel conserves its potential temperature. Furthermore,
if an unsaturated parcel mixes with a parcel of environmental air
at the same pressure, the total potential heat of the parcels is
exactly conserved (i.e. the extensive quantity /s pcpedV). If dry
convection or the sub-cloud Tayer is the subject of investigation,
the potential temperature is therefore a convenient thermodynamic
variable.

In the more general case, where condensation occurs, the
parcel conserves its equivalent potential temperature throughout

its ascent and the extensive quantity S oc eedV is conserved

p
(almost exactly) during isobaric mixing.
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The data is identical to that snown on 2.1b but has been
plotted against P, g coordinates rather that the o,T

coordinates used in 2.1a and 2.1b.
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Figure 2.1b is identical to 2.1a except that the envir-
onmental vertical mixing ratio profile has been replaced by the
vertical profile of equivalent potential temperature, ee(P), and
the temperature profile has been replaced by the Bog profile which
is identical.

The advantages are apparent. The parcel paths are connected
to both environmental surface values and the effect of mixing is
more easily visualized since both the eé-profile of the environment,
oe(e), and that of the parcel, ee(p), are shown.

Figure 2.1c shows the final 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 straight line. This plot is used in Section 4.

In Section 3, the dry convective layer structure is discussed

using (8, p), (r, p) and (ee, p) plots.

2.3 Data Accuracy

2.3.1 Overali Accuracy of the Measurements

a) Radiocsonde: The accuracy of the surface and radio-
sonde data (Compendium of Meteorology, 1951) used in this i
study is considered to be as follows: '
Pressure: +1 mb. at 1000 mb.

+3 mb. at 50C mb.
+1.5 mb. at 100 mb.

Temperature: +0.2° ¢

Relative humidity: +£2.5%
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The accuracy of radiosonde humidity measurements is
discussed in Section 2.3.2.

b) Radiation: The net radiometer used during VIMHEX II
has an instrumental accuracy of 4% based on a calibration
precision of 2.50 + 0.1 millivolts 1ang1ey'1. The average
hourly radiation values were obtained using a planimeter
to integrate the area under the radiation trace for each
hour. The precision of this integration is about +.05

millivolts hour !.

Between 0900 LST and 1600 LST, these
average net radiation values are generally greater than
5.0 mv hr-]. The overall accuracy of the radiation
measurements is thus 5%.
c) Precipitation: The precipitation data are used only
qualitatively for this thesis. The difficulty in deter-
mining the accuracy of these measurements in terms of gauge
density and location is therefore avoided. An accuracy of
about 20% is considered both probable and tolerable.
d) Ground Heat Conduction: The computation of ground
heat conduction is discussed in Section 3.3. It is based
on measurements of soil heat content which have an
estimated accuracy of 10% of the total heat content of a
70 cm. thick column of soil.
2.3.2 Radiosonde Humidity Measurements
In recent years, several questions have been raised
concerning the validity of daytime radiosonde humidity mea-
surements. Systematically low readings were recorded during
the daytime ascents (Morrissey, J.F. and Brousaides, F.J., 1970;

Ostapoff, F., Shinners, W.W., and Augstein, E., 1970).
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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 little has been said,
is the thermal Tlag of hygristor as the instrument passes
through regions of strong vertical temperature gradient. The
response of the carbon hygristor to humidity changes at 25° ¢
is 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 results obtained in Section 2.5.3 is a method
of locating in the sub-cloud, air with cloudbase properties.
This result will now be used to investigate the significance
of the thermal lag of the radiosonde hygristor.

The set of VIMHEX II 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 stripchart, from which the saturation mixing ratio
can be obtained. It is known that the hygristor responds
poorly at humidities higher than 95% (near cloudbase, see
Table 2.1), so the question is whether or not air can be found
anywhere below the cloud which has a mixing ratio sufficiently
high that it would become saturated at the temperature and

pressure of cloudbase.
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The average T, r, 6, 6 " and LCL at each 10 mb. Tevel

, 6
e’ ‘e
for six of these soundings which had an observed cloudbase
between 910-920 mb. are listed in Table 2.1.

The average cloudbase was 915.5 mb. where the average
temperature was 20.1° ¢ requiring a saturation mixing ratio of
16.4 gm kg-]. The lowest computed LCL is 913 mb. for air at
940 mb. This air at 940 mb. has a mixing ratio of 16.1 gm kg~

1 (1.8%) below the probable value (16.4 gm

which is 0.3 gm kg~
kg']). Similar results are obtained for individual soundings
that went into cloud.

It seems reasonable to conclude from these results that
tropical daytime VIZ-NWS radiosonde humidity measurements are
accurate to about 2% of the true humidity value (except near
saturation, see Table 2.1).

If it is assumed that the mixing ratio at 940 mb is, in

1

fact, 16.4 gm kg~' and that the temperature (22.2° C) is

accurate, then it is possible to estimate the thermal lag of
the hygristor.
With these assumptions, the saturation mixing ratio at

1

940 mb. is 18.2 gm kg~ '. The correct relative humidity

(RH r/rs) is 90.2% but the hygristor is measuring only 88.5%.
If the hygristor is slightly warmer than the environment, then
the saturation mixing ratio near the hygristor will also be
higher. In fact, a relative humidity of 88.5% occurs with

r = 16.4 gm kg'] and r, = 18.5 gm kg']. The saturation mixing

ratio, rg, equals 18.5 g kg™! (e, = 27.21 mb.) at 22.5° C,
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Table 2.1: Averaged data for selected
soundings which entered cloud.
Averaged according to timed cloudbase 910-920. (Average 915.5 mb.)

Averaged for the following soundings -
Ascents # 49 51 112 172 198 254

wwwmmc\c\mmmmmmo&mcﬁmmmcﬁmmmmc\mmmmmmmmmm

Average Time = 1017 L.S.T. Average LCL = 909.0 mb.
PRESS HEIGHT  TEMP. MIX TH TH-E TH-ES LCL NO.
(MB) METERS DEG.C G/KG DEG.K  DEG.K DEG.K MB.
994. 186. 28.3 16.6 302.0 350.6 376.0  902.
980. 309. 25.6 15.6 300.6 346.0 363.8 908.
970. 399. 24.7 15.6 300.6 346.1 361.0 909.
960 . 491. 23.9 15.6 300.6 346.1 358.5 909.
950. 582. 23.1 15.6 300.7 346.3 356.3 907.
940. 675. 22.2 16.1 300.6 347.4 353.8 913,
930. 768. 21.3 16.0 300.7 347.4 351.5 912.
920. 862. 20.4 15.3 300.7 345.4 349.2 903.
910. 957. 19.7 14.5 300.9 343.2 348.0 888.
900. 1052. 19.2 14.1 301.3 342.4 347.4 877.
890. 1149. 18.7 13.8 301.8 342.2 347.3 867.
880. 1246. 18.5 13.7 302.5 342.8 347.7 857.
870. 1344, 17.9 13.2 302.9 341.8 347.2  845.
860. 1443, 17 -3 12.4 303.3 340.0 346.3 829.
850. 1543. 16.4 11.6 303.4 337.7 344.7 815.
840. 1644, 15.8 11.2 303.8 336.8 344.2  803.
830. 1746. 15.6 10.9 304.6 336.9 344.9 790.
820. 1849. 15.1 10.7 305.1 336.9 344.6 781,
810. 1954, 14.6 10.4 305.7 336.7 344.6 769.
800. 2059. 14.2 10.2 306.3 336.9 344.7 760.
790. 2165. 13.5 9.4 306.7 334.8 344.0 742.
780. 2273. 12.9 8.8 307.1 333.8 343.5 728.
770. 2381. 12.7 8.4 308.1 333.6 344.8 709.
760. 2491. 12.6 8.4 309.1 334.5 345.9  699.
750. 2602. 12.0 8.1 309.6 334.4 345.6 579.
740. 2715. 11.3 7.9 310.1 334.4 344.9 457.
730. 2829. 10.8 7.3 310.7 333.3 345.0 336.
720. 2944, 10.3 7.2 311.4 333.5 345.0 22b.
710. 3060. 9.7 6.6 312.0 332.5 344.9 222.
700. 3178. 8.9 6.1 312.4 3313 344.1 111.
690. 3297. 8.2 5.9 312.9 331.1 343.5 111,
680. 3418. 7.5 6.3 313.5 333.1 343.4 132.
670. 3546. 6.5 5.8 313.6 331.7 341.8 0.
660. 3669. 6.0 5.1 314.4 330.4 342.1 0.
650. 3794. 5.3 4.4 315.1 328.9 342.1 0.
GM. of Precipitable Water = 3.56
Thickness 980 to <700 = 2869.

Mean Column ee = 339.5
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0.3° C above the ambient temperature. This temperature would
be found at about 943 mb. If the balloon rises at a rate of

20 mb. min'], the thermal Tag of the hygristor is about 9 sec.

2.4 Categorization of Convection

It is 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 II and III was chosen arbitrarily.
The criteria are listed in Table 2.2 along with the number of

days and soundings in each category.

Table 2.2: Categories of convection.

Average Area Number Number of

Category Precipitation (mm) of Days  Soundings
I < 0.1 23 44
II 0.1-2.0 36 98
ITI 2.0-5.0 19 72
IV > 5.0 21 91

(Note: 22 soundings were taken prior to precipitation measurements.)
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2.5 Determination of the Top of the Dry Convective Layer

2.5.1 General Approach

Considerable effort was spent developing a means of
determining the top of the non-precipitating convective layer
so that diurnal changes in the depth of the layer could be
studied. A number of VIMHEX II soundings were observed to
enter cloud. A cloudbase height was determined for several of
these ascents by measuring the time at which the balloon entered
cloudbase, and finding the pressure corresponding to this time
from the rawinsonde strip chart. This observed cloudbase was
related to LCL values in and the structure of the sub-cloud
layer for the same soundings, and finally, to the dry convective

structure between the clouds.

2.5.2 Data Used

The soundings used for the remainder of this section were
taken either: (1) on days when there was Tittle or no
precipitation, or (2) prior to precipitation on days when it
rained at Carrizal. The vertical resolution of the soundings
is 10 mb. (see Section 2.1). There were 138 soundings in this
group, of which 26 were observed to enter cloud. The
distribution with respect to the previously defined categories

of convection is shown in Table 2.3.
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Table 2.3: Distribution of data with respect
to category of convection.

Category of # of Soundings # of Soundings
Convection Qutside Cloud Into Cloud
I 35 4
II 45 1
ELT 18 6
v 14 5
Total 112 26

2.5.3 LCL Computation

A timed cloudbase was available for 22 of the 26 soundings
that were observed to enter cloud. The LCL was computed (see
Appendix A) at each 10 mb. level for each of these 22 soundings.
If a balloon enters cloud it must also, at some level below the
cloudbase, enter air which is going into cloud and has cloudbase
properties (i.e. an LCL which corresponds roughly to the height
of the cloudbase). This was the case in 14 of the 22 soundings.
It was assumed that the remaining eight had either entered cloud
somewhere above cloudbase or passed through a very shallow cloud
and therefore they were not used.

The simplest way to compute an LCL rests on the assumption
that surface air rises vertically into cloud. The temperature
and mixing ratio measured at the surface can then be used to
compute an LCL and thus an approximate height of cloudbase. This
procedure does not account for mixing of the surface air with the

cooler, drier air aloft. The effect of mixing may be incorporated
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by computing the LCL at some level above the surface (e.g. 950 mb.)
or by using an average of the LCL's computed at several levels.

Examination of the 14 VIMHEX II soundings shows that if the
properties of surface air are used in the LCL determination of the
height of cloudbase, the predicted cloudbase is often 20-30 mb.
too high (i.e. at a lower pressure). Using the 950 mb. air shows
no significant improvement. In fact, there is no one Tevel which
gives consistently reliable results.

The problem then is to determine which levels should be used
to determine an average LCL. Examination of the LCL profiles of
the soundings which went into cloud reveals the following features
which are common to both individual soundings and to averages of
several of the soundings (see Figure 2.2):

a) A surface LCL which is generally 10-20 mb. too high and

occasionally as much as 30 mb. too high.

b) High LCL's at several levels near the surface.

c) Either a gradual or discontinuous shift to lower LCL's

which are very near the observed cloudbase. In 13 of the

soundings, the Towest LCL in this region was within 5 mb.

of cloudbase. The exception was a minimum LCL that was 10 mb.

above cloudbase.

d) The levels above the minimum value show high LCL's which

are due to the inability of the radiosonde hygristor to

respond near saturation.

If the assumption that surface air risesvertically into
cloudbase is modified, then a reasonable explanation of these

features is possible. The basis of the explanation is the fact
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that cumulus clouds are most often observed moving in a wind-shear
field. It is reasonable to assume that the currents of air
.entering cloud as well as the motions induced in the environment
around the cloud are tilted away from the vertical by the vertical
wind shear.

This effect is illustrated schematically in Figure 2.3. The
air near the surface at point A is subsiding and is therefore
relatively warm and dry and would have a high LCL. The air
which is entering the cloud is originally located at the surface
at some point to the left of A. This air is found at about
960 mb. above point A.

A radiosonde launched at point A would measure temperatures
and humidities that would lead to a vertical LCL profile very
similar to that described above. The mean LCL computed from the
average of all 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 is the mean for this data
sample.

An iterative scheme was devised, based on these considerations,
which first averaged the LCL's computed at each 10 mb. Tevel from
980 mb. to 930 mb. This was used as a first "quess." The first
iteration averaged the LCL's at each 10 mb. level from 980 mb.
to 30 or 40 mb. below the "first guess" depending on the height
of the "first guess." The LCL's at and 30 to 40 mb. below
cloudbase are erroneously high due to Timitations of the radiosonde
hygristor and were, therefore, not used in the average. A second

jteration was performed using the result of the first iteration
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as a "second guess." The mean LCL which was then obtained was
found to be reasonably close to the observed cloudbase. The

observed cloudbase and computed LCL are compared in Table 2.4.

Table 2.4: Height difference between
mean LCL and cloudbase.

Radiosonde # 49 51 63 79 85 109 112 114 115 141 156 172 198 254

Observed
Cloudbase (mb) 915 912 921 909 906 886 914 868 850 924 924 917 919 916

Mean LCL (mb) 914 907 919 907 898 882 909 866 844 911 917 910 904 909

Difference -
(mb) +1 45 42 42 48 +4 +5 +2 +6 +13 +7 +7 +15 +7

Average Difference: +6 mb.

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

Difference
(mb) +2 -4 -1 +1 -5 +2 0 +3 -3 -2 0 -3 -10 +5
Average Difference: -1 mb.

The LCL extremum values in Table 2.4 are the lowest LCL's
in the subcloud layer (see also Table 2.1 and Figure 2.2). This
extremum LCL corresponds most closely to the observed cloudbase.
Averaging the LCL's computed at six levels (980-930 mb.) yields
a mean value which is slightly but consistently high. The use of
the lowest computed LCL in each profile, rather than a mean value,
may afford some improvement in the correspondence between the
computed LCL and the true cloudbase. This was not, however, done

in this study, the conclusion is retrospective.
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2.5.4 The Relation of the Computed LCL to Sub-cloud Structure

If the computed LCL is to be used as an upper bound of the
dry convective layer, it is necessary to show that it is, in fact,
located at the top of that layer. The feature of the thermal
structure of the sub-cloud layer which is most visible both in
individual and average 6-profiles is the mixed layer or the region
where 6 is nearly constant with height. The top of this layer (i.e.
the level above which 6 begins to increase more rapidly with height)
has been estimated and is compared to the LCL in Table 2.5. The
evidence is that the thermally mixed layer extends up to cloudbase.
On the average, the LCL is found slightly above the top of the

mixed 6 layer under clouds, but the difference is not significant.

Table 2.5: Height difference between the mean
LCL and the top of the 6 mixed layer.

Sounding Observed Mean Estimated Top AP: Top of Mixed AP: LCL to

Number Cloudbase LCL of 6 Mixed & Layer to Top of Mixed
(mb) (mb) Layer (mb) Cloudbase (mb) & Layer (mb)
49 915 912 910 -5 +2
51 912 907 900 -12 +7
63 921 917 920 -1 -3
79 909 908 910 +1 -2
85 906 899 900 -6 -1
109 886 883 880 -6 +3
112 g14 912 920 +6 -8
114 868 865 860 -8 +5
115 850 844 840 -10 +4
141 924 914 920 -4 -6
156 924 918 930 +6 -12
172 917 911 910 -7 +1
198 919 905 920 +1 -15
254 916 909 910 -6 -1

Average -4 =
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2.5.5 The Relation of the Computed LCL to Dry Convection

In Clear Regions

Thirty-two of the soundings which were not observed to
enter cloud were selected on the basis of having well-defined
mixed layers and transition zones. The purpose here is to justify
the application of a mean LCL, determined using sub-cloud data,
to regions above which there are no clouds. The soundings were
averaged according to the estimated height of the base of the

transition Tayer. The results are shown in Table 2.6.

Table 2.6: Height difference between the mean LCL and base
of transition zone not below cloud.

AP
# of Soundings Estimated Base Average (LCL-top of
in Average of the Transition LCL Mixed Layer)

Layer (mb) (mb) (mb)

5 890 883 -7

7 900 889 -11

13 910 897 -13

5 920 912 -8

Average -10

The mean LCL is here located above the top of the mixed
layer. For the remainder of this paper, the mean LCL will be
considered to be the upper boundary of the non-precipitating
convective Tayer below cloud and in regions where there are

no clouds.
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2.6 Pressure Scaling

Since the depth of the dry convective layer varies signifi-
cantly from day to day as well as diurnally, averaging often results
in structural features which are present on the individual soundings
being blurred beyond recognition. The averaging techniques which
were used to minimize this are discussed in the next section. Ver-
tical 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 Togical choice of a scale height is the mean LCL described
in the previous section. The scaling was done simply by defining

a scaled pressure:

P(I)

P -
p* . _surface (2.1)

Psurface' PLeL

where I indicates the particular data level.
*

It can be seen that when P(I) = P P = 0.0 and

%

when P(I) = PLCL’ P = 1.0.

surface’

2.7 Averaging Techniques

2.7.1 Selection of Data for Averaging

Averaging, by any method, is bound to result in some
smoothing of the data. The amount of smoothing depends on the
amount of data selected for averaging. A Tlarge sample of data
can be subdivided in many different ways and certain subdivisions

will result in subtle differences in the averages that are obtained.
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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. First of all, the soundings can be arranged according
to the time the balloon was released and then all 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 is to arrange the soundings according to
the mean LCL (Section 2.5), select certain intervals of the LCL
values and average the soundings that fall into each interval
separately. This will be referred to as an LCL average.

A third, not so obvious, method is to select a time of
day, say 1000 LST, as a reference time and consider a sounding
taken within a certain interval of that 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 to the average of the reference soundings. This will be
called a difference average.

The next several sub-sections will be used to describe
the differences between these three types of averages. The
data used is the set of 112 non-precipitating convective sound-

ings (Section 2.5.2).

2.7.2 Time averages
The convective period (0700-1900) was divided into six

two-hour time periods for time averages used in this paper.
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The soundings in the sample used here were all taken between
0700 and 1700 LST. There was a relatively large number of
soundings in each time interval. Inspection of the five average
p-profiles revealed that most of the structural features which do
appear on individual soundings were smoothed out. The mixed
layer, or the layer in which 6 is approximately constant with
height was reasonably defined in only two of the five averages
(average times: 1005 and 1144 LST).

This smoothing results from the fact that at a given hour
of the day, the depth of the dry convective layer varies greatly
from day to day. This variation must be included if the reason
for the average is the study of the diurnal change of the mean
structure but it is a serious defect if one wishes to study

specific structural features.

2.7.3 LCL Averages

To eliminate the smoothing of the time averages, the
soundings were sorted into fifteen (fourteen 10 mb. and one 40
mb.) intervals according to LCL. This is a grouping of the
soundings in the original set in such a way as to restrict the
depth variation of the Tayer to the size of the LCL interval.
The mixed layer can be defined to within #10 mb. on eleven of
the fifteen averages. There is an inherent time dependence here
since the dry convective layer is observed to deepen through the
day. The changes in the LCL averages with time do not necessarily
reflect changes of a mean structure with time since, by design,
a significant portion of the variation which goes into the time

average has been removed.
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2.7.4 Difference Averages

The fluxes which occur in the dry convective layer are
linked to the absorption of solar energy at the earth's surface.
It is reasonable to assume that during any period of the day,
there are similar daily changes in the heat and moisture
stratification between the beginning and end of the period
since the change in insolation will generally be the same.

The difference average requires a mean reference structure
based on a large enough set of soundings to ensure that the day
to day changes in structure have canceled each other out. If
this is the case, then this method gives the most accurate mean

daily changes which are crucial to accurate mean flux computations.
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3. THE NON-PRECIPITATING CONVECTIVE LAYER

3.1 Description

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 II 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 II and, (2) to determine
the variability of each feature during the course of a "typical”
dry convective day. It is hoped that by using this relatively
large amount of high resolution data, a more precise picture of
dry convection will be obtained.

Betts (1973) shows the thermal stratification of a typical
(i.e. model) dry convective layer (Figyre 3.1). The dry convection
layer is composed of three regions, each with a distinct potential
temperature lapse rate, and is capped by a "cumulus" Tayer where
6 increases with height.

The superadiabatic layer develops diurnally as the earth's
surface is heated by solar radiation. There is a net flux of
sensible heat upward through this region into the mixed, or dry
adiabatic, layer. This flux is the driving force which determines
the thermal structure of the dry convective layer. Most of the
shear turbulence in the lower atmosphere is generated in this
lower layer. Ball (1960) has shown that the amount of shear
turbulence generated is about one-tenth of the amount of thermal
turbulence.

Thermal eddies are formed as parcels of air near the surface

are heated and become buoyant. The eddies travel upward through
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Figure 3.1: Model dry convective layer
structure after Betts (1973).
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the dry adiabatic layer, losing buoyancy by mixing with the cooler
environmental air and through viscous dissipation. The turbulent
mixing results in a constant or slightly increasing vertical o-
profile in the mixed layer.

Any buoyant kinetic energy which the parcel has when it
reaches the Tevel where its potential temperature is equal to that
of the environment will cause it to overshoot the equilibrium
position. During the "overshoot" mixing will cause a cooling of
the environment. The transition layer marks the top of the dry
convective layer. Its height is determined by the amount of "over-

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

3.2 (Observed Structure

3.2.1 General Considerations

The variation in the depth of the dry convective layer has
been previously discussed. It has been shown that in order to
study average structural features of the heat and moisture
stratification in the layer, the effect of this variation in
averaging must be restricted. This will be accomplished by using
LCL averages (Section 2.7.3), by averaging soundings which have
been scaled vertically (Section 2.6), and by using a subset of
soundings which have particularly good structural definition.
Both the thermal (o) and moisture (r) stratifications will be

considered.

3.2.2 LCL Averages
One hundred twelve non-precipitating convective soundings

(Section 2.5.2) were used to construct the LCL averages. Between
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940-790 mb. a 10 mb. LCL interval was used. A1l the soundings
with LCL's higher than 790 mb. were grouped into one 40 mb.
interval, 790-750 mb. A1l 112 soundings had mean LCL's within
this range but none fell into the 930-920 mb. interval. There
were, therefore, 15 LCL averages obtained.
Nine of the average 6-profiles are plotted on Figure 3.2.
Only data to the first interpolated level above the mean LCL is
plotted and dotted lines are used where needed to avoid confusion.
The corresponding moisture profiles are shown separately on
Figure 3.3.
a) Thermal Structure (Figure 3.2): The same general
features as those shown on Figure 3.1 may be seen in each
of the average 6-profiles. There is a sharp decrease in 9
in the layer just above the surface. Since 980 mb. is the
Towest interpolated level, the averages show that a sharp
decrease occurs between 980 mb. and the surface. Above 980
mb. 6 is observed to be nearly constant with height up to a
level 30-50 mb. below the mean LCL. Above the "constant-6"
or mixed layer the averages show a gradual increase of 6
with height.
The sharp 6-decrease near the surface averages about
1.0-1.5° K. The uniformity gf this feature suggests a
rather steady energy flux th;ough the layer nearest the
surface regardless of the dg?th of the dry convective layer.
The exception to this is theiaverage‘profi1e for the
sounding with LCL's above 790 mb. Here the 6-decrease is

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



8001

T time"

850

<9}
o
|©)

Pressure, mb

950

=35

4
768
1559 L.ST.
7 time =008
0.8l 785
gy US> /
i 151 LST—
806
1448L.ST;
O'ﬁme =O.8?/
1.82 8%4
—_— !
-7B4ILST7L
[ LEGEND
i 6 = Number of
| Soundings
Sl4=Avg. LC.L
\ 0947=Avg. Time
J Ttime=Standard
Deviation
of Times
inAvg.in Hrs.
m—— 5 LG L
----=Top of
Mixed
l_ayer

o AN \\\\\.

297 298

302 304 306 308
6 (°K)

Figure 3.2: Graph of potential temperature () against
pressure for sets of L.C.L. averaged data.



B~

*SbuLpunos 3AL309AU0D

Kap pabedare 7' w04 safLsoud (4) @4ngsiow °7°9°7 03 8d%eLUNng

:g°¢ aunbL4

by/b6 1
g Gl 6 Gl M Gl [
—\ T\ LN J4S
n . —4 0S6
: - . H 006
- -] -1 0G8
qu 89/ T qu Ge/ = qw 908 quw $¢8 - qu $+8 - 008
1S16GGl =N 1SS G=N 1S718tbl 9=N 1S1IvEl 8=N 1S 9%2l L=N
By /b6 1
Gl I Gl I Gl I Gl I
- <L <71 —— 948
- - . Hose
- 4 1TO71UDBA :quW 9¢6
7 swi] oo : 1572080 908
pabpiany
| | | sbuipunog jo# :g=N Jocg
qui{G81S710g!l  T1=N quy/8 1ST14101 Ol=N  qudie 1ST1.b60 9=N quwaoge 1S71.080 €=N

2inssald

qu



=35

late in the day, this exception reflects the decrease in
surface temperature that also occurs late in the day. It
follows that the potential temperature of the mixed Tlayer is
about 1.0-1.5° K cooler than the surface temperature.

An interesting feature observed on many of the individual
soundings and in eight of the nine LCL averages introduces
some ambiguity into the definition of "surface superadiabatic
Tayer" and "mixed layer" as shown on Figure 3.1. This feature
is the minimum value of 6 between 980 and 900 mb. The
minimum is circled on each profile shown on Figure 3.2.

Since the highly unstable region is generally confined to a
layer near the surface, it is more consistent to interpret

this 6 minimum as a feature of the mixed Tayer rather than

as an extension of the surface superadiabatic layer.

For LCL's below 840 mb., the 6-minimum is found at or
below 940 mb. and the sharp 6-decrease near the surface is
confined below 980 mb. However, for higher LCL's, the
position of the 6-minimum in the layer varies widely and
the strong 6-decrease near the surface extends up to 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 is a 0.5-1.0 gm
kg'] decrease in mixing ratio from the surface to 980 mb.
until the LCL reaches 830 mb. For deeper layers (late in
the day), this decrease is less than 0.5 gm kg_]. Strong

vapor fluxes from the surface are therefore implied only
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while the layer is developing. The surface vapor flux is
apparently less significant as the layer reaches full
development.

When the dry convective layer is shallow (i.e., LCL
below 900 mb.) the mixing ratio is nearly constant in the
mixed layer. This might be because convection has not
reached the LCL early in the day, and as yet there are no
dry downdrafts from the cumulus layer. For LCL's above
900 mb., the mixing ratio is seen to decrease through the
mixed Tayer by about 1.0-2.0 gm kg™'.

The mixing ratio lapse rate changes abruptly at or near

1 1

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

1 (100 mb.)'1. The sharpness of this discon-

to -7 gm kg~
tinuity is a result of the mixing of the moist convective
elements at the top of their ascent and the simultaneous

entrainment and mixing of dry air downward through the LCL.

3.2.3 Pressure Scaled Average

The entire set of 112 dry soundings which did not enter cloud
were scaled according to the LCL and then averaged. The average
mean LCL is 861 mb. and the average time 1145 LST. The 6- and
r-profiles are plotted on Figure 3.4. The ordinate, P*, in
Figure 3.4 is the pressure scaled to the height of the LCL (see
Section 2.6).

a) Thermal Structure: The strong 6-decrease is observed

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

air has been extremely well mixed. Potential temperature

increases slightly (0.1° K (10 mb.)']) between P* = 0.5 and
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P* = 0.8 but a more marked increase (about 0.4° K (10 mb.)'])
probably indicating the mean top of the mixed layer, begins
at P* = 0.8. The potential temperature at the LCL is
approximately the same as the surface potential temperature.

Figure 3.4 indicates that the thermal driving force of
convection is found in the lowest tenth of the layer. It
is possible that the previously discussed e-minimum has been
smoothed out, especially since it does not appear to have
a fixed position in the layer relative to the LCL (see
Figure 3.2). The mean atmosphere is seen to be unstable or
neutral in the Tower half of the dry convective Tlayer and
stable above P* = 0.5.

b) Moisture Structure: The large decrease in mixing ratio
is similarly confined below P* = 0.05. Above P* = 0.05, the
mixing ratio decreases with height. The water vapor is
apparently well mixed up to P* = 0.8 where it begins to
decrease more rapidly with height. The region of sharpest
moisture decrease is found approximately between P* = 0.8
and P* = 1.05.

The largest decreases in moisture occur near the surface
and between P* = 0.8 and P* = 1.05. One might, therefore,
expect the strongest moisture fluxes to be upward from the
surface and upward through the LCL,vusing the downgradient

transport hypothesis.

3.2.4 Average of Soundings With a Well-Defined Transition Zone
Since the transition zone at the top of the dry convective

layer was not detectable on either the LCL average or pressure-



1

scaled average profiles, a set 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 e6-profiles are plotted on Figure 3.5. Each
profile has been divided into layers corresponding to Figure 3.1.
Since the superadiabatic and mixed layers have already been
discussed, it will only be noted that on three of the four
profiles, the Tower portion of the mixed layer is unstable as
shown earlier.

The reason for the selection of these is to examine the
stable transition layer. The upper and lower boundaries of the
Tayer were determined by extrapolating the less stable Tapse rate
above the LCL downward and by estimating the Tevel below the LCL
where 6 begins to significantly increase with height. These
boundaries are shown by the dashed lines on Figure 3.5.

The transition zone is located in the region 10 mb. below
to 10 mb. above the LCL. Its average depth is 10-20 mb. The
potential temperature lapse rate above the zone is +4-59 K/100 mb.

while in the zone it averages +8.25° K/100 mb.

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

Some differences are to be expected between soundings through
clear air and those that enter cloud. In order to determine
whether or not differences in structure do exist, the mean 6-

and r-profiles of all P-scaled soundings which did not enter
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clouds were compared with the set of P-scaled soundings which
did enter cloud (Figure 3.6). An additional comparison was made
between a set of "into-cloud" and "outside-cloud" soundings which
had cloudbase or a transition zone between 910-920 mb. (Figure
3.7), taken from Table 2.1 and Figure 3.5.

The difference in the extent of mixing in the dry convective
layer can be seen in both the 6- and r-profiles plotted on
Figure 3.6. The dry convective layer below cloud is thermally
well-mixed between P* = 0.1 and P* = 0.95 while the moisture is
nearly constant from P* = 0.05 to P* = 0.80; the fall from
P* = 0.8 to P* = 1.0 is probably instrumental (see section 2.3.2).
Away from clouds the dry convective Tayer is well mixed thermally
from P* = 0.1 to P* = 0.5 and slightly stable from P* = 0.50 to
P* = 0.80 where 6 begins to increase significantly with height.
Moisture decreases slowly with height from P* = 0.05 to P* = 0.80
away from clouds. Above P* = 0.80 it begins to decrease more
rapidly.

The profiles shown on Figure 3.7 show essentially the same
features. The "into-cloud" soundings are thermally well-mixed
up to the LCL (909 mb.). There is a mixing ratio maximum about
30 mb. below the LCL showing the air with cloudbase properties
(Figure 2.2). Away from clouds, the thermal structure is unstable
to 960 mb., slightly stable between 960 mb. to 10 mb. below the
LCL, and markedly stable above 920 mb. The mixing ratio away
from clouds 1is nearly constant between 980-930 mb. above which

it decreases with height.
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Figure 3.6: Potential temperature (8) and mixing ratio (r)

vertical profiles for mean outside-cloud (solid
1ine) and mean selected into-cloud (dashed line)
P-scaled soundings.
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We conclude that the air passing through cloudbase has
properties closer to those of a 'mixed' subcloud layer than that
of the surface air.

For the clear cases, the air is apparently not as well
mixed below the LCL. Since mixing is not as great as that below
cloud, the top of the mixed layer is not as distinct and the
stable transition zone is visible.

A very weak (0.1° K) e-minimum is seen at 940 on the
average of clear air ascents and at 960 mb. on the average of
those soundings that entered cloud.

Above the LCL, the "into-cloud" average profiles are cooler
up to 830 mb. and more moist up to 810 mb. Above these levels,

there is little difference in structure between the two averages.

.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 at the earth's surface. Some of the energy
is conducted into the soil while the remainder enters the Tower
atmosphere in the form of sensible and Tatent heat. The flux
of energy from the surface determines the structure in the dry
convective layer above. In order to study the time dependence

of structural features in the dry convective layer, the time

variation of the surface energy fluxes must first be known.

3.3.2 Surface Energy Balance

The energy balance at the surface of the earth consists of

the following terms:
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a) Net solar (short-wave) radiation

b) Net terrestrial (long-wave) radiation

c) Turbulent transport of sensible heat (pcpﬁTET) into the
atmosphere

d) Turbulent transport of latent heat (pLw'r") into the
atmosphere

e) Conduction of heat into the soil

3.3.3 Net Radiation

The net radiative flux at the surface (terms A and B) must
be accounted for by the remaining three terms.

Hourly measurements of net (short and long wave) radiation
at the surface were taken on 57 of the 108 days during which
VIMHEX II was in progress. As might be anticipated, the overall
average of these data (Figure 3.8) shows a relatively uniform
loss of energy from the earth's surface between 1930 and 0530 LST.

An average of 2.4 langleys he”]

in the form of long-wave terrestrial
radiation enter the atmosphere during this period. After sunrise
the downward flux of short wave energy increases at an average rate
of 7.4 Tangleys hr'z reaching a maximum value of +49.8 langley hv*'1
at about 1230 LST. The average value of the net flux between 1130
and 1330 LST is +48.6 langleys hrm?. After 1330 LST, the net

2) to a value of -2.61

radiation decreases (-7.5 langley hr~
langleys hr™! at 1930 LST.

Monthly averages of the radiation data were also constructed
(Figure 3.9). The differences between the June, July and August

curves between 0900 and 1500 LST may be attributed to: (1) the
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difference in the data sample size for each month (June - 7 days;

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

cloudiness. A particularly notable feature is the pronounced

minimum in the June curve. Although the data sample for June is

small, this depression in the net radiation curve indicates the
presence of a well-defined diurnal maximum of cloudiness.

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 Soil Conduction
a) The energy balance at the earth's surface described in
3.3.2 may be written as follows:
Net radiation - heat conducted into soil =

latent heat + sensible heat (3.1)
The objective of this section is the determination of the
sensible and latent heat fluxes from the surface into the
sub-cloud Tayer. Something, therefore, must be said about
the amount of heat conducted into the soil. |
b) There were measurements of soil heat content taken on ’

seven days during the experiment. The total heat content

of a Tayer of soil is given by: i

H = = H, = 2C W (T; - T,) t; (3.2) }
where:
i = identifies each sub-layer comprising the total layer
Co = the specific heat of the soil including air and water
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ws = the dry unit weight of the soi]_(gm/cm3)
Ti = mean temperature of the sub-layer
To = reference temperature

layer thickness

Thermocouples were placed at 0, 2, 4, 6, 10, 20, 30,
40, 50 and 70 cm below the surface. The dry unit weight, WS,
of each layer between thermocouples were measured and Co’ the
specific heat of the soil was calculated to be 0.33 cal gm']
OC_] assuming a soil moisture content of 15%. TO was
arbitrarily chosen to be 30° c.
c) Five of the days on which these measurements were taken
fell into Categories I and II, 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 for the five "dry"
days.

Table 3.1 gives the average hourly values of the heat
flux through the soil on a "dry" day between 0600 and 2400
LST. The data are also shown on Figure 3.12.

Since dry convection is the principal area of interest
in this investigation, only the soil conduction data for

these dry days will be used.

3.3.5 Average Surface Sensible and Latent Heat Fluxes

The average latent and sensible surface heat f]uxes have
been calculated by subtracting the average heat flux through the
soil from the average net radiation for the dry days. The results

are tabulated (Table 3.2) and are plotted on Figure 3.13.
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Figure 3.11: Soil heat content vs. time for Category I & II.
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Figure 3.12: Mean heat flux into the soil for

Category I & II days.



TABLE 3.1

Heat conducted into soil on Category I & II days (Ly/Hr)

(smoothed) .
Local
Time 06-07 07-08 08-09 09-10 10-11 11-12 12-13 13-14 14-15
02 -12.90 -06.10 +0.80 7.75 14.86 22.60 32.51 42.43 51.08
—Q1 1.45 12.90 +6.10 -0.80 -7.75 -14.86 -22.60 -32.51 -42.43
(Q2'01) -11.45 +6.80 +6.90 +6.95 +7.11 +7.74 +9.91 +9.92 +8.65
Local
Time 15-16 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24
02 52.56 49.97 46.52 40.11 32.56 26.24 20.23 20.49 21.20
-Q] -51.08 -52.56 -49.97 -46.52 -40.11 -32.55 -26.24 -26.23 -20.49
(QZ-Q]) + 1.48 -2.59 -3.45 -6.41 -7.56 -6.31 -6.01 +0.26 +0.71
Q(2400) - Q(0600) = 21.20 - (-1.45) = 22.65
% Negative Q's = -43.78
2 Positive Q's = 66.43
T Positive Q's + : Negative Q's = 66.43 - 43.78 = 22.65

—89_
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Figure 3.13: Mean surface sensible and latent heat flux for

Category I & II 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 II data and to learn something about the
relation of the features to each other.

The next step, after establishing the fact that there is a
"typical" dry convective structure, is to investigate the
evolution of that structure during the day. For the investigation
of structure, the soundings were grouped according to structure,
j.e., by LCL. The emphasis of this section is on time variations
and so the soundings will be grouped according to time (see
Section 2.7.2).

Three separate sets of data will be used. They are:

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

mb. vertical resolution. These soundings will be difference

averaged (Section 2.7.4). The average profiles obtained
from this data are not expected to show detailed structure
but rather to indicate the major changes which occur in

the layer during the day.

b) 112 non-precipitating convective soundings with 10 mb.

vertical resolution which did not enter cloud. These will

be vertically scaled by the height of the LCL so that
structural features will be retained in the time averages.

c) Twenty soundings with 25 mb. vertical resolution which

were taken during five of the "dry day" experiments conducted
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as part of VIMHEX II. These will be difference averaged
and used in the study of the time dependence of the layer.

It is important to consider how the data was selected
for each of three sets. Category I and II soundings were
selected on the basis of areal mean precipitation. Soundings
taken when precipitation was occurring at or near Carrizal
are included if the mean precipitation over the area is less
than 2.0 mm. The remaining two data sets 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 II mean profiles represent slightly
wetter and cloudier conditions than the mean profiles
obtained from either of the other two data sets.

The 6-, r- and 0,-Structure will be studied in turn,
using mean profiles obtained from the three data sets. The
mean profile for a particular time period will be shown by
a solid line and the mean profile for the next time period
shown by a dashed Tine. This allows the changes which occur
from one period to the next to be seen more easily. The
initial profile will be plotted (dotted 1ine) in the final
diagram of each figure to show the net change which occurs
during the day. Solid horizontal Tines are used to mark

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

3.4.2 Category I and II Difference Averaged Profiles
a) Thermal Structure (Figure 3.14): As anticipated (Section

2.7.4), most of the structural detail has been smoothed out.
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There is some indication of a nocturnal surface inversion on
the 0816 LST e-profile which is not seen at 1005 LST. The
atmosphere is seen to be unstable up to 950 mb. and stable
above 950 mb. from 1000 LST through 1400 LST. After 1400
LST, the decrease in the potential temperature near the surface
increases the stability of the lowest layers and by 1800 LST
the entire Tower atmosphere has been stabilized. This is
probably due to precipitation on some of the days included
in this sample (see Section 4.3). The LCL increases from 950
mb. at 0816 LST to a maximum of 850 mb. at 1408 LST after
which it begins to decrease in height.

b) Moisture Structure (Figure 3.15): Moisture decreases
rather uniformly between the surface and the LCL. The
decrease averages about 3.0 gm kg-]. It is difficult to
infer much about physical processes leading to the redistri-
bution of moisture in the dry convective layer due to the
alternating increases and decreases in moisture content
which are indicated at each level. These profiles do not
show any evidence of abrupt changes in the rate of decrease
of moisture with height.

c) 6, Structure (Figure 3.16): The 6, content of the dry
convective layer increases throughout most of the period
during which convection is occurring. The surface Bq reaches
its maximum value near 1200 LST. Two significant changes in
decrease of 0o with height are observed. The first occurs
at 950 mb. and is probably related to the change in the

thermal stability which occurs at this same level (Figure 3.14).
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The second is observed 25 mb. below the LCL on the 1005 LST
and 1408 LST mean profiles and corresponds to a slight change

in the vertical moisture structure.

3.4.3 LCL-Scaled Dry Convective Average Profiles
a) Thermal Structure (Figure 3.17): Structural features are
considerably better defined in this set of mean profiles.
The large (1.0-1.50 K) e-decrease near the surface is found
below P* = 0.15. Above this marked superadiabatic region,
the air is initially stable but becomes neutral or slightly
unstable during the day. This instability is most noticeable
on the 1144 LST mean profile when it extends more than half-
way up to the LCL. The variation in height of the 6 minimum
is shown in Figure 3.23.

On the 0838 LST mean profile, convection is just
beginning and only the layer below P* = 0.35 is well mixed.
That convection does not always extend up to the LCL early
in the day is confirmed by the fact that cumulus clouds are
not always observed at 0830 LST. In each of the subsequent
mean profiles mixing extends upward and by 1545 LST the
entire layer below P* = 0.95 has been relatively well mixed.

The potential temperature below the LCL in the dry
convective layer increases throughout the period. However,
this pressure-scaled data is not suitable for a discussion
of the time changes of a variable at a pressure level.

This will be done in Section 3.4.4.
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b) Moisture Structure (Figure 3.18): There is a 1.0-1.5

gm kg'] decrease in mixing ratio between the surface and

P* = 0.1 during the morning but by 1200 LST the decrease

through this layer is less than 1.0 gm kg_1. The mixing

ratio decreases gradually with height throughout most of the
remainder of the layer. A change in the rate of decrease occurs
near the top of the layer (between P* = 0.75 and P* = 0.90).

The top of the water vapor "mixed" layer is, therefore,

comparable with the top of the thermal mixed layer.

c) 6 Structure (Figure 3.19): The 0838 LST mean 0.~
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)
it has been reduced to about 3.0°K.

Above the surface layer By is observed to increase
with height only on the initial profile, before convection
has become well established. The vertical structure is
smooth at 0838 LST and 1005 LST, becomes irregular at 1144
LST and 1413 LST and perhaps begins to smooth out again at
1545 LST. Although it is possible that these irregularities
are due to "noise" in the measurements, the smoothness of
the early profiles suggests that the irregularities may be
physically significant. Possibly, as the layer deepens,
the structure of the dry convective eddies may change, but
no firm conclusions can be drawn from this data as the data

sample for each profile is different.
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Figure 3.18: Time averaged, LCL-scaled, dry convective
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3.4.4

T

At the top of the layer ee is seen to begin to
decrease more rapidly with height between P* = 0.8 and
P* = 0.9 in response to the presence of lower 04 air

above the dry convective layer.

"Dry-day Difference-average Profiles

a) Thermal Structure (Figure 3.20): The thermal structure
shown on Figure 3.20 is similar to that obtained from the
previous two sets of data. The strongly superadiabatic
region above the surface extends up to 950 mb. except on

the 1201 LST profile where it is as high as 925 mb. The
mixed layer develops as indicated previously, almost reach-
ing the LCL at 1600 LST. The entire dry layer warms through-
out the period of observation. The maximum amount of heating
is observed to occur between 1006 LST and 1359 LST.

b) Moisture Structure (Figure 3.21): This set of data is
considered to be more representative of dry convection than
that used in Section 3.2.2 since days when precipitation
occurred were specifically excluded. Moisture is seen to
decrease with height throughout the Tayer on each profile.
The mixing ratio increases at each level above 975 mb.
between 1000 LST and 1200 LST. Between 1200 LST and 1600

LST the amount of moisture at each level below 875 mb.
decreases. The convection results in a drying out of the

air below 875 mb. and a moistening of the air between 875

mb. and 800 mb. in the course of the day.
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Figure 3.20: Difference averaged "dry-day" e-profiles.
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Figure 3.21: Difference averaged "dry-day" r-profiles.



-70-

c) 6, Structure (Figure 3.22): The time dependence of

the mean ee-profi1e reflects the redistribution of both
sensible heat and moisture. Initially (1000 LST-1200 LST)
0q increases throughout the layer. After 1200 LST 8q is
observed to decrease at most levels below the LCL. The
total effect of dry convection through the day is to cause
practically no change in the Oq structure below 925 mb.

but to increase the ee content of the layer above 925 mb.

and below the final LCL, corresponding to the increase in

depth of the dry convective layer.

3.4.5 Summary

These results are summarized on Figure 3.23 where the

variation of several of the features of the thermal structure of
the dry convective layer is shown. The data are presented in

Table 3.3.

3.4.6 Surface Fluxes

a) 6, Flux

The e-minimum observed on several of the mean o-
profiles (Figures 3.14, 3.17, and 3.20) indicates that the
Tower portion of the mixed layer is thermally unstable.
If this is so, then the magnitude of the surface sensible
heat flux may depend on the decrease of 6 through the entire
unstable region, and not just through a surface layer with
a fixed upper boundary.

The magnitude of the surface sensible and latent heat

flux has been computed (Section 3.3.5). The time variation
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Figure 3.22: Difference averaged "dry-day" ee-profﬂes.
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of the surface se flux should correspond to the time
variation of the computed surface sensible and latent heat
fluxes, which can be calculated using a bulk aerodynamic

equation:
(3.3)

where © is the horizontally averaged air density
V_is the surface wind speed = constant

C, 1is a drag coefficient that probably increases a
Tittle with instability but which will be taken
here as constant.

6 is the surface value of ee

6 is the value of ee at some Tevel chosen as the

& top of the superadiabatic layer

Figure 3.24 and Table 3.4 show the variation with time

of the difference between ee and four values chosen for ee .
0 t

Also shown on Figure 3.24 is the surface energy flux computed

from net radiation and soil heat measurements (Section 3.3).

Table 3.4: The variation with time of Aoy =6, - B4
0 t
for four values of 00 in the dry convective layer.
o
Local Standard Time A8, 07-09 09-11 11-13 13-15 15-17
1. Surface to P* = 0.1 2.5 LD 1.2 1.8 1.7
2. Surface to P = 975 mb. 1.9 1.8 1.4 1wt
3. Surface to Average 6
(P* = 0.1+0.8) S 5.2 5.8 5.3 5.5 6.0

4, Surface to e-Minimum 2.8 2.7 3.2 2.9 1.6
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Figure 3.24: Time variation of the 6_ decrease in the
lower portion of the dr§ convective layer.
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There is Tittle similarity in shape between the surface

energy flux (Figure 3.24(a)) and the A, curves based on

differences between the surface and P* = 0.1, P = 975 mb. or

the average bc between P* = 0.1 and P*¥ = 0.8. The agreement
in shape with the Ap, curve computed from the surface to the
level of the ¢-minimum is reasonably good. This needs further
study, but these data do not confirm that surface fluxes are
well predicted by the bulk aerodynamic method using the
difference between surface Oa and a mean value for the
mixed layer.
b) The Bowen Ratio

The surface sensible and latent heat fluxes are assumed

to be given by bulk aerodynamic equations of the form:

_ ny Y N
Foe = G o Cp (6, - et) V0 (3.4)

N v} a¥}
Cp %o LV (ro - rt) v

and F, (3.5)

" 0
respectively, where V0 is the magnitude of the wind at some
level in the superadiabatic layer, C6 and Cr are essentially
drag coefficients (assumed to be approximately equal) and
6,0 O and rys Ty are the surface and top of the superadia-
batic layer values of & and r, respectively. The ~ represents
a horizontal average.

The existence of a e6-minimum in the mixed layer leaves
some question as to where, exactly, the top of the superadia-
batic layer is located. To investigate the significance of

this feature in flux computations, the Bowen ratio was

computed with Et and ?t taken to be (as in 3.4.6(a)):



i

1) the values at P* = 0.1

2) the values at P = 975 mb.

3) the values at P* (6 minimum)

4) the mean § and ¥ between P* = 0.1 to 0.8.
These data are shown on Table 3.5 and are plotted on Figure
3.25. The Bowen ratio has been computed using:

F
C. 6 -6
Bowen ratio = ¢ = EE—( 0 t) (3.6)

0 v To ™ Tt

Table 3.5: The Bowen ratio computed using 8 and ¥
differences between the surface and
selected levels in the dry convective layer

LOCAL STANDARD TIME 07-09  09-11  11-13  13-15  15-17
1) Surface to P*=0.1 -
re (°K) 1.3 1.3 1.0 1.1 1.
ar (gn kg™ 1) 1.2 1.0 0.5 0.7 0.6
Bowen ratio 0.44 0.53 0.82 0.64 0.96
2) Surface to P=975 mb.
re (%K) 1.1 0.8 1.1 1.1
ar (gm kg™ 1) 0.9 0.4 0.5 0.4
Bowen ratio 0.50 0.82 0.90 1.13
3) Surface to 8-Minimum
6 Minimum (P*) 0.15 0.35 0.55 0.40 0.10
re (%K) 1.6 1.6 1.7 1. 1.4
ar (gn kg™ ") 1.3 1.3 1.6 1. 1.2
Bowen ratio 0.50 0.50 0.44 0.38 0.48
4) Surface to Mean 5, ¥
26 (%K) 1.1 1. . 1.1 1.
ar (gm kg™!) 1.4 1.4 1.3 1.4 1.5
Bowen ratio 0.32 0.41 0.44 0.32 0.35
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Qualitatively, the ratio might be expected to be
relatively high in the morning and to gradually decrease
through the afternoon as the sensible heat flux decreases.
This is the tendency shown by the Bowen ratios computed by
differencing from the surface to the e-minimum. We see that
the Bowen ratio differs markedly depending on the choice of
£> Mg Current parameterization models for the sub-cloud
layer are using method four above: on average, this gives

the lowest Bowen ratio for these data. This clearly needs

further study.
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THE MODIFICATION OF THE LOWER ATMOSPHERE BY PRECIPITATING CONVECTION

4.1 Data Used

Although precipitating convection and the cloud layer itself
is outside the main area of this study, the modification of the Tower
atmosphere, initially the sub-cloud layer, by precipitating
convection will be discussed. The data used in this section is a
set of 22 category IV (heavy rain) soundings which were taken before
precipitation began and again after precipitating ended for eleven
heavy precipitation events. Average pre- and post-precipitation
soundings were produced from the eleven pairs of soundings mentioned
above. Average r-, o-, By and ees—profiles were computed (Figures
4.1, 4.2, 4.3, and 4.4).

Measurements of horizontal transports are not available. This
effect is assumed to be small on any given day and is, therefore,
considered negligible in the profile changes which result from
averaging data from many days. The changes in structure in the
pre- and post-precipitation soundings will be interpreted as changes
which are due to convection.

In order to test the statistical significance of the data, the
standard error (standard error = standard deviation/(number of
observations)%) of the measured change in potential temperature
and mixing ratio at each pressure level was computed and has been
inserted into Figures 4.1 and 4.2. The standard error is generally
less than the value of the difference which lends credence to the

subsequent results.
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4.2 Mixing Ratio (Figure 4.1)

There is 1ittle ambiguity in the changes which are observed in
the moisture structure. The layer between the surface and about
960 mb. has increased its moisture content. From 960 to 740 mb.

1

the atmosphere has become drier by 0.5 to 1.4 gm kg~ . Above 740 mb.

moisture has been increased. The largest change in moisture is the

1 which occurs between 525 and 600 mb.

increase of 1.5 to 2.0 gm kg~
These changes in water vapor content are related to the Tiquid
water transports which occur during precipitating convection. Vapor
condenses, is transported vertically by the convective cells, with
some of the 1iquid water falling out as precipitation, and subse-
quently re-evaporates. The moisture increase in the layer just
above the surface is due, in large part, to the re-evaporation of
precipitation from the surface. The moisture decrease from 940-
740 mb. is due to the transport of vapor out of this layer by
updraft and downdraft circulations.
The total precipitable 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 Potential Temperature (Figure 4.2)

There is a definite cooling below 900 mb. and aloft between
650-425 mb. A slight warming is observed between 850-725 mb.

The large cooling near the surface (5-6° K) reflects the
evaporation of precipitation falling through the sub-cloud layer

as well as the convectively induced downdrafts of cooler air.
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The changes in the e-profile represent changes in the stability
of the atmosphere. Precipitating convection acts to stabilize the
initially unstable Tayer below 950 mb. (i.e., the surface super-
adiabatic layer). In fact, the entire layer below 725 mb. is much
more stable after precipitation than it was before. A slight
destabilization is seen between 650 and 400 mb.

By the time precipitation usually ends, the amount of solar
heating that is occurring is insufficient to restore the temper-

ature profile to its original state.

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 in temperature at a specified pressure level can be expected
to produce similar changes in Bes and 6. In fact, examination of

Figures 4.2 and 4.3 shows that the changes in B 2re an amplifi-

S
cation of the changes in e. What has been said about the changes in
the environmental e-profiles applies equally to the eeé-profiles.
The value of the B plots is that the layers in which warming and
cooling accurs are more apparent. More important, it can also

be seen that the environment below 900 mb. approaches a constant

eeé-profi1e after precipitation has occurred.

4.5 Equivalent Potential Temperature (Figure 4.4)

The equivalent potential temperature of a parcel of air is
clearly related to the quantity gz + cpT + Lr, the moist static
enerqy, of the parcel (Madden and Robitaille, 1970). It is conserved

during parcel ascent under both dry adiabatic and pseudo-adiabatic
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assumptions. The changes in the vertical ee-profile are related
to the changes in the 6 and r structures which have already been
discussed.

Figure 4.4 shows a uniform 2-4° ¥ decrease in % below 750 mb.
and a 1.5-5% K increase above 750 mb. The observed decrease results
from a sinking of air in downdrafts from higher levels, where 6o is
Tower.

The structural changes above 750 mb. result from the transport
of high O air from near the surface into the middle troposphere
probably by the decay of cumulus towers. This air (which is also
very moist) mixes with the relatively low €a air aloft causing a
net increase in 6, (and moisture content).

In terms of moist static energy, Figure 4.4 is evidence that
strong convection acts to transport energy upward, which should not
be surprising. Comparison with Figure 4.1 indicates that a large
part of this energy is in the form of latent heat.

Precipitating convection is also seen to reduce the vertical
variation of 0g and to cause the level of minimum ee to be displaced
and downward 10-15 mb.

Perhaps the most dramatic change is that in the stability of
the lower atmosphere before and after precipitation. Figure 4.5

shows the B and ee-profi1es before and after precipitation. A

S
surface parcel displaced upward before precipitation is positively
buoyant up to the LCL which is located s1ightly below the level of
free convection (LFC) (i.e., the level above which the moist parcel

is unstable with respect to its environment and will proceed upward
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Changes in atmospheric stability are indicated by
the change in the height of the 1ifting conden-
sation level (L.C.L.) and the level of free
convection (L.F.C.) before and after precipitation.
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without added impulse). In comparison, a parcel displaced upward
from the surface after precipitation is stable and remains stable
above the LCL;necessitating a forced 1ifting through about 200 mb.

for deep convection to occur.
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5.  SUMMARY AND CONCLUSIONS

A large sample of data collected primarily for the study of
convection has been used to obtain some insight into dry convection
in the atmosphere. VIMHEX II was unique in that it was one of the
first major land experiments during which the new VIZ-NWS radiosonde
was used.

A great deal of care was taken during the processing of the data
and considerable attention paid to the effect of different averaging
techniques on the mean profiles that were obtained. It was found that
in order to study specific structural features specially selected data
had to be used. Without the selections of data that were made it is
doubtful that any meaningful results could have been obtained.

OQut of necessity a method of determing the LCL which corresponds
to the top of the dry convective layer was developed. The LCL's computed
by this method were shown to agree well with the observed cloudbase. There
was evidence in the LCL vertical structure that air going into cloud
slopes upward from the surface rather than rising vertically. This
feature allowed an estimation of the accuracy of the radiosonde humidity
measurements and the amount of thermal lag inherent in the hygristor. The
humidity measurements were determined to be accurate to within 2% of the
true value, except near saturation. The hygristor was found to have a
thermal lag of about 10 seconds in the dry convective layer.

The mean profiles that were computed indicate a rather complex
structure in the dry convective layer. The most interesting result was

the discovery that the lower portion of what has been called the
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"constant 6" Tlayer is, in fact, slightly unstable during most of
the convective period. The modification of the model sub-cloud
structure (Figure 3.1) which the VIMHEX II data suggests is shown
on Figure 5.1. The z* level (see Figure 5.1) is that of the
p-minimum. The significance of this feature is 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 entire 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, and
compared with the corresponding structure of the atmosphere between
clouds. Air ascending through cloudbase has been shown to have
essentially "mixed" layer properties, although cloudbase air is
usually slightly moister than the air found beneath it in the
subcloud layer. Between the clouds, a stable transition layer is
visible on many soundings.

Section 4 has presented the transformation of the dry Tayer
by precipitation showing the dramatic stabilization, caused by
the Tow level cooling and the simultaneous reduction in equivalent

potential temperature by deep convective downdrafts.
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Computation of Thermodynamic Variables

The basic set of thermodynamic data consists of the temperature (T)

and relative humidity (RH) measurements taken at specified pressure (P)

levels by radiosonde. The accuracy of the humidity data are discussed

in Section 2.3.2.

Several thermodynamic variables have been computed from the basic

data. These are water vapor mixing ratio (r), potential temperature

(o), saturation equivalent potential temperature (ees), and equivalent

potential temperature (o

).

e

Mixing Ratio (r) has been computed using:

where ¢

Allowing

fos e () (A.1)

the ratio of the mean molecular weight of water vapor to that
of dry air = 0.622
vapor pressure (mb.) and is given by the empirical formula:

18T

(T + 237.3)

e = .0611RH x 10 (T in °C, RH in %) (A.2)

saturation vapor pressure and is given by:

( .57
e, = 6.11x 101 * 273 (T in °c) (A.3)
computation of saturation mixing ratio (rs):
e
_ s
Fe = & Pre, (A.2)

Potential Temperature (o) is computed from its definition

where R

“

R/C
o = 1 (1900, (A.5)
- 6 -1 o,-1
dry gas constant = 2.871 x 10" erg g K

specific heat of dry air = .240 IT cal g'] oy-1
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Saturation Equivalent Potential Temperature (ees). The formula
which is generally written for saturation equivalent potential temperature

is:
Lr

- Vs
Ogg = O EXP CpT (A.6)

The equation is obtained through integration of the entropy
equation which describes the water saturation adiabatic process. One

form of the entropy equation defining water saturation adiabats is:

Con 5 = B S L, i:i = 0 (Betts, 1973) (A.7)
where Rm’ Cpm = gas constant and specific heat of the moist air
respectively
LV = Tlatent heat of vaporization
9 = saturation specific humidity

The integration of (A.7) to obtain (A.6) involves several
approximations, one of which is the neglect of the variation of T in
the third term of (A.7). It has been shown (Betts and Dugan, 1972)
that more accurate values of Bag CAN be generated by using an empirical

formula.
Ar

Bpg = O €XP (—Ti) (A.8)

where A is empirically determined to be given by:

A = 2.61 + 0.0014 o (A.9)

b, = wet-bulb potential temperature in b -

Since the range of 6, is small for the data under consideration,

an average value, By v 20° C, was used in the computations and 0, Was

computed accoding to:

2.64 rs
Bpg = O OXp —g— (A.10)
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Equivalent Potential Temperature (ee): The equivalent potential

temperature of an unsaturated air parcel is determined from (A.10) by

replacing s by r.
2.64 r

(A.11)
Tl

B, = 0 exp

The temperature used in (A.11) must be the temperature at which the
latent heat represented by r begins to be realized, i.e., the temperature
at which condensation begins or the temperature at the 1ifting conden-
sation level (LCL).

LCL Computation. The LCL has been computed using the following

scheme:

Given P, T, r and 6

1. Determine vapor pressure, e, from e = QPI m (A.12)

2. From (A.3) dewpoint, Tp» can be determined

+ - ((237.3 * log (e)/2.302585) - 186.527)
D (8.286 - (Tog (e)/2.302585))

(A.13)

3. Let AT = T -T, (A.14)
4. Compute an approximate average temperature, T*, in the sub-LCL
layer using

T* = T, - 0.62 AT + 273.2 (°k) (A.15)

5. Compute a mean dewpoint lapse rate, Ips below the LCL from

rp = Z%‘ T* (A.16)

6. The LCL height, HLCL’ is then given by

HLCL = AT/(9.76 - PD) (km) (A.17)
and the temperature at the LCL, TLCL’ by
- 0y
TLCL = T-09.76 HLCL + 273.2 (7K) (A.18)
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