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ABSTRACT

The tropospheric energy balance is examined in an effort to ascertain the diurnal variation of its
components. The mean local diurnal temperature change in the 850-300 mb layer was observationally
determined utilizing upper air data collected at 142 Northern Hemisphere radiosonde stations.
Temperature data from the GATE, ATEX, BOMEX and LIE experiments, and Operations

.Redwing and Hardtack in the tropical west Pacific were also analyzed. Diurnal radiative cooling values

are computed for specific geographical regions, and the magnitude of the required diurnal warming
for each region is determined. Required warming is composed of a variety of atmospheric processes
such as condensation energy release, surface to air sensible heat transfer, horizontal advectio
and vertical motion. .
A large morning maximum and late afternoon-early evening minimum of tropospheric required
warming is found for all data sets, at all latitudes, in all seasons, and for both oceanic and land areas.
These momming versus late afternoon required warming differences are of magnitudes of 2~3 to 1. It is
hypothesized that the subsidence ‘warming contribution to the diurnal variation of required warming
dominates the other components. Increased morning subsidence and weaker afternoon-early
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evening subsidence is apparently a generally operating phenomenon in the troposphere,

1. Introduction
a. Basis for present study

This study was undertaken as a result of recent
papers documenting a large diurnal cycle in oceanic
tropical mass convergence and heavy convective
rainfall (Ruprecht and Gray, 1976; Gray and Jacob-
son, 1977; Gray and McBride, 1978; McBride and
Gray, 1979). Gray and McBride have reported a
pronounced morning maximum and evening mini-
mum in lower tropospheric mass convergence
from tropical cloud clusters in the western Pacific,
western Atlantic and in the GATE region. The morn-
ing maximum is about two or three times as large as
the evening minimum. The hypothesized mechanism
for this single-cycle (see McBride and Gray, 1978)
diurnal variation is the lack of complete response
of the troposphere’s temperature to day versus
night differences in radiational cooling. This paper
attempts to investigate further the character of this
diurnal cycle by studying the troposphere’s day
versus night energy balance.

It has been well documented by several authors
(Cox and Griffith, 1979; Dopplick, 1972) that the
troposphere is continually cooling at a rate of about
1-1.5°C day~*. This radiational loss must be
balanced by compensating warming mechanisms. It
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has been generally accepted (London, 1952; Sellers,
1965; and others) that this heat loss is balanced in a
global sense primarily by release of latent heat of
condensation (70-80%) and by surface-to-air sensi-
ble heat transfer through conduction (20-30%).
Over the oceans, however, the ratio of condensation
to sensible heat gain is generally on the order of 10 or
20 to 1.

How regular is the required warming process
which must necessarily balance the net radiative
cooling? Does it proceed at the same rate through
the course of an entire day or does it vary in-phase
or out-of-phase with the net radiative cooling? An
examination of a three-year Northern Hemispheric
data set and special tropical project upper air data
will be presented in order to ascertain the char-
acter of the diurnal variation, if any, in the atmos-
pheric warming response to the- troposphere’s net
radiational cooling.

For many years meteorologists have attempted
to understand the nature of the global mean heat
budget. London (1952) performed extensive calcula-
tions utilizing mean temperature and humidity pro-
files and mean cloudiness distributions for the
Northern Hemisphere in 10° latitudinal belts in an
effort to determine the net radiational cooling pro-
file of the atmosphere. Several other scientists
(Davis, 1963; Dopplick, 1972; Cox and Griffith,
1979) have also studied this probiem and further



AucusTt 1979

refined London’s calculations. However, the time
resolution of the balancing process between net
radiative cooling, condensation and sensible heat
transfer has only been extensively examined for a
time scale of several days, months, seasons or
years. It has yet to be thoroughly examined on a
diurnal basis.

b. Methodology

In order to determine the diurnal variation of the
various components in the tropospheric energy
balance, the following approach has been taken.
From the time derivative of the first law of thermo-
dynamics and the Eulerian expansion of d7/dt, the
local temperature change for a single pressure level
can be represented as

a—T = —Q— - V'V}lT ke &)(Fd - F),
ot C,
where T is the temperature, ¢ time, Q diabatic heat
sources and sinks, V horizontal wind velocity, w
vertical velocity, I'; dry adiabatic lapse rate, I’
environmental lapse rate and C, specific heat at
constant pressure for dry air.

To define the energy balance for a tropospheric
layer between P; and P,, Eq. (1) must be inte-
grated between these levels. For the purposes of this
study the mean values for the layer P, to P, will be
utilized so that Eq. (1) in the finite-difference
form for a specific time interval becomes

A_Tohserved = Q + m + VK/I,

1

(2)

where

>

AT observed change in mean local temperature
between levels P, and P,
diabatic heat source (sink) for layer

ADV temperature change due to horizontal ad-
_ vection for layer
VM  vertical-motion induced sensible temper-

ature change for layer.

A close examination of the diabatic heat source or
sink term reveals that

Q0 =LH + SH + SW + LW, (3)
where
LH heating (cooling) due to latent heat energy
SH heating (cooling) due to turbulent transfer
_ of sensible heat into the layer
SW  heating due to atmospheric absorption of
_ short-wave radiation
LW cooling due to atmospheric irradiation of long-

wave radiation.

Combining Egs. (2) and (3) yields

AT = SW + LW + RW, 4)
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where . . - _
RW =SH + LH + ADV + VM. (5)

The required warming (RW) is the sum of all the re-
quired non-radiation warming necessary to balance
Eq. (4) over any specified time period. It should be
noted that all four components of the required warm-
ing term are dependent on atmospheric motion.
One can determine A7 from standard radiosonde
data, and SW and LW can be calculated from
radiation models or determined from observational
data (Cox and Griffith, 1979; Cox and Hastenrath,
1971; Cox et al., 1973; and others). Therefore, RW
can be solved for as a residual quantity.

The procedure which will be followed in determin-
ing the diurnal variation of the troposphere’s
energy balance is as follows:

1) From an extensive radiosonde data set deter-
mine the average hourly variation of the mean
temperature AT in the middle tropospheric layer.

2) Utilizing mean seasonal soundings computed
from the same data set determine hourly values of
total solar heating SW and infrared cooling LW
through the day. These values are obtained from
radiation models and observational radiation data.

3) Ascertain the diurnal variation of required
tropospheric warming RW necessary to balance the
observed diurnal variations in temperature and’
radiative cooling.

4) Discuss_the relative contribution of the com-
ponents of RW from Eq. (5) in an effort to deter-
mine the physical process(es) responsible for the
diurnal variation in required warming.

2. Observed diurnal temperature variation from the
conventional radiosonde network

a. Previous research on diurnal temperature varia-
tions

Early studies of the diurnal variations of tempera-
ture and other atmospheric parameters in the free
atmosphere were confined to the lower 2 or 3 km due
to the types of instrumentation available at that time
(Ballard, 1933; Hergeseli, 1922). The early studies
utilizing radiosonde data such as Riehl (1947)
were concerned with directionally determining the
diurnal variation of temperature and pressure in
the troposphere. However, in later years, the main
purpose of tropospheric studies (Harris, 1959;
Harris et al., 1962; Carlson and Hastenrath, 1970;
Wallace and Patton, 1970; Hastenrath, 1972) has
been to use temperature, pressure and wind measure-
ments to increase the understanding of diurnal
and semi-diurnal tidal oscillations.

Most of the studies of the diurnal changes of lower
stratosphere temperature from operational radio-
sonde data (Kay, 1951; Finger et al., 1964; Sparrow,
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1967; Finger and MclInturff, 1968) have been

hampered by instrument error due to solar radi-

ation absorption by the temperature sensor..

It should be noted that prior to 1960 the opera-
tional radiosonde employed a duct-type temperature
sensing element which was quite susceptible to
solar radiation error in the upper troposphere and
stratosphere. However, in mid-1960, a new sonde
(series X) was introduced which had an externally
mounted thermistor. This considerably reduced the
solar radiation induced error. In addition, the mili-
tary sonde AN/AMT-4A, with outrigger-type con-
struction, has been utilized at all military radio-
sonde stations since 1956. It was also used during

the nuclear testing projects in 1956 and 1958. This’

instrument was also a great improvement over
the previous military sondes as far as reducing
the radiative error. Without exception, the results of
all studies using data collected by radiosondes
employing an externally mounted thermistor are

" consistent with the findings of this paper. See Foltz

(1976) for more instrumentation discussion.

b. Description of 12 h data set

Previous studies of the diurnal variability of
various atmospheric parameters have typically re-
lied on data collected during short-term scientific
experiments (ATEX, BOMEX, Line Islands Experi-
ment, GATE, Marshall Islands Nuclear Project,
etc.) or on information obtained by combining
two series of 6 or 12 h interval sounding data sets.
Radiosonde measurements taken on different
schedules before and after the change from 0300 and
1500 GMT (also sometimes 0900 and 2100 GMT)
to 0000 and 1200 GMT (also sometimes 0600 and
1800 GMT) as standard radiosonde observation
times have often been used. This procedure gives 3
or 6 h time resolution. Obviously, this type of data is
the most desirable for discerning diurnal variations.
Its availability is limited however, and the 0300
and 1500 GMT soundings usually used the older
instruments.

Since most radiosonde observations are made
only at 0000 and 1200 GMT, a procedure had to be
established for utilizing this vast 12 h interval data
source. The data sample for this part of the study
was collected at 142 upper air stations located in an
area extending westward from 20°W to. 120°E

and from the equator northward to 85°N (Fig. 1).

As this data set was limited in its time resolution
(12 h), stations located within a 10° latitudinal band,
e.g., 30—40°N, were examined in relation to the
local time of their radiosonde ascents. Therefore,
data from different longitudes corresponded to
different local times. When data from several longi-
tudinal regions were composited, increased time
resolution was obtained. For example, we consider
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four hypothetical stations located at 60, 90, 120 and
150°W in the 30—40°N latitude belt. Mean tempera-
tures for the 850—-300 mb layer can be calculated at
0000 and 1200 GMT at each station yielding mean
layer temperatures at 0800 and 2000 LT (60°W), 0600
and 1800 LT (90°W), 0400 and 1600 LT (120°W),
and 0200 and 1400 LT (150°W). Thus the diurnal
variability of the mean temperature in the 850-300
mb layer in a 10° latitudinal band can be determined
from data collected at stations located within
the band. ‘

The 850-300 mb layer was chosen as it is rela-
tively free from surface effects and contains a large
portion of the layer of the atmosphere which is
undergoing continuous radiational cooling. This re-
gion is below the tropopause boundary in all but
the most northern latitudes in winter. Also, by
choosing to study the layers below 300 mb the
possible effects of solar radiationally induced
instrument error are greatly reduced (see Foltz,
1976). The 850 mb level was selected as the lower
boundary over oceanic and low-altitude terrain be-
cause it is above the top of the planetary boundary
layer and should be relatively free from surface-
induced heating sources. Observations obtained
from stations situated at elevated locations (above
500 m) were examined between the 700 and 300 mb
levels so as to reduce the elevated heat source
influence. :

The 0000 minus 1200 GMT mean temperature
difference in the layer was determined for each
station in this data set. Station temperature
differences were averaged in longitudinal blocks
(Fig. 1) such that all stations in each block were
within =30 min of the mean block time. The blocks
were 15° longitude by 10° latitude. The data used
covered a three-year period from June 1966 until
January 1969. During that period virtually all the
stations employed the ESSA Weather Bureau sonde
(USWB-403-X or USWB-1680-X) with an outrigger
type construction for the thermistor element,
thus increasing the accuracy of the reported tem-
perature considerably over the old duct-type instru-
ment. Foltz (1976) has described the radiosonde and
the pertinent instrumentation.

The data have been stratified into two seasons
containing two months each. The summer season
includes June and July and the winter is comprised
of December and January. '

c. Determination of mean temperature difference

Two methods were used to measure the 0000
minus 1200 GMT temperature differences; both
gave similar results:

1) The first method calculated the mean 0000
GMT minus 1200 GMT temperature differences
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from

n ] n
= LS [reoy - ~ 3 (ra2),

n o= i=1

(6)

where AT represents the average temperature differ-
ence. T(00) and T(12) are the layer-averaged values
observed for a sounding at 0000 and 1200 GMT,
respectlvely, and n is the number of observations
taken in any'season for the three-year data sample
(typically six months or 180 individual soundings).
Data from an individual station were utilized only
if at least 75% of the total possible soundings for a
season were recorded and the number of soundings
at one observation time was no less than 80% of the
number of soundings at the other time. These calcu-
lations were made for the 850-300 mb layer except
over elévated regions where the 700-300 mb layer
was used. _

2) In the second method the computations were
accomplished by applying the hypsometrlc relation
to the seasonal mean sounding and calculatmg the

" virtual temperature (T,). It was found that AT, is an
extremely close approximation to AT determined
by method 1. The variation of the observed mixing

"ratio has been found to be generally small in the
layers under consideration.

Ruprecht (1975) has documented the spurious diur-
nal variations of specific humidity in the troposphere.
In order to répresent the mean temperature differ-
ences of the middle tropospheric layer by the mean
virtual temperature difference, the diurnal variations
of AT must not be a result of the diurnal variation

10°-20°N Summer
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in spec1ﬁc humidity. The difference between AT,
and AT is quite small at most locations, generally
less than 0.08°C in the 850-300 mb layer (Foltz,
1976). The erroneous daytime moisture reduction
error source acts in the opposite direction from the
temperature error caused by solar radiation absorp-
tion. Therefore, the total error included in the mean
temperature of the layer is reduced by using the
mean virtual temperature difference of a deep tropo-
spheric layer. Unless otherwise stated, the mean
temperature of the layer under consideration will
henceforth be represented by the mean virtual tem-
perature of the layer. '

d. Restzlts

The 12 h temperature differences [7(00) — T(12)]
are plotted relative to local time and longitude. Figs.
2-5 give example temperature differences. An
examination of the data shows that the temperature
differences for stations located in close proximity
to each other are relatively similar. Aithough in
some cases the data within a latitudinal band is some-
what limited in the longitudinal direction, there is
a definite 0000- 1200 GMT diurnal temperature trend
evidént throughout the hemisphere. The amplitude
of this variation is reduced in the winter season when
compared to the summer in middle latitudes, and the
amplitude diminishes as the observations are taken
farther to the north. In the summer the greatest mean
temperature difference in middle latitudes is more
than 1°C, and it diminishes to about 0.5°C in the
winter. This difference is primarily a reflection of in-

Longitude
120°E  I150°E 180° 150°W 120°W 90°W 60°W 30°W 0
r T Il T i T
-S(uhon AT (850 300 mb)
OBlock Average AT for Stations
L Below 500 m
«Q
(o]
°¢ 0.5~~~ --————~—~———————— oo —o— oo
) ¢}
e .
O O
. ®
[¢] e
o <0

1 1 1 - i

1 | 1 3

L
00Z: 0800L. 1000L 1200L 1400L

1600L

1800L 2000L 2200L 0000L

122Z:2000L 2200L OOOOL 0200L 0400L O600L O80OL 1000L 1200L
Local Time of 00Z,12Z Observations

Fic. 2. Twelve-hour mean temperature difference (Tooz-T12z) Of the middle
tropospheric layer for stations and geographical blocks from 10 to 20°N during the
summer. Since the different longitudes correspond to different local times for the
soundings, the diurnal temperature change of the layer can be seen. Thus, the
observed temperature change occurring from 1400 LT(()OZ) to 0200 LT(12Z) is

shown to be about 0.75°C.



AucusT 1979 GARY S. FOLTZ AND WILLIAM M. GRAY

30°- 40°N Summer

Longitude
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LOp———= == m A 57777 Below 500m
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°c 0.5p~————————————————— T T T T
© Re)
A ]
[le]
0]

L 1 i - o - L i '} J
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122Z:2000L 2200L OOOOL 0200L 0400L 0600L 0BOOL 1000L 1200L

Local Time of O0Z,12Z Observations

Fic. 3. Twelve-hour mean temperature difference (Tyoz-T127) of the middle
tropospheric layer for stations and geographical blocks from 30 to 40°N during
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the summer.

creased incident shortwave radiation, but it also
includes some effects of surface sensible heat trans-
port to upper layers for observations over land. As
the lower latitudinal bands are examined (Figs. 2 and
4), it is apparent that the seasonal change is mini-
mal. This is expected as the winter and summer
seasons in the tropics are climatically similar. In
the middle latitudes, where the data are more dense,

the summer (Fig. 3) and winter (Fig. 5) maximum

temperature difference occurs in the afternoon be-
tween 1500 and 1700 LT. This result may be in-
fluenced by the location of these ascents over the
large North America land mass.

When opposite day (T,52-Tyoz) differences are

10°~20°N Winter

taken and plotted 180° longitude apart from the
(Tooz-T1oz) differences, the data sample of these four
figures is doubled (not shown). These extra differ-
ences give a more complete longitudinal portrayal
of the diurnal curve. They show distinct temperature
decrease for all 12 h temperature changes occurring
after 0800 to 2000 LT and distinct temperature in-
creases for data taken 12 h following the 2000 to
0800 LT times. No systematic longitudinal bias is
evident.

The magnitude of instrument error caused by solar
radiation absorption, which is implicit in the ob-
served value of the daily variation of temperature
below 300 mb, is believed to be generally less than

Longitude
I20°E  ISO°E 180° 150°W {20°W 90°W 60°W 30°W 0
L L T T 0 T T L L
« Station AT (850-300 mb)
OBlock Average AT for Stations
‘-0[' ___________________________ Below 500m
[le]
oc 0_5 _,_____-_—_-_.:9 _______________________ —_—
o . .
[Je] *
(o) o.
olo—
e
.
— L i —l 1 1 y - A 1
00Z: 0800L I000L I200L 1400L 1600L  I800OL 2000L 2200L 0O0O0OL \

12Z:2000L. 2200L. O0OOOL 0200L 0400L 0600L O8BCOL 1000L 1200L

Local Time of 00Z,

12Z Observations

F1G. 4. As in Fig. 2 except for winter.
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30°-40°N Winter
Longitude
120°E  150°E  180° IS0°W 120°W 90°W 60°W 30°W O
r L T T 1 L] T T 1
. e Station AT (850-300mb)
» OBlock Average LT for Stations
L Below 500m
A Station AT (700-300mb)
OBlock Average AT for Stations
Above 500m
o X R . it
I .
oA A So
o ®»0 :
O © st 50
L
(o}
N O
L 1 i 1 1 i 1 ]
00Z: 0800L 1000L 1200L 1400L 1600L i800L 2000L 2200L 0O00OL

12Z:2000L 2200L OOOOL 0200L. 0400L 0600L -0800L 1000L
Local Time of 00Z

1200L

,12Z Observations

F1G. 5. As in Fig. 3 except for winter.

0.2°C. Based on instrument error information ob-
tained from several sources, it is concluded that the
error contained in the temperature observation is
much léss than the magnitude of the real diurnal
change of temperature which is measured. It is un-
derstood that the reliability of the temperature
measurement is a critical part of the arguments to
follow. But, as will be discussed later, the conclu-
sions of this paper are not dependent on a very exact
diurnal AT measurement. If the observed diurnal
temperature measurements should be incorrect,
then one must hypothesize other diurnal AT and
RW values consistent with the large day versus

TaBLE 1. Latitudinal distribution of average cloud-free SwW
and LW radiational warming and similar values of Dopplick
(1970) for estimated mean cloud conditions in the 850-300 mb

- layer (°C day™").

Net radiative

Sw . LW warming
Latitude Cloud Mean Cloud Mean Cloud  Mean
belt free cloudiness free cloudiness - free cloudiness
. Summer
0-10°N 0.71 0.94 -2.40 ~2.07 - —1.69 -1.13
10-20°N 0.70 1.00 -2.06 ~2.05 -1.36 -1.05
20-30°N 0.73 1.02 -1.91 ~1.98 -1.13 -0.96
30-40°N 0.76 . 1.03 -1.75 -1.78 -0.99 -0.75
40-50°N 0.72 1.07 -1.50 -1.59 -0.78 -0.52
50-60°N 0.67 112 -1.27 —1.46 ~0.60 -0.34
Winter
0-~10°N 0.65 0.87 -2.26 -2.02 . —1.61 -1.15
10--20°N 0.52 0.71 —1.88 -1.98 -1.36 -1.27
20--30°N 0.40 0.57 —1.55 -1.70 -115 -1.13
30-40°N 0.31 0.44 -1.27 -1.31 -0.96 —-0.87
40-50°N 0.19 0.30 —-0.96 -1.09 -0.77 -0.79
50-60°N 0.09 0.15 -0.74 -1.03 —-0.65- -0.88

night differences in tropospheric radlatlon As will
be discussed, assumptions of diurnally constant
AT or of RW lead to apparently unrealistic diurnal
variations in one of the other parameters.

It is concluded that although solar radiative in-
duced error is inherent in the daytime temperature
observations, the magnitude of that error is sig-
nificantly smaller than the actual temperature varia-
tion. See the reports by Foltz (1976) and Frank (1979)
and the last pages of this report for more sub-
stantiation.

3. Expected tropospheric energy gam/loss from
radiation

To determine the warming required to compen-
sate for the continual net radiative cooling of the -
troposphere, it was necessary to compute the heating
of the middle tropospheric layer by shortwave ab-
sorption and the cooling by longwave radiation. This
was accomplished by employing two numerical
radiative transfer models. The heating rdtes and
total heating due to the absorption of broad-band
solar irradiance were computed by following the
technique described by Manabe and Strickler
(1964). The broad-band infrared irradiances at
specified levels were calculated using a model
described by Cox (1974). The irradiances were then
used to determine the cooling rates through the net
flux divergence.

Cloud-free shortwave heating (SW) and longwave
cooling (LW) values were calculated for the middle
tropospherlc layer. Table 1 gives SW and LW heat-
ing rates for each latitudinal band for mean cloud
and cloud-free conditions. The cloud case values
are taken from Dopplick (1972) who refined previous






