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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 GATE, ATEX, BOMEX, 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
cloud induced temperature change, surface to air sensible heat trans-
fer, horizontal advection, and vertical motion, etc.

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
morning vs. late afternoon required warming differences are of magni-
tudes of 2-3 to one. It is hypothesized that the subsidence warming
contribution to the diurnal variation of required warming dominates
the other components. Increased morning subsidence and weaker after-
noon-early evening subsidence is apparently a generally operating
phenomenon in the troposphere.

iii



1. INTRODUCTION

1.1 Basis for Present Study

This study was undertaken as a result of recent papers documenting
a large diurnal cycle in oceanic heavy convective rainfall (Ruprecht
and Gray, 1974; Jacobson and Gray, 1976). Ruprecht and Gray reported
a pronounced morning maximum (07-12 Local Time) and evening minimum
(19-24 Local Time) in heavy convective rainfall from tropical cloud
clusters in the Western Pacific. The maximum was about twice as large
as the minimum. Composited rawinsonde data of tropospheric divergence
from these cloud clusters support the 2 to 1 difference in heavy rain-
fall. Jacobson later performed a more detailed statistical analy-
sis of hourly rainfall records at a number of islands and atolls in
the Western Pacific and further verified that the morning maximum and
early evening minimum of heavy convective rainfall described in the
earlier study was quite pronounced. The morning rainfall maximum was
found at nearly all stations in all seasons examined. The weaker inten-
sity precipitation showed much less of a diufnal cycle. This morning maxi-
mum of deep cumulus convection has also been found at many tropical land
stations and during the winter season at many middle latitude land
locations when direct surface heating from solar energy absorption is
not dominant. .The hypothesized mechanism for this diurnal cycle
(Gray, 1976) is day vs. night differences in cloud versus clear region
net radiational cooling. This paper attempts to investigate further
the character of the above tropospheric diurnal cycle by studying
the nature of the tropospheric diurnal radiational cooling cycle.

It has been well documented by several authors (Dopplick, 1970;

Rogers, 1967; London, 1957) that the troposphere is continually cooling



at a rate of about l—l.SOC/day. This radiational loss must be balanced
by a compensating warming mechanism. It has been generally accepted
(London, 1952; Sellers, 1965; and others) that this heat loss is bal-
anced in a global sense primarily by latent heat of condensation (70-
80%) and by surface to air sensible heat transfer through conduction
(20-30%). Over the oceans however, the ratio of condensation to sen-
sible heat gain is generally on the order of 10 or 20 to one.

How regular is the required warming process which must necessarily
balance the net radiational 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 radiational cooling? An examination of a 3-year
Northern Hemispheric data set and special tropical project upper air
data will be presented in order to ascertain the character of the
diurnal variation, if any, in the atmospheric warming response to the

troposphere's net radiational cooling.

1.2 Approach
The following estimate (Sellers, 1965) indicates the typically
assumed magnitude of the daily energy sources and sinks occurring in

the global troposphere:

LI}

Net Radiation Cooling Rainfall Heating + Sensible Heat Gain

dA 9P dA 9P JA 3P
fva z ffL (RF)-————-—g + ffSH z (1.1)
P A P A

P A

~-1.2°C/day ~.9°C/day + ~.3°C/day



where

P = the range of pressure found in the troposphere (~ 800 mb)

A = surface area of the globe

R = net radiative cooling

RF = rainfall

L = latent heat of condensation

S.H.= sensible heat

The troposphere's energy loss from radiation cooling must be compen-
sated for by an equivalent amount of condensation and heating or
sensible temperature flux.

For many years metorologists have attempted to understand the
nature of the global mean heat budget. London (1952) performed ex-
tensive calculations 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 profile of the atmosphere. His findings were essentially the
same as represented in equation (1.1). Several other scientists
(London, 1957; Davis, 1963; Dopplick, 1970; others) have also studied
this problem and further refined London's calculations. However, the
time resolution of the balancing process between net radiative cooling
and condensation and sensible heat transfer has only been extensively
examined for a time scale of several days, months, seasons or years.
It appears that only Hastenrath and Steinberg (1971) have attempted
a thorough investigation of the diurnal variability of the tropospheric
heat budget from 3-hour resolution radiosonde data obtained in the West

Pacific.



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
thermodynamics and the Eulerian expansion of g%, the local temperature

change for a single pressure level can be represented as

°or _ 1 do _%. _
C it v VhT + w (T’d T) (1.2)

where

T - Temperature

t - Time

Q - Diabatic heat sources and sinks
- 0} ~

V - Horizontal wind veolcity

w ~ Vertical velocity
T, ~ Dry adiabatic lapse rate (3T /3p)y4
I - Environmental lapse rate (3T /3p)

C - Specific heat at constant pressure for dry air

To define the energy balance for a tropospheric layer between Pl and P2’

equation 1.2 must be integrated through these levels:
P) Py Py Py

49 4 - ¥ - v, Ddp + o (TT) dp (1.3)

P1 Py Py Py



For the purposes of this study the mean values for the layer P1 to
P2 will be utilized so that Eq. (1.3) in the finite difference form

for a specific time interval becomes

= - M 1.4
Tobserved £Q ADV + VM ( )

where

AT - Observed change in mean local temperature between
levels P; and PZ

~ Diabatic heat source (sink) for layer

Temperature change due to horizontal advection for layer

s & g

- Vertical motion induced sensible temperature change for
layer '

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

that
MQ = 1H + ©SH + SW + Iw (1.5)
where
LH - Warming (cooling) due to latent heat energy
SH - Warming (cooling) due to turbulent transfer

of sensible heat into the layer

SW - Warming due to atmospheric absorption of
short wave radiation

LW ~ Cooling due to atmospheric irradiation of
long wave radiation

Equation (1.4) can now be expanded to show the various constituents

of the tropospheric energy balance equation.

AT = 1W + SW + SH + ADV + TH + VM (1.6)



This equation can be expressed as

AT = SW + LW <4+ RW (1.7)

whe re

RBW = SH + 1 + ADV + WM (1.8)

RW is the sum of all the required non-radiation warming necessary to
bal ance ﬁq. (1.7) over any specified time period. It should be noted
that all four components of the required warming term are dependent on
atmosphericmotion. AT can be determined from standard radiosonde data, and
SW and IW can be calculated from radiation models or determined from obser-
vational data (Cox and Hastenrath, 1971; Cox, Vonder Haar, Hanson, and Suomi,
1974 others). Theréfore RW can be solved for as a residual quantity.
The procedure which will be followed in determining the diurnal
variation of the troposphere's energy balance is as follows:
l. From an extensive radiosonde data set determine the
average hourly variation of the mean temperature, AT
in the middle tropospheric layer (generally 850-300 mb

except over elevated regions where the 700-300 mb layer
is examined).

2., Utilizing mean seasonal soundings computed from the
same data set determine hourly variations 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 components
of RW from Eq. (1.8) in an effort to determine

the physical process(es) responsible for the diurnal
variation in required warming.

Newly obtained data from the GATE project for the summer of 1974 and

data from other special tropical experiments is examined. It is the



intent of this study to establish the diurnal cycle, if any, in the

tropospheric energy balance.



2. OBSERVED DIURNAL TEMPERATURE VARTATION FROM THE CONVENTIONAL
RADIOSONDE NETWORK
2.1 Previous Research on Diurnal Temperature Variations
Early studies of the diurnal variations of temperature and other
atmospheric parameters (Ballard, 1933; Hergesell, 1922) in the free
atmosphere were confined to the lower two or three km due to the types
of instrumentation available at that time. More recently, most studies of
the diurnal temperature variation in the free atmosphere have dealt with
the layers above the tropopause. In the stratosphere, the atmosphere
responds directly to the solar radiational cycle and diurnal temperature
chaﬁges are relatively large. Day to night temperatures can vary by as
much as 4°C in the middle and upper stratosphere. The situation in the
troposphere is much more complex. Here the diurnal variations are much
smaller in magnitude and more difficult to directly measure. There have
been some previous studies on the diurnal variability of lower strato-
spheric and tropospheric temperature which bear on this subject. Most
studies of the lower stratosphere have attempted to determine the diurnal
variation of temperature from operational radiosonde data (Kay, 1951;
Finger, Mason, and Teweles, 1964; Sparrow, 1967; Finger and McInturff,
1968). These studies have been hampered by instrument error due to solar
radiation absorption by the temperature sensor. Kay (1951) and Sparrow
(1967) were unable to completely separate the real variations from the
instrument errors in their data and simply stated that some degree of
inherent error is included in their results. Finger el al. (1964) and
Finger et al. (1968) made attempts to eliminate the error due to solar
radiation (see Appendix C for a discussion of their method). Teweles

and Finger (1960) have also specifically studied solar radiationally



induced instrument error in various types of radiosondes. They attempted
to develop an error correction scheme for data collected in the strato-
sphere during the daylight hours. While the results of these papers,

in regard to the stratospheric diurnal variation of temperature, are not
directly applicable to this study, the methods used to eliminate the
solar absorption instrument error and to analyze the observations are
very relevant.

The early studies utilizing radiosonde data (Wulf, Hodge, and Obloy,
1946; Riehl, 1947) were concerned with determining the diurnal variation
of temperature and pressure in the troposphere. However, in later years,
the main purpose of tropospheric studies (Harris, 1959; Harris, Finger
and Teweles, 1962; Carlson and Hastenrath, 1970; Wallace and Patton, 1970;
Hastenrath, 1972) has been to use diurnal temperature, pressure, and wind
measurements to increase the understanding of diurnal and semi-~diurnal
tidal oscillations. Although the purpose here is not the study of atmo-
spheric tides, the data collected for those studies is very pertinent to
this effort. Table 2.1 lists the previous studies of the diurnal varia-
tions of temperature in the troposphere utilizing various local time in-
tervals. The magnitudes of the diurnal variations and times of maximum
temperature for four of the studies are shown in Fig. 2.1.

It should be noted that prior to 1960 the operational radiosonde
employed a‘duct—type temperature sensing element which was quite suscep-
tible 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. 1In addition, the military sonde AN/AMT-4A, with
outrigger-type construction, has been utilized at all military radiosonde

stations since 1956. It was also used during the nuclear testing projects



TABLE 2.1

Studies Concerning Diurnal Variations of Temperature in the Troposphere

Source

Data Source (s)

Time Resolution
of Measurements

Location (s)

Diurnal Range of
Mean 850-300 mb
Temperature

Time of

T
max

Time of

T .
min

Wulf, Hodge
Obloy(1946)

Riehl
(1947)

Harris
(1959)

Harris
Finger &
Teweles
(1962)

Carlson
and Hasten-
rath (1970)

U.S. Weather Bur-
eau Operational
Soundings 1 Jan.
1942-1 July 1942

Radiosonde data
1 Oct.-30 Nov.
1944

Standard Mili-
tary Radiosonde
Observations,
June, July, Aug.
1956 and 1957

Standard Military
Radiosonde Obser-
vations 1 Apr.

1956~-31 Mar. 1958

Observations ta-—
ken at approxi-
mately 1100 and
2300 local time

Observations taken
every 3 hours

Combined two ser-
ies of 6-hourly
observations made
3 hours out of
phase and obtained
3-hour resolution

Performed same
procedure as
Harris (1959) and
obtained 3-hour
resolution

Upper Air Data Col-Performed same

lected During Nu-

procedure as Har-

clear Testing Pro- ris (1958) and

ject During Apr.-
July 1956 & Apr.
July 1958

obtained 3-hour
resolution

Stations loca-
ted near the
75th meridian
in the U.S.

San Juan, P.R.
Antigua

Washington D.C.

Terceira, o
Azoreg (38°N
N, 27 W)

Enigetok agoll
(11°N, 162
E)

Temperature Dif-
ference of approx-
imately 1.0 C

1.78°C (includes
Large Amount of
Instrument Error)

0.5°¢C

O.AOC (summer)

0.5°C

Always
warmer at
1100 than
2300

1400LT

1300LT

1500LT

1500LT

2300LT

0100LT

0300LT

0300LT

0T



TABLE 2.1 (cont'd)

Time Resolution Diurnal Range of Time of Time of
Source Data Source (s) of Measurements Locations (s) Mean 850-300 mb T T .
max min
Temperature
Wallace and Standard Radio- 12-hour observa 105 N. American 0.70C (12-hour 1600 0400
Patton sonde Observa- tions: 02 to 07 Radiosonde Temperature dif- (00GMT) (12GMT)
(1970) tions July-Aug. LT vs. 14 to 19 Stations ference)
1957 to 1964 LT
Hastenrath Upper-Air data Performed same 8 Western 0.6°C 1500LT 0300LT
(1972) collected during procedure as Pacific Radio-
nuclear testing Harris (1959) to sonde stations
project. Apr-July obtain 3-hour '
1956 and Apr-July resolution
1958
300 ) e . .
— 8 West Tropicel Pacific Islands Fig. 2.1. Diurnal variations of tempera-
400 | é:?::‘;l“(’:;:zah s corteon I ture at Eniwetok, after Carlson,
500 1970) et al. (1970), Washington, DC
’-é —-— Washington, D.C. {Harris, (959) after Harris (1959), Terceira,
~ 600 p~ -—-— Terceira, Azores(Horrts,etal,lQGZ)L Azores after Harris, et a_l;
2 ool I (1962), and 8 West Pacific
@ stations after Hastenrath
d 800} - (1972). Amplitude of daily
NS——— variation in °C (left figure)
s00 + T o . o . .
T and time of maximum tempera-
1000 |- T—EEme 1 ture in hours (right figure).
1 l 1. R 4 L —b 1 1 L 1 A i
O 02 04 06 08 10 16 14 1.6 .8 20 6 12 18

°C

Local Time, hours

11
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in 1956 and 1958. This instrument was also a great improvement over

the previous military sondes as far as reducing the radiational 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.

2.2 Description of 12-hour Data Set

Previous studies of the diurnal variability of various atmospheric
parameters have typically relied on data collected during short term
scientific experiments (ATEX, BOMEX, Line Islands Experiment, GATE,
Marshall Islands Nuclear Project, etc.) or on information ob;ained
by combining two series of 6 or 12 hour interval sounding data sets.
Radiosonde measurements taken on different schedules before and after
the change from 0300 and 1500GMT (also sometimes 0900 and 2100GMT) to
0000 and 1200GMT (also sometimes 0600 and 1800GMT) standard radiosonde
observation time on 1 June 1957 have often been used. This procedure
gives a 3 or 6 hour time resolutiom. O%Viously, this type of data is
the most desirable for discerning diurnal variatiﬁns. Its availability
is limited, however.

Since most radiosonde observations are made only at 00GMT and 12GMT,
a procedure had to be established for utilizing this vast 12 hour inter-
val 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°wW longitude to 120°E longitude and from the equator northward td 85°N
latitude (Fig. 2.2). As this data set was limited in its time resolution
(12 hours), stations located within a 10° latitudinal band, e.g. 30—40°N,

were examined in relation to the local time of their radiosonde ascents.
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Fig. 2.2. Location of radiosonde data network and special oceanic tropical experiments.
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Therefore, data from different longitudes correspond to different
local times. When data from several longitudinal regions are compo-
sited, increased time resolution is obtained. For example, consider
four hypothetical stations located at 60°W, 90°W, 120°W, and 150°W in
the 30-40°N latitude belt. Mean temperatures for the 850-300 mb layer
can be calculated at OOGMT and 12GMT at each station yielding mean
layer temperatures at 08 and 20 LT (60°W), 06 and 18LT (90°W), 04 and
16LT (IZOOW), and 02 and 14LT (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. Table 2.2 lists all stations used in this study by 10°
latitudinal bands.

The OOGMT to 12GMT mean temperature difference in the 850-300 mb
layer (700-300 mb over elevated locations) was determined for each
station in this data set. The data used covered a 3 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 temperature considerably
over the old duct-type instrument (see Appendix A for a description
of the radiosonde and the pertinent instrumentation).

The data have been stratified into 2 seasons containing 2 months
each. The summer season includes June and July and the winter is com- .
prised of December and January. This particular seasonal distribution
was selected as 1t affords the most contrast in the degree of solar
energy absorption by the troposphere over middle latitude locations.

In equatorial regions the solar heating effect will be similar in both

seasons.
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TABLE 2.2

Stations Included in the Northern Hemispheric Network

Station wMo# Latitude Longitude Elevation (meters)

0-10°N  Canal Zonme 78806 9.0 79.6 9
Ponape 91348 7.0 158.2E 46
Kwajalein 91366 8.7 167.7E 8
Majuro 91376 7.0 171.4E 3
Truk 91334 7.5 151.9E 2
Koror 91408 7.3 134.5E 33
Yap 91413 9.5 138.1E 17
10°-20°N  Raizet 78897 16.3 61.6 8
San Juan 78526 18.4 66.0 19
Guantanamo 78367 19.9 75.2 23
Santa Domingo 78486 18.5 69.9 14
Curacao 78988 12.2 69.0 17
San Andres 80001 12.6 81.7 6
Swan Is. 78501 17.4 83.9 11
Hilo, Ha. 91285 19.7 155.1 11
Johnston, Is. 91275 16.7 169.5W 5
Wake Is. 91245 19.3 166.7E 4
Eniwetok 91250 11.4 162.4E 6
Guam 91217 13.6 144 .8E 111
Clark AFB 98327 15.2 120.6E 11
20°-30°N  Rey West 72201 24.5 81.8 6
Miami 72202 25.8 80.3 4
Cape Kennedy 74794 28.2 80.6 0
Grand Bahama 78063 26.6 78.3 7
Tampa 72211 28.0 82.5 3
Boothville 72232 29.0 89.4 0
Brownsville 72250 25.9 97.4 6
Victoria 72255 28.7 97.1 36
Merida 76644 21.0 89.7 11
Del Rio 72261 29.4 100.8 313
Monterrey 76394 25.9 100.2 423
Guaymas 76225 28.6 106.1 1428
Chihuahua 76255 27.9 110.9 4
Ship N 24N 30.0 140.0 0
Lihue, Ha. 91165 22.0 159.3 45
Midway Is. 91066 28.2 177.4 13
Marcus 91131 24,3 154.0E 4
Iowa Jima 91115 24.8 141.3E 5
30°-40°N  Ship E 05E 35.0 48.0 0
Bermuda 78016 32.4 64.7 6
Jacksonville 72206 30.5 81.6 9
Charleston 72208 32.9 80.0 15
Cape Hatteras 72304 35.3 75.5 3
Norfolk 72308 36.9 76.2 9
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TABLE 2.2 (cont'd)

Station WMO# Latitude Longitude Elevation (meters)
30°-40°N  Greensboro 72317 36.1 79.9 270
Wallops Is. 72402 35.8 75.5 15
Washington, D.C. 72403 38.9 77.0 98
Montgomery 72226 32.3 86.4 62
Jackson 72235 32.3 90.2 101
Lake Charles 72240 30.2 93.2 10
Shreveport 72248 32.5 93.8 79
Ft. Worth 72259 32.8 97.0 176
Athens 72311 34.0 83.3 247
Nashville 72327 36.1 86.7 184
Little Rock 72340 34.7 92.2 81
Huntington 72425 38.4 82.6 255
Columbia 72445 39.0 92.4 274
Topeka 72456 39.1 95.6 270
Abilene 72266 32.4 99.7 546
El Paso 72270 31.8 106.4 1194
Tucson 72274 32.1 110.9 779
Amarillo 72363 35.2 101.7 1099
Albuquerque 72365 35.1 106.6 1620
Winslow 72374 35.0 110.7 1488
Dodge City 72451 37.8 100.0 790
Denver 72469 39.8 104.9 1625
Grand Junction 72476 39.1 108.5 1475
San Diego 72290 32.8 117.2 9
San Nicolas Is. 72291 33.3 119.5 174
Yucca Flat 72385 37.0 116.0 1197
Vandenberg 72393 34.8 120.6 121
Ely 72486 39.3 117.8 1909
Oakland 72493 37.8 122.2 3
Ship V 25V 34.0 . 164.0E 0
Chichijima 91030 32.2 142.2E 12
40°-50°%  Ship D 04D 44.0 41.0 0
Sable Is. 72600 43.9 60.0 0
Placentia 72807 47.3 54.0 0
New York 74486 40.7 73.8 4
Nantucket 72506 41.3 70.1 4
Albany 72518 42.8 73.8 89
Pittsburgh 72520 40.5 80.2 373
Buffalo 72528 42.9 78.7 215
Portland 72606 43.7 70.3 19
Caribou 72712 46.9 68.0 146
Maniwaki 72722 46.4 76.0 170
Flint 72637 43.0 83.7 233
Peoria 72532 40.7 89.7 202
Omaha 72553 41.4 96.0 406
Green Bay 72645 44.5 88.1 214
St. Cloud 72655 45.6 94,2 312

S.S. Marie 72734 46.5 84.4 221
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TABLE 2.2 (cont'd)

Station WMO# Latitude Longitude Elevation (meters)
40-509N Int'l Falls 72747 48.6 93.4 361
North Platte 72562 41.1 100.7 849
Salt Lake 72572 40.8 112.0 1287
Lander 72576 42.8 108.8 1692
Huron 72654 444 98.2 393
Rapid City 72662 44.0 103.1 966
Bismarck 72764 46.8 100.8 506
Glasgow 72768 48,2 106.6 700
Great Falls 72775 47.6 117.5 1115
Winnemucca 72583 40.9 117.8 1312
Medford 72597 42.4 122.9 405
Boise 72681 43.6 116.2 871
Salem 72694 44.9 123.0 61
Spokane 72785 47.7 117.5 721
Quillayute 72797 48.0 124.6 137
Ship P 17p 46.0 145.0 0
50-60°N Ship C 03C 52.8 35.5 0
Ship B 02B 56.5 51.0 0
Sept-Iles 72811 50.2 66.3 58
Goose 72816 53.3 60.4 44
Nitcheguon 72826 53.2 70.9 537
Moonsonee 72836 51.3 80.7 0
Ft. Chimo 72906 58.1 68.4 36
Inoucdjovac 72907 58.5 78.1 0
Trout Lake 72848 53.8 89.9 219
Churchill 72913 58.8 94,1 35
The Pas 72867 54.0 101.1 272
Prince George 72896 53.9. 122.7 676
Ft. Nelson 72945 58.8 : 122.6 375
Yakutat 70361 59.5 131.7 9
Annette Is. 70398 55.0 131.6 36
King Salmon 70326 58.7 156.7 15
Kodiak 30350 57.8 152.5 34
St. Paul 70308 59.2 170.2 9
Cold Bay 70316 55.2 162.7 31
Shemya 70414 52.7 174.1E 3
Adak 70454 51.9 176.7 4
60-70°N  Frobisher Bay 72909 63.8 68.8 21
Coral Harbor 72915 64.2 83.4 59
Baker Lake 72926 68.3 96.0 11
Ft. Smith 72934 60.0 112.0 203
Coopermine 72938 67.8 115.1 0
Inuvik 72957 68.3 133.5 61
Whitehorse 72964 60.7 135.1 698

McGrath 70231 63.0 155.6 103
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TABLE 2.2 (cont'd)

Station WMO# Latitude Longitude Elevation
Fairbanks 70261 64.8 147.9 138
Anchorage 70273 61.2 150.0 40
Kotebue 70133 66.9 162.6 5
Nome 70200 64.5 165.4 7
Kethel 70219 60.8 161.8 46
Eureka 72919 80.0 85.9 0
Resolute 72924 74.7 95.0 64
Pt. Barrow 70026 71.3 156.8 4
Barter Is. 70086 70.1 143.6 15

2.3 Determination of Mean Temperature Difference

The

tape from the National Climatic Center in Asheville, N.C.

radiosonde listing had been previously obtained on magnetic

were performed on the Colorado State University CDC 6400 Computer.

methods were used to measure the O0GMT minus 12GMT temperature dif-

ferences. Both methods gave similar results.

1.

—_— n ' 1
AX = —I;.Z [X (OO)Ji-E

The first method calculated the mean OOGMT minus 12GMT
temperature and height differences from the following
equation :

- [x a2l

1

where AX represents the average temperature (AT) orx
geopotential height (AH) difference for one season.

X(00) and X(12) are the layer averaged values ob-

served for a sounding at OOGMT and 12GMT, respectively,
and n is the number of observations taken in any

season for the 3 year data sample (typically 6 months or
180 individual soundings). Data from an individual station
was 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 807
of the number of soundings at the other time. These
calculations were made for the 850-300 mb layer except
over elevated regions when the 700-300 mb layer was used.

L 1 =]

i=1 i

(meters)

Computations

Two



19

2. The second method was implemented only for the
determination of AT. The computations were
accomplished by applying the hypsometric re-
lation to the seasonal mean sounding.

where

|
I

o g D>
=N e
1

—T- = _& AH
v R Ln PZ/Pl

mean virtual temperature of the layer
- universal gas constant

- acceleration of gravity

thickness of the layer

- upper bounding pressure level

- lower bounding pressure level

AT represents the difference in the mean virtual
temperature calculated for the 850-300 mb layer
(occasionally the 700-300 mb layer) at OOGMT and

12GMT.

AT 1is an extremely close approximation

to AT (detérmined by method 1). The variation

of the

observed mixing ratio has been found to be

generally small in the layers under consideration.

Several studies (Ostapoff et al., 1970; Betts, 1972; Ruprecht,

1975; and others) have documented the spurious diurnal variations of

specific humidity in the troposphere. In order to represent the mean

temperature differences of the middle tropospheric layer by the mean

virtual temperature difference, the diurnal variations of Zﬁ; must not

be a result of the

diurnal variation in specific humidity. By applying

the virtual temperature correction relationship

TV=T[
where w
T
T
v

and assuming a 10%
the daytime ?; for

the real T for the

1+1.609%w ]

1+w

mixing ratio
temperature
virtual temperature

1

error in the daytime specific humidity observations,
850-300 mb layer will be approximately 0.13°C less than

layer. This value was computed for a station (Johnston

Island) in the tropics where the daytime observation is taken near noon

and therefore it is expected to include the maximum possible specific

humidity error.
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Table 2.3 compares the computed mean virtual temperature difference
at all the upper—-air stations between the equator and 20°N. This is
where the largest moisture errors occur because of the high moisture
content of the troposphere. The differeﬁce between ZE; and AT is quite
small - generally less than .08°C in the 850-300 mb layer. The erroneous
daytime moisture reduction error source acts in the opposite direction
from the temperature error caused by solar radiation absorption.
Therefore, the total error included in the mean temperature of the
layer is reduced by using the mean virtual temperature difference of
a deep tropospheric layer. Unless otherwise stated the mean temperature
of the layer under consideration will henceforth be represented by the

mean virtual temperature of the layer.

TABLE 2.3

Comparison of Observed 850-300 mb Mean OOGMT - 12GMT Temperature Dif-
ference (AT) with the Mean Virtual Temperature Difference (ATV)

Summer Winter

Stations wMo# AT AT AT,-AT AT AT AT,-AT
0-10°N

Canal Zomne 78806 .33 .36 -.03 .28 .32 -.04
Ponape 91348 .40 .43 -.03 .36 .38 -.02
Kwajalein 91366 .23 .28 -.05 .41 .45 -.04
Majuro 91376 47 .48 -.01 .50 .53 -.03
Truk 91334 .30 .38 -.08 .27 .27 .00
Koror 91408 11 .18 -.07 .32 .35 -.03
Yap 91413 .16 .20 ~-.04 .36 .38 -.02
10-20°N

Raizet 78897 | -~.01 -.09 .08 -.13 -.13 .00
San Juan 78526 .00 -.03 .03 -.10 -.11 .01
Guantanomo 78367 .25 .16 .09 .10 .06 .04
Santo Domingo 78486 | ~.09 -.07 -.02 ~-.26 -.28 .02
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TABLE 2.3 (cont'd)

Summer Winter
Stations WMO# AT AT ATV-ET AT ‘AT AT_-AT
v v v

10-20°N

Curacao 78988 .10 .14 -.04 .15 .19 -.04
San Andres 80001 .32 .40 -.08 .28 .32 -.04
Swan Is. 78501 .26 .31 -.05 .13 .14 -.01
Hilo, Ha. 91285 .77 .78 -.01 .65 .63 .03
Johnston Is. 91275 .62 .67 -. .58 .62 -.04
Wake Is. 91245 .40 A2 -.02 .30 .32 -.02
Eniwetok 91250 | --- —_— —_— .28 42 .14
Guam 91217 .35 .39 -.04 .17 .17 .00
Clark AFB 98327 | -.10 -.08 -.02 .00 .08 -.08

2.4 Layer of Consideration

The layer of the troposphere selected for examination is between
850 and 300 mb. This layer was chosen as it is relatively free from
surface effects and contains a large portion of the layer of the at-
mosphere which is quergoing continuous radiational cooling. This
region 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. The 850 mb level was selected as the lower boundary
over oceanic and low altitude terrain because it is above the top of
the planetary boundary layer and should be relatively free from surface
induced heating sources. Observations obtained from upper air stations
situated at elevated locations (above 500 m) were examined between the
700 mb level and 300 mb level so as to reduce the elevated heat source
influence. Examples of mean OOGMT and 12GMT summer soundings (when

solar influence is the largest) are displayed in Fig. 2.3. The surface
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induced effects on the lapse rates are quite evident at lower levels

and over elevated land regioms.

500

600

700

800

900

1000

500

‘Pressure (mb)

600

700

800

900

1000

Fig. 2.3 a-d. Daytime (00Z) and nighttime (12Z) mean summer soundings
at (a) mid-latitude evelated location - E1 Paso, Texas,
(b) mid-latitude low altitude location - Salem, Oregon,
(c) subtropical oceanic ship location - Ship N, (d)
tropical island location - Truk.
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2.5 Plotting and Analysis of the Temperature Difference Data

Other studies (Pressman, 1955; Finger and McInturff, 1968; others)
have shown a latitudinal dependency of the 12-hour temperature dif-
ference. Since this data set was fairly extensive in terms of latitude,

the data was divided into latitudinal bands. The 12-hour temperature

difference [T(00) - T(12)] is plotted relative to local time and longi-
tude of the upper-air station taking the observation. Figures 2.4a

to 2.4f depict the temperature differences in the summer season in 10°
latitudinal belts from the equator to 60°N. Figures 2.5a to 2.5f are
similar examples of the temperature differences in each latitudinal
belt during the winter. Table 2.4 lists the values of the 12-hour
temperature difference for each season at each station.

Area Averaging. In order to gain an understanding of the march

of diurnal temperature and compare the observed 12-hour temperature
differences with the calculated short wave and long wave radiation
heating values, a method was devised to combine all stations within a
certain geographical area into a single block average. Figure 2.2
shows these blocks and Table 2.5‘contains the values of mean AT for
each geographical block. Each block is 10° latitude by 15° longitude
centered longitudinally on the meridian representing an even hour from
Greenwich Mean Time. The block is identified by the number of hours
which must be added to the 1oéa1 time to obtain GMI. With this system
the block average contains only observations taken within a half hour
of the time delineating the block. The block averages are plotted in
Figs. 2.4 and 2.5 along with the station values of AT. If there

are stations located below 500 m and others above 500 m in one geo-

graphical block, 2 different averages for the block are calculated.
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Fig. 2.4 a-b. 12-hour mean temperature difference (T, - T,,,) of the
middle tropospheric layer for stations and geographical
blocks in 10° latitude bands from the equator to 60 N
during the summer. Since the different longitudes cor-
respond to different local times for the soundings, the
diurnal temperature change of the layer can be seen.
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Fig. 2.4 c~d. Same as Fig. 2.4 a-b.
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Fig. 2.4 e~-f. Same as Fig. 2.4 a-b.
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Fip !'.5 a-b. 12-hour mean temperature difference (00Z - 12Z) of the
middle tropospherlc layer for stations and geographical
blocks in 10° latitude bands from the equator to 60N
during the winter.

J




28

20°-30°N Winter

Longitude
120°E  I150°E 180° I50°W 120°W 90°W 60°W  30°W 0
| T 1 B 1 L 1 1 B!

e Station AT (850-300 mb)
OBlock Average AT for Stations
1. Op """ === = Below 500 m

& Station AT (700-300mb)
ABlock Average AT for Stations
Above 500m
A
s O
°cC 065f-——————=——— Qe YV e _____________ —
.O.
© 4.0
O 0» <0
O —_—
L [ 1 1 | E. [ }

1 1
00Z: 0800L 1000L (200L 1400L |600L  1800L 2000L 2200L 000O0L
12Z:2000L 2200L O0O0OL 0200L 0400L 0600L 0800L 1000L 1200L

Local Time of O0Z,12Z Observations

30°-40°N Winter

Longitude
I20°E I50°E 180° I50°W 120°W 90°W 60°W 30°W O
m U b - - ] I - -
e Station AT (850-300mb)
OBlock Average AT for Stations
@ Below 500m
A Station AT (700-300mb)
O Block Average AT for Stations
Above 500m
°cOS5pF-———— L
I
., [ ]
S S oL I
o. © v 50
.-
0]
O

L L i 1 ] i i 1 I
00Z: 0800L I0O00OL 1200L '400L 1600L 1800L 2000L 2200L 0O00OL
122Z:2000L 2200L OOOOL 0200L 0400L 0600L 0BOOL 1000OL 1200L

Local Time of 00Z,12Z Observations

Fig. 2.5 c~d. Same as Fig. 2.5 a-b.
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Fig. 2.5 e-f. Same as Fig. 2.5 a-b.
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TABLE 2.4

(00GMT - 12 GMT) Mean Temperature Differences (OC) for the Summer and Winter
Block: Geographical Block in Which Station is Located (Number Represents
Number of Hours Earlier Than GMT)

Station WMO# AT for AT for Block Summer Winter
850-300 700-300 . .
mb layer mb layer AT AT

Latitude Belt 0-10°N

Canal Zomne 78806 X +5 .33 .28
Ponape 91348 X +13 .40 .36
Kwajalein 91366 X +13 .23 41
Majuro 91376 X +13 47 .50
Truk 91334 X +14 .30 .27
Koror 91408 b'4 +15 11 .32
Yap 91413 X +15 .16 .36
Latitude Belt 10-20°N

Raizet 78897 X +4 -.01 -.13
San Juan 78526 X +4 .00 ~-.10
Guantanamo 78367 X +5 .25 .10
Santo Domingo 78486 X +5 -.09 ~.26
Curacao 78988 X +5 .10 .15
San Andres 80001 X +5 .32 .28
Swan Is. 78501 X +6 .26 .13
Hilo, Ha. 91285 X +10 .77 .65
Johnston Is. 91275 X +11 .62 .58
Wake Is. 91245 X +13 .40 .30
Eniwetok 91250 X +13 —— .28
Guam 91217 b4 +14 .35 .17
Clark AFB 98327 X +16 -.10 .00
Latitude Belt 20-30°N

Key West 72201 X +5 .33 .16
Miami 72202 X +5 .27 .20
Cape Kennedy 74794 X +5 —— .24
Grand Bahama 78063 X +5 - .10 .08
Tampa 72211 X +6 .48 .22
Boothville 72232 X +6 .76 .34
Brownsville 72250 X +6 .79 .40
Victoria 72255 X +6 .77 .41
Merida 76644 X +6 .41 .33
Del Rio 72261 X +7 1.11 .54
Monterrey 76394 x +7 74 .34
Guaymas 76255 X +7 .94 44
Chihuahua 76225 b4 +7 1.16 .59

Ship N 24N X +10 .69 .56
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TABLE 2.4 (cont'd)

Station WMO# AT for AT for Block Summer Winter
850-300 700-300 . .
mb layer mb layer AT AT

Lihue, Ha 91165 X +11 .67 .54

Midway 1Is. 91066 X +12 .18 .38

Marcus Is. 91131 X +14 .07 .23

Iowa Jima 91115 X +15 -—— .25

Latitude Belt 30-40°N

Ship E 05E X +3 -.28 -.26
Bermuda 78016 X +4 .10 .20
Jacksonville 72206 x +5 .33 .11
Charleston 72208 X +5 .32 .06
Cape Hatteras 72304 X +5 .26 .21
Norfolk 72308 X +5 —  —
Greensboro 72317 X +5 .43 -.06
Wallops Is. 72402 X +5 .27 .32
Washington 72403 X +5 .37 .07
Montgomery 72226 X +6 .47 .34
Jackson 72235 X +6 .68 .39
Lake Charles 72240 x +6 .70 .20
Shreveport 72248 X +6 .90 .27
Ft. Worth 72259 X +6 .90 .25
Athens 72311 X +6 .48 .29
Nashville 72327 X +6 .60 .22
Little Rock 72340 X +6 .82 .18
Huntington 72425 X +6 .38 .07
Columbia 72445 X +6 .73 .31
Topeka 72456 X +6 .65 .25
El Paso 72270 X +7 1.17 .27
Tucson 72274 X +7 .81 .32
Amarillo 72363 X +7 .87 .29
Albuquerque 72365 X +7 1.12 .48
Winslow 72374 X +7 .93 .39
Dodge City 72451 X +7 .85 .42
Denver 72469 X +7 .83 .28
Grand Junction 72476 X +7 1.20 .51
San Diego 72290 X +8 .79 .40
San Nicolas 72291 X +8 A4 .48
Yucca Flat 72385 X +8 .96 .51
Vandenberg 72393 X | +8 .66 .45
Ely 72486 X +8 .76 .12
Oakland 72493 X +8 46 .32
Ship V 25V X +13 .35 .17
Chichijima 91030 x +15 ——— .16
Latitude Belt 40-50°N

Ship D 04D x +3 -.32 ——

Sable Is. 72600 X +4 -.10 -.05
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TABLE 2.4 (cont'd)

Station WMO# AT for AT for Block Summer Winter
850-300 700-300 __ L
mb layer mb layer AT AT

Placentia 72807 X +4 -.09 —-_—

New York 74486 X +5 .17 .30

Nantucket 72506 X +5 .10 .16

Albany 72518 X +5 .25 .12

Pittsburgh 72520 X +5 .50 =-.02

Buffalo 72528 X +5 .34 .02

Portland 72606 X +5 .22 .27

Caribou 72712 X +5 .29 .13

Maniwaki 72722 X +5 .30 .16

Flint 72637 X +6 .49 14

Peoria 72532 b4 +6 .72 .24

Omaha 72553 X +6 .55 .32

Green Bay 72645 X +6 .56 .22

St. Cloud 72655 X +6 .36 .00

S.S. Marie 72734 b'e +6 .53 .16

Int'l Falls 72747 x +6 .60 .16

North Platte 72562 X +7 .68 .13

Salt Lake 72572 X +7 .83 .24

Lander 72576 X +7 1.08 .29

Huron 72654 X +7 .54 -~

Rapid City 72662 x +7 74 .03

Bismarck 72764 X +7 .39 .00

Glasgow 72768 X +7 .54 .15

Great Falls 72775 X +7 .89 .20

Winnemucca 72583 X +8 1.03 .34

Medford 72597 X +8 .68 .39

Boise 72681 X +8 1.00 .16

Salem 72694 X +8 .64 .21

Spokane 72785 X +8 .73 .21

Quillayute 72797 X +8 1.04 .28

Ship P 17p X +10 .18 .32

Latitude Belt 50-60°N

Ship C 03c x +2 -.39 —
Ship D 028 X +3 .01 -
Sept. Iles 72811 X +4 .18 -.04
Goose 72816 x +4 .01 .05
Nitcheguom 72826 X +5 .13 -.10
Moonsonee 72836 X +5 .37 .06
Ft. Chimo 72906 X +5 .32 .04
Inouckjouac 72907 X +5 .34 .09
Trout Lake 72848 X +6 .57 .07
Churchill 72913 X +6 .45 .05
The Pas 72867 X +7 .45 .25
Prince George 72896 X +8 .72 .13
Ft. Nelson 72945 X +8 .58 .32
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TABLE 2.4 (cont'd)

Station WMO# AT for AT for Block Summer Winter
850-300 700-300 _~_ .
mb layer mb layer AT AT

Yakutat 70361 X +9 .67 .17

Annette Is. 70398 x +9 .80 47

King Salmon 70326 X +10 .60 .36

Kodiak 70350 X +10 .51 .24

St. Paul 70308 X +11 .62 .29

Cold Bay 70316 be +11 .60 .18

Shemya 70414 X +12 .51 .37

Adak 70454 X +12 .15 .78

Latitude Belt 60-70°N

Frobisher Bay 72909 X +5 .28 .14
Coral Harbor 72915 X +6 .31 .13
Baker Lake 72926 X +6 42 .17
Ft. Smith 72934 X +7 .53 .10
Coppermine 72938 X +8 .23 .06
Inuvik 72957 X +9 .34 .12
Whitehorse 72964 x +9 .87 .25
McGrath 70231 X +10 .51 .40
Fairbanks 70261 X +10 .76 .02
Anchorage 70273 X +10 .78 .25
Kotzebue 70133 X +11 .60 .26
Nome 70200 X +11 .53 .68
Bethel 70219 X +11 .64 .32
Latitude Belt 70-80°N

Eureka 72917 X +6 -.08 .04
Resolute 72924 X +6 .13 11
Pt. Barrow 70026 X +10 .60 .22
Barter Is. 70086 X +10 47 .05




TABLE 2.5

OOGMT-12GMT Mean Temperature Differences (OC) for
Each Geographic Block in the Summer and Winter

Latitude Block Longitude Boundaries AT for AT for Local Time of Summer Winter
Belt Identification West East 850~-300 mb 700-300 mb Difference AT AT
0-10°N +5 67.5°W 82.5°% X 1900-0700 .33 .28
+13 172.5°E 157.5°E X 1100-2300 .36 42
+14 157.52E 142.5°E X 1000-2200 .30 .27
+15 142.5°E 127.5°E X 0900-2100 .13 .34
10~-20°N +4 52.5% 67.5%W X 2000-0800  -.07 -.11
+5 67.5%W 82.5%% X 1900-0700 .25 .09
+6 82.5°% 97.5% X 1800-0600 .26 .13
+10 142.5gw 157.52w X 1400-0200 .77 .64
+11 157.5 W 172.5% X 1300-0100 .62 .55
+13 172.5°E 157.5°E X 1100-2300 .40 .29
+14 157.52E 142.52E X 1000-2200 .35 .17
+16 127.5°E 112.5°E X 0800-2000 -.10 .00
20-30°N +5 67.5°W 82.5% X 1900-0700 .33 .21
+6 82.5% 97.5% X 1800-0600 .70 .34
+7 97.5gw 112.5% X 1700-0500 .94 .52
+10 142.5 W 157.5% X 1400-0200 .69 .56
+11 157.5 W 172.5% X 1300-0100 .67 .54
+12 172.5°W 172.5°E X 1200-0000 .18 .38
+14 157.5°E 142.5°E X 1000-2200 .07 .23
+15 142.5°E 127.5°E X 0900-2100 - .25
30-40°N +3 37.52w 52.3% X 2100-0900 ~.28  -.26
+4 52.5 W 67.5°W X 2000-0800 .10 .20
+5 67.5°% 82.5% X 1900-0700 .34 .14
+6 82.5° 97.5% X 1800-0600 .65 .29
+7 97.5% 112.5% X 1700-0500 .98 A

he
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Discussion. An examination of the data shows that the temperature
differences for stations located in close proximity to each other are
relatively similar. Although in some cases the data within a latitudinal
band is somewhat limited in the longitudinal direction, there is a
definite 00-12 GMT diurnal temperature trend evident throughout the
hemisphere. The amplitude of this variation is reduced in the winter
season (Figs. 2.5a - 2.5f) when compared to the summer (Figs. 2.4a -
2.4f), and the amplitude diminishes as the observations are taken farther
to the north. In the summer the greatest mean temperature difference
is more than a degree, and it diminishes to about a half a degree in
the winter. This difference is primarily a reflection of increased
incident short wave radiation, but it also includes some effects of
surface sensible heat transport to upper layers. As the lower latitu-
dinal bands are examined (Figs. 2.4a,b and 2.5a,b), it is apparent
that the seasonal change is minimal. This is expected as the winter
and summer seasons in the tropics are climatically similar. In the
middle latitudes, where the data is more dense, the summer and winter
maximum temperature difference occurs in the afternoon between 15 and
17 LT. This result may be influenced by the location ascents over the
large North America land mass.

Instrument Error Induced by Solar Radiation. The magnitude of

instrument error caused by solar radiation absorption, which is impli-
cit in the observed value of the daily variation of temperature below
300 mb, is believed to be generally less than 0.2°C. The rationale
for this conclusion is discussed in Appendix B which shows the small
magnitude of this solar induced error source.

In an effort to obtain the real tropospheric 12-hour temperature

difference without significant contamination from solar radiational
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error, the method used by Finger and McInturff (1968) was applied.

This procedure identified that region containing upper-air stations
whose successive 00GMT and 12GMT radiosonde ascents are made completely
in darkness during the winter season. The data collected at these
stations during the winter is considered to be free of solar radiation
error. Finger and McInturff also determined that the solar radiation
error is a function of the sun's elevation angle. Utilizing this in-
formation, the mean solar elevation angle for the summer season at both
OOGMT and 12GMT for the central North American upper-air stations was
calculated. If the solar elevation angle at a single station is ap-~
proximately the same at both OOGMT and 12GMT, the mean temperature dif-
ference for that station can also be considered free from solar radiation
error.

This procedure allowed the examination of 00Z vs. 12Z temperature
differences which were relatively free from solar radiation error. It
gave increased confidence to the values observed at the other locations
éhroughout the hemisphere since there were no discontinuities between
sunlight and darkness observations, such as those which occur in the
middle and upper stratosphere. It also indicated that the mean tempera-
ture of the 850-300 mb layer varies diurnally both in the summer and
in the winter, with the variation being greater at lower latitudes and
in the summer. A more detailed presentation of the results of this solar
error elimination scheme can be found in Appendix C. Based on iﬁstru-
ment error information obtained from several sources (see Appendix B and
C), it is concluded that the error contained in the temperature observa-
tion is much less than the magnitude of the real diurnal change of
temperature. The solar radiation error is greatest at local noon when the

sun is at its highest elevation angle.
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These results indicate a definite diurnal variation of the mean
temperature of the layer under consideration. It is concluded that al-
though solar radiationally induced error is inherent in the daytime
temperature observations, the magnitude of that error is much smaller
than the actual temperature variation. Therefore, the observed values

of AT will be used in subsequent calculations.



3. EXPECTED TROPOSPHERIC ENERGY GAIN/LOSS FROM RADIATION

To determine the warming required to compensate for the continual
net radiative cooling of the troposphere, it was necessary to compute
the heating of the middle tropospheric layer by short wave absorption
and the cooling by long wave radiation. This was accomplished by em-
ploying two numerical radiative transfer models. The heating rates and
total heating due to the absorption of broadband solar irradiance were
computed by following the technique described by Manabe and Strickler
(1964). The broadband 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.
Appendix D presents a more detailed explanation of the short wave heat-
ing and long wave cooling models. Observational studies conducted in
the tropics and mid-latitudes will also be examined in an effort to

verify the radiation computations.

3.1 Cloud-Free Radiational Model Results for Short Wave Radiation (SW)

The short wave radiation model calculates the temperature change
for an increment of time by determining the amount of incident solar
radiation absorbed by the atmospheric constituents (H2O, CO2 and 03)
in a cloud-free atmosphere. Figure 3.1 shows two examples of the
results from the shoft wave model.

The mean total amount of daily heating from solar energy for the
middle tropospheric layer was obtained by computing an average for all
50 mb layers contained in the 850-300 mb region. Table 3.1 portrays
summer and winter theoretically derived cloud-free solar radiation

induced temperature changes for each geographical block from which

39
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Fig. 3.1. Vertical profiles of calculated total daytime heating from
short wave absorption in 50 mb layers at tropical (left) and
subtropical (right) locationms.

radiosonde data was available. The calculations were performed for

each block in order to delineate continental-ocean,latitudinal, season-

al, and other radiation differences.

These results indicate that the daytime temperature change due to
insulation is greater in the summer than in the winter at all latitudes
as would be expected. Also the higher latitudes show an appreciable
amount of warming in the summer. This indicates that although the
optical path is long because of a relatively high zenith angle, the
sun is above the horizon for an extremely long period of time. 1In the
winter at high latitudes, the absence of sunlight is indicated by the
low heating values. At low latitudes (0-10°N) there is little seasonal
difference in short wave warming as the sun is at the extreme declina-

tion angle in summer and winter relative to the equator.
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TABLE 3.1

Magnitude of Cloud-Free Short Wave (SW% Daytime Warming
For Each Geographical Block ( C)

+
Latitude Longitude+ Summer Winter Latitude Longitude Summer Winter

Belt Block Belt Block
0°-10°N +5 .74 .66 40°-50°N 43 .71 _—
+13 .72 .66 +4 .71 .19
+14 .71 .64 +5 .74 .18
+15 .65 .61 +6 .77 .18
. +7A% .74 .19
+7B 74 .20
10°-20°N +4 .69 .52 +8A .73 .19
+5 .70 .49 +8B* .6/ .20
+6 .71 .53 +10 .66 .18
+10 .64 .49
+11 .67 .49 50-60°N +2 .67 -
+13 .72 .53 +3 .70 .07
+14 .74 .54 +4 .75 .09
+16 .72 .55 +5 .69 .09
+6 .71 .09
20°-30°N +5 .76 .48 +7% A .10
+6 .76 .40 +8 .76 .06
+7 .75 .36 +9 .69 _—
+10 .73 .36 +10 .69 .07
+11 .67 46 +11 .64 .07
+12 .72 .38 +12 .64 .10
+14 .73 45 .
+15 _— .43
30°-40°N +3 .71 .31
+4 .79 .36
+5 .75 .29
+6 .76 .27
+7% .80 .29
+8A .70 .30
+8B* .77 .30
+13 74 .32
+15 - .36

+See Table 2.7 for dimensions of longitude blocks.
*For 700-300 mb layer.
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Observational studies (Hanson, Vonder Haar, and Suomi, 1967; Cox,
Vonder Haar, Hanson, and Suomi, 1973; Reynolds, Vonder Haar, and Cox,
1975) conducted in both the middle latitudes and in the tropics have
at tempted to determine the amount of short wave absorption in the
troposphere. Although these studies examine various tropospheric layers,
theilr results are essentially consistent with the cloud-free computations
performed for the 850-300 mb layer in this study. The variations between
the observational data and theoretical calculations mainly occur in the
lower lavers (below 850 mb) and when clouds and aerosols are present in

the troposphere.

3.2 Cloud-Free Radiational Model Results For Long Wave Radiation (LW)

The finite difference form of the radiative transfer equation,
neglecting scattering processes, is the basis for this calculation,
(Cox, 1974). The net radiative flﬁx divergence for each 50 mb layer
is computed in order to determine the cooling rate. Figure 3.2 shows
two example vertical profiles of long wave cooling.. The mean long
wave cooling rate for the 850-300 mb layer is calculated by averaging
the cooling rate values for each 50 mb layer between the 850 mb level
and 300 mb level. Table 3.2 exhibits these values for each geographical
block examined in this study.

An examination of the results of the long wave cooling calculation
shows that again there is little seasonal change in the cooling rates
at lower latitudes. At higher latitudes the summer season cooling
rates are somewhat greater than in the winter. These cooling rates are
essentially a function of the temperature and humidity content of the
troposphere. Cox (1969a) observationally determined the infrared

cooling rate in the tropics during the Line Islands experiment. The
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TABLE 3.2

Magnitude of Cloud-Free Long Wave (EW) Cooling
In Each Geographical Block (" C/Day)

Latitude Longitude Summer Winter Latitude Longitude Summer Winter

Belt " Block Belt Block
0°-10°N +5 -2.44  =2.26 50%-60°N +2 -1.42 _—
+13 -2.42 -2.34 +3 -1.30 -.76
+14 -2.38 -2.26 +4 -1.34  -.84
+15 -2.36 -2.22 +5 -1.24  -.76
o o +6 -1.28  -.82
10°-20°N +4 -1.94 -1.86 +7 -1.32 -.94
+5 -1.96 -1.74 +8 -1.18  -.54
+6 -2.04 -1.96 +9 -1.22 -
+10 -1.88 -1.82 +10 -1.20 -.78
+11 -2.02 -1.80 +11 -1.20 -.80
+13 -2.10 -2.02 +12 -1.28 -.74
+14 -2.34 -2.08
+16 -2.16 -2.00
20°-30%N +5 . =2.04 -1.64
+6 -1.98 -1.46
+7 -2.00 -1.36
+10 -1.64 -1.40
+11 -1.82 -1.68
+12 -1.80 -1.44
+14 -2.06 -1.78
415 -— -1.76
30°-40°N +3 -1.62 -1.48
+4 -1.80 -1.50
+5 -1.84 -1.24
+6 -1.96 -1.28
+7 -1.70 -1.16
+8A -1.68 -1.28
+8B -1.54 -1.16
+13 -1.88 -1.20
+15 -— -1.48
40°-50°N +3 -1.60 -
+4 -1.54 -1.04
+5 -1.64 -.98
+6 -1.68 -1.00
+7A -1.48  -.98
+7B -1.48 -1.00
+8A -1.38  -.94
+8B -1.37  -.96

+10 -1.36 -.88
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theoretical results determined in this study are in basic agreement
with his measured values for a clear atmosphere. Cox (1969b) also
obtained long wave radiation measurements for various mid-latitude
synoptic weather systems and computed cooling rates for 100 mb layers.
While there was a variation in vertical cooling rate profiles in dif-
ferent sectors of each weather system type, the cloud-~free cooling
rates for the mid-latitudes calculated in this paper are consistent
with Cox's observations.

3.3 Summary

Cloud-free short wave heating (SW) and long wave cooling (LW) values
were calculated for the middle tropospheric layer utilizing two radiative
transfer models. Table 3.3 gives SW and 5] warming rates for each lati-
tudinal band for mean cloud and cloud-free conditions. The cloud case
values are taken from Dopplick (1970) who refined previous estimates
of short wave heating and long wave cooling rates by incorporating a mean
cloud distribution. Dopplick obtained his cloud distribution from satel-
lite observations, where possible, and from London's (1957) cloud cover
estimates.

In the summer and winter the short wave daily warming (SW) is greater
for the mean cloudiness conditions indicating that more solar energy is
absorbed when clouds are present than when skies are clear. The long
wave cooling rate in the 0-10°N latitude band is greater for the cloud-
free situation in both the summer and winter. However, the mean cloudi-
ness condition causes more cooling than a clear atmosphere for most of
the other latitudinal bands, particularly in the high latitudes during
the winter. This indicates that irradiance off the tops of low level

clouds is causing increased cooling in the 850-300 mb layer.
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TABLE 3.3

Latitudinal Distribution of Average Cloud-Free SW and IW Radiational
Warming With Similar Values of Dopplick (1970) Fog Estimated Mean Cloud
Conditions in the 850-300 mb Layer ( C/Day)

Summer Net Radiative
W w Warming
Latitude Cloud Mean Cloud Mean Cloud Mean
Belt Free Cloudiness Free Cloudiness Free Cloudiness

0°-10°N .71 .94 -2.40  -2.07 -1.69 -1.13
10°-20°N .70 1.00 -2.06  -2.05 -1.36 -1.05
20°-30°N .73 1.02 -1.91  -1.98 -1.13 -.96
30°-40°N .76 1.03 -1.75  -1.78 -.99 -.75
40°-50°N .72 1.07 -1.50  -1.59 -.78 -.52
50°-60°N .67 1.12 -1.27  -1.46 -.60 ~-.34

Winter
0°-10°N .65 .87 ~2.26  -2.02 ~1.61 -1.15
10°-20°N .52 .71 -1.88 -1.98 -1.36 -1.27
20°-30°N .40 .57 -1.55  -1.70 -1.15 -1.13
300-40°N .31 A -1.27  -1.31 -.96 -.87
40°-50°N .19 .30 -.96  -1.09 -.77  -.79

50260°N .09 .15 -.74  -1.03 -.65 -.88
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The theoretically derived values for SW and IW are consistent with
observational data. Therefore, they will now be utilized in the calcu-
lation of the tropospheric required warming, RW. Also, both cloud-free
and mean cloudiness radiation estimates will be used in separate compu-
tations of RW so that a more complete understanding of the diurnal var-

iation of tropospheric energy processes is obtained.



4. DIURNAL VARIATION OF TROPOSPHERIC REQUIRED WARMING

The determination of the mean observed 12-hour temperature difference
(AT) and the net radiative cooling rate (SW + IW) allows the calculation
of the required layer warming (RW) . Thus, the diurnal nature of the re-
quired warming term can be ascertained.
4,1 Computational Procedures

Equation 1.7 from Chapter 1, describes the relationship between the
local temperature change, the net radiative cooling rate, and the tropo-

spheric required warming:
AT = SW + IW + RW

The above equation was solved for RW in each geographical block.
AT and IW are applied directly from Tables 2.5 and 3.2, respectively.
However, an additional computation must be performed with the SW term.
From Table 3.1 the total heating due to solar radiation absorption
throughout the daylight hours is obtained, and the distribution of this
heating between sunrise and sunset is then determined from the short
wave radiational model. The model calculates the heating rate in each
of 23 time increments between sunrise and noon and assumes an identical
distribution from noon to sunset. By applying the results of this
procedure to the total heating value, a time distribution of each parti-
cular increment's contribution to the total heating from sunlight hours
can be obtained. By knowing the heating results from short wave ab-
sportion in time increments, the amount of heating in any daylight
period can be computed. Figure 4.1 depicts the percentage of warming
by solar radiation absoprtion for each of the 46-time steps in a tropo-

spheric layer situated between 850 mb and 300 mb.

48
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Figure 4.1. Percentage of total warming for each time step in short
wave model (Summer, 0-10°N).
Since ZT, Eﬁ, and IW are known quantities, RW can be solved for as a
residual from Eq. 1.7. A value of RW for each 12-hour time interval in
each geographical block is calculated, and the diurnal- variation of
the mean required warming through a deep troﬁospheric layer is deter-
mined. Table 4.1 exhibits the values of AT, SW, LW, and RW for the
12-hour periods from OOGMT to 12GMT and 12GMT to OOGMT during the
summer, and Table 4.2 includes the same information for winter. The
required warming (ﬁﬁ) can then be examined relative to the local times
of the standard observations, and a depiction of the diurnal cycle in
required tropospheric warming is obtained. Figures 4.2 and 4.3 show
the diurnal variability of RW which must occur in order to explain the
observed temperature difference and the continual net radiative cooling
of the troposphere. Figures 4.2a through 4.2f contain information for
the summer season in 10° latitudinal bands and Figures 4.3a through 4.3f

are the winter values of RW.



Summer Observed and calculated 12-hour differences in temperature

50

TABLE 4.1

: (AT), solar heating (SW), infrared cooling (IW), and required

warming (RW) for each geographical block. Units: 9C/12 hrs.
00Z to 12Z 12Z to 00Z

Latitude Longitude *_ . . N L

Belt Block AT SW ™ RW| AT SW IW ®’W
0°-10°N +5 -.33 .04 -1.22 .85| .33 .70 -1.22 .85
+13 -.36 .50 ~1.21 .35{ .36 .22 -1.21 1.35
+14 -.30 .53 -~1.19 .36| .30 .18 -1.19 1.31
+15 -.13 .54 ~1.18 .51| .13 .11 -1.18 1.20
10°-20°N +4 .07 .05 -.97 .99{-.07 .64 -.97 .26
+5 -.25 .03 -.98 .70| .25 .67 -.98 .56
+6 -.26 .01 -1.02 .75| .26 .70 -1.02 .58
+10 -.77 .20  -.94 -.03| .77 .44 -.94 1.27
+11 ~.62 .28 -1.01 .11) .62 .39 " -1.01 1.24
+13 -.50 .43 -1.05 .22| .40 .29 -1.05 1.16
+14 -.35 .57 -1.17 .25| .35 .17 -1.17 1.35
+16 -.10 .67 -1.08 .31{ .10 .10 -1.08 1.13
20°-30°N +5 -.33 .05 -1.02 .64| .33 .71 -1.02 .64
+6 -.70 .01 -.99 .28] .70 .75 -.99 .94
+10 -.69 .17 -.82 -.04| .69 .56 -.82 .95
+11 -.67 .24 -.91 .02| .67 .45 -.91 1.13
+12 -.18 .36 -.90 .36| .18 .36 -.90 .72
+14 -.07 .49 -1.03 .47] .07 .24 -1.03 .86
30°-40°N +3 .28 .14 -.81 .95|-.28 .57 -.81 -.04
+h4 -.10 .12 -.90 .68| .10 .67 -.90 .33
+5 -.34 .06 -.92 .52| .34 .69 -.92 .57
+6 -.65 .06 -.98 .27] .65 .70 -.98 .93
+7% -.98 .06 -.85 -.19] .98 .74 -.851.09
+8A -.58 .11 -.77 .15| .58 .65 ~-.77 .91
+8B* -.79 .12 -.84 -.14{ .79 .59 -.84 .83
+13 -.35 .44 -.94 .15/ .35 .30 -.94 .99
409-50°N +3 .32 .14 -.80 .98{-.32 .57 -.80 -.09
+4 -.05 .11 -.77 .71| .05 .60 -.77 .12
+5 -.28 .11  -.82 .43} .28 .63 -.82 .47
+6 -.54 .10 -.84 .20{ .54 .67 -.84 .71
+7A% -.53 .04 -.74 .17]| .53 .70 -.74 .57
+7B% -.89 .04 -.74-.19) .89 .71 -.74 .92
+8A -.81 .05 -.69 -.17] .81 .60 -.69 .90
+8B* -.91 .07 -.69 -.30| .92 .66 -.69 .95
+10 -.51 .20 -.68 -.03{ .51 .46 -.68 .73
509-60°N +2 .39 .21 -.71 .89)-.39 .46 -.71 -.14
+3 -.01 .16 -.65 .48 .01 .54 -.65 .12
+4 -.10 .12  -.67 .45| .10 .63 -.67 .14




51

TABLE 4.1 (cont'd)

00Z to 12Z 12Z to 00Z
Latitude Longitude L . ‘
Belt Block AT SW w RW AT sW IW RW
50°-60°N +5 -.35 .10 -.62 .17 | .35 .59 ~-.62 .38
+6 -.51 .06 -.64 .07 .51 .65 .64 .50
+7% -.45 .07 -.66 14 .45 .67 .66 .44
+8 -.63 .17 -.59 .21 .63 .59 .59 .63
+9 -.73 19 -.61 .31 .73 .50 .61 .84
+10 -.56 .21 -.60 .17 .56 .48 .60 .68
+11 -.61 .27 -.60 .28 .61 .37 .60 .84
+12 -.33 .32 -.64 .01 .33 .32 .64 .65

*For 700-300 mb layer.
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TABLE 4.2

Winter Observed and calculated 12-hour differences in temperature (AT),
gsolar heating (SW), infrared cooling (W), and required warming
(RW) for each geographical block. Units: °c/12 hrs.

00Z to 12Z 12Z to 002
Latitude Longitude . . . -
Belt Block AT SW IW Rw| AT SW 'IW RW
0°-10°N 45 -.28 -=--1.13 .85 .28 .66 -1.13 .75
+13 ~.42 .38 -1.17 .37{ .42 .28 -1.17 1.31
+14 -.27 .49 -1.13 .37{ .27 .15 -1.13 1.25
+15 -.34 .51 -1.11 .26{ .34 ..10 -1.11 1.35
109-20°N +4 .11 .04 -.93 1.00{-.11 .48 =-.93 .34
+5 -.09 -—- -.87 .78 .09 .49 -~.87 .47
+6 -.15 - =-.98 .83| .15 .53 -.98 .60
+10 -.64 .12 -.91 .15| .64 .37 -.91 1.18
+11 -.58 .20 -.90 .12| .56 .29 -.90 1.19
+13 -.29 .33 -1.01 .39| .29 .20 -1.01 1.10
+14 -.17 .41 -1.04 .46 .17 .13 -1.04 1.08
+16 .00 .52 -1.00° .48| .00 .03 -1.00 .97
20°-=30°N +5 -.21 - -.82 .61| .21 .48 -.82 .55
+6 -.34 - -.73 .39| .34 .40 -.73 .67
+7 -.52 .01 -.68 .15| .52 .35 -.68 .85
410 -.56 .09 -.70 .05| .36 .27 -.70 .99
+11 -.54 .15 -.84 .15| .54 .31 -.84 1.07
+12 -.38 .19 -.72 .15{ .38 .12 -.72 .91
+14 -.23 .34 -.89 .32{ .23 .11 -.89 1.01
+15 -.25 .39 -.88 .24| .25 .04 -.88 1.09
30°-40°N +3 .26 .05 -.74 .95|-.26 .26 -.74 .22
+4 -.20 .02 =-.75 .53| .20 .34 -.75 .61
45 -.14 - -.62 .48 .14 .29 -.62 .47
+6 -.29  -— -.64 .35| .29 .27 -.64 .66
7% -44 -- -.58 14| .44 .29 -.58 .73
+8A -.30 .04 -.58 .24| .30 .26 -.58 .62
+8B* -.43 .04 -.64 .17{ .43 .26 -.64 .81
+13 -.17 .19 -.60 .24| .17 .13 -.60 .64
+15 -.16 .33 -.74 .25| .16 .03 -.74 .87
40°-50°N +4 +.14 == =-.52 .66(-.14 .19 -.52 .19
+5 -.14 - -.49 .35| .14 .18 -.49 .45
+6 -.18 -- =~.50 .32{ .18 .18 -.50 .50
+7% -.19 --= -,50 .31{ .19 .20 -.50 .49
+8A -.25 == =.47 .21| .25 .18 -.47 .56
+8B* -.23 .01 -.48 ,24{ .23 .19 -.48 .52
+10 -.32 .04 =-.44 .08{ .32 .14 ~-.44 .62
50°-60°N +3 .21 -- -.38 .59{-.21 .07 -.38 .10
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TABLE 4.2 (cont'd)

00Z to 127 12Z to 00Z
Latitude Longitude — .
Belt Block AT SW LW RW AT SW LW RW
50°-60°N +4 -0l - -.42 .41 L0l .09 -.42 .34
+5 -.06 -— -.38 .32 .06 .09 -.38 .35
+6 -.06 =-- -.41 .35 .06 .09 -.41 .38
+7% -.11  —— -.47 .36 11 .10 = 47 .49
+8 .24  —— =27 .03 .24 .06 -.27 .45
+10 -.24 .02 -.39 .13 .24 .05 -.39 .58
+11 -.29 .02 -.40 .09 .29 .05 -.40 .64
+12 -.36 .05 -.37 -.04 .36 .05 ~.37 .68

*For 700-300 mb layer.
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Fig. 4.2a. Diurnal variation of required warming (RW) from 0-10°N
latitude in the summer (850-300 mb layer-surface elevation
<500 m; 700-300 mb layer-surface elevation 7500 m.).
18 to 06 means 1800 LT to 0600 LT.
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Fig. 4.2b. Same as Fig. 4.2a for 10-20°N.
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Fig. 4.2c. Same as Fig. 4.2a for 20-30°N.
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Fig. 4.2d. Same as Fig. 4.2a for 30-40°N.
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Fig. 4.2e. Same as Fig. 4.2a for 40-5G"N
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Fig. 4.2f. Same as Fig. 4.2a for 50-60°N.
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Fig. 4.3a. Diurnal variation of required warming (RW) from 0-10°N
latitude in the winter (850-300 mb layer - surface eleva-
tion <500 m; 700-300 mb layer-surface elevation >500 m.).
18 to 06 means 1800LT to 0600 LT.
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Fig. 4.3b. Same as Fig. 4.3a for 10-20°N.
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7ig. 4.3c. Same as Fig. 4.3a for 20-30°N. |
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Fig. 4.3d. Same as Fig. 4.3a for 30-40°N.
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MNg. 4.3e. Same as Fig. 4.3a for 40-50°N.
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Fig. 4.3f. Same as Fig. 4.3a for 50-60°N.
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4.2 Results

An extremely consistent pattern is apparent in each latitudinal
band for each season. The maximum required tropospheric warming invaria-
bly occurs in the 12-hour time period centered on the early morning
hours. During the summer season the range of the RW oscillation is
maintained throughout all latitudes with a maximum morning magnitude of
about 1.0°C for the 12-hour periods. In the winter tropical latitudes
maintain approximately a 1.0°C diurnal range while at higher latitudes
the variation is reduced to about 0.5°C. This dampening is expected as
the solar radiation incident upon the 850-300 mb layer at higher latitudes
is reduced during the winter and the observed layer temperature variation
is not as great.

The tropical latitudes display very similar patterns in both seasons.
This is consistent with the fact that seasoral changes in the tropics are
small. Finally, it must be noted that during the afternoon in the summer,
sma%l negative values or required cooling conditions are found primarily
over the mid-—latitudes.l

Summary. It is apparent that these l2-hour data sets require a

pronounced diurnal variation of tropospheric warming with a strong

maximum in the morning.

1These required cooling values should be reduced somewhat due to
instrument error (see Appendix C) inherent in the 12-hour temperature
change.



5. DAILY REQUIRED WARMING IN THE TROPICS AS DETERMINED FROM
SPECTAL TROPICAL EXPERIMENTS

Tropospheric temperature information from special tropical experi-
ments has also been examined to ascertain the relationship of their
diurnal variations to those found in the Northern Hemispheric portion
of the study.

5.1 GATE Experiment

Recently, upper air data from five United States ships during
Phase 3 (29 August - 19 September 1974) of GATE (GARP2 Atlantic Tropi-
cal Experiment) have been analyzed for diurnal temperature variations.
As the GATE data has a much higher time resolution than the standard
12-hour observational period, it has been carefully scrutinized for
more refined verifying information, i.e., does this data also exhibit
a large diurnally varying compensating warming cycle?

During the 20 day Phase 3 observation period, soundings were
taken at 3 hour intervals beginning at OOGMf. The data for this analy-
sis were obtained from five United States research ships - RESEARCHER,
GILLIS, DALLAS, OCEANOGRAPHER, and VANGUARD (see Fig. 5.1). Although
an effort was made by each ship to launch 8 radiosondes each day, this
was not always accomplished due to equipment and other problems. The
data collected on all the ships except the VANGUARD have been lag
corrected to the reported pressure level. The VANCUARD data could not
be corrected by the same process as it utilized a different recording

procedure. Nevertheless, this amounts to less than a 2 mb error at

2Global Atmospheric Research Program.
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Phase 3 (30 Aug. - 19 Sept. 1974)
T el 3 ]
CAPE_VERDE ISLANDS}) .
7
I5°N 3 OT"A PRAIA [DAKARLL |
\000 KT e u
T i
= 7y =" <
T USSR I _ g
\ 3 kg »ellis Fig. 5.1. Locations of United
= 5 RS 5 States ships RE-
¢ Dlussh | x| Qs SEARCHER, GILLIS,
10°N ”
7\. A Pt AR DALLAS, OCEANOGRA-
USA]| S=1CAN 10K Disc/USA Tselin PHER, and VANGUARD
AL BR[|t oS e during Phase 3 of
GATE.
FR N\.\/ ,<\ UsA
C@yszsr oA e O Uss
<~ »
-
SN = g-ds’sn
11C
USSR ]
25°w : 200w

850 mb and 300 mb and can be considered negligible when determining
the mean temperature of the 850-300 mb layer. Table 5.1 delineates

the number of sonde ascents recorded for each ship at each standard

observation time.

TABLE 5.1

Number of Recorded Radiosonde Ascents for Each Ship at Standard Obser-
vation Times - Phase 3

(Local Time) 22 01 04 07 10 13 16 19
RESEARCHER 20 7 18 6 19 5 19 5
GILLIS 18 13 19 14 17 9 20 10
DALLAS 14 17 17 16 14 16 15 15
OCEANOGRAPHER 19 20 17 22 21 20 19 18
VANGUARD 19 15 20 15 17 18 17 17

TOTAL 90 72 91 73 86 68 90 65




- 63

Mean soundings at each standard observation time for each ship
and for the 5 ship experiment mean were calculated, and the mean temper-
ature of the 850-300 mb layer was consequently determined. Table 5.2
shows the observed mean 3-hourly temperature changes for each ship.
Table 5.3 exhibits these same temperature changes after a simple over-
lapping data smoothing technique has been employed. The experiment
mean 3-hour temperature change is also included. Figure 5.2 graphically
depicts both the smoothed and observed data.

The solar radiation model and the infrared radiation model dis-
cussed in Appendix D were utilized to ascertain mean values of heating
from short wave absorption and cooling due to long wave irradiance in
the 850 to 300 mb layer. The 1300 LT mean 5 ship sounding supplied the
radiative parameters used in the solar heating calculations, and the
0400 LT mean sounding was used in the infrared cooling model. The
choice of these times is discussed in Appendix D. Humidity measure-
ments taken in the daylight hours are considered quite accurate. The
humidity sensing element on the standard NOAA radiosonde has recently
been modified, and GATE was the first special tropical experiment to
utilize this improved instrument. Table 5.4 indicates the cloud-free
values obtained from the radiational models. Also included are the
calculated mean cloudiness heating values from Dopplick (1970) in the
0-10°N latitude belt for summer.

This prSfile exhibits a distinct maximum of required warming during
the early morning hours and a minimum in mid afternoon which is con-

sistent with the results of the 12-hour data set.
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TABLE 5.2

Observed Mean 3-hourly Temperature Changes in the 850-300 mb Layer
During Phase 3 of GATE (°C)

22-01 01-04 04-07 07-10 10-13 13-16 16-19 19-22

RESEARCHER +.10 -.40 +.33 +.32 +.09 -.50 +.28 -.22

GILLIS -.08 -.05 +.09 +.05 +.60 -.46 +.05 -.20

DALLAS -.11 -.14 +.06 +.09 -.03 +.18 -.29 +.24

OCEANOGRAPHER -.16 +.07 +.11 +.08 +.15 -.04 -.12 -.09

VANGUARD -.14  -.21  +.33 -.13 +.3% -=.24 +.19 -.14
TABLE 5.3

Smoothed Mean 3-hourly Temperature Changes in thej 850-300 mb Layer
During Phase 3 of GATE ( C)

[3T, = .25 (BT, . ) + -5 BDw.25 (AT, ]

22-01 01-04 04-07 07-10 10-15 13-16 16-19 19-22

RESEARCHER -.11  -.09 +.15 +.27 .00 -.16 -.04 -.02
GILLIS -.11 -.02 +.05 +.20 +.20 -.07 -.14 -.11
DALLAS -.03 -.08 +.02 +.05 +.05 +.01 -.04 +.02
OCEANOGRAPHER -.09 +.02 +.09 +.11 +.09 ~-.01 =-.09 ~-.12
VANGUARD -.16 -.06 +.08 +.10 408 +.01 .00 ~-.06
EXPERIMENT -.10 -.05 +.08 +.15 +.08 -.04 -.,06 -.06

AVERAGE
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Fig. 5.2. Diurnal variation of the mean temperature for the 850-300
mb layer for Phase 3 of GATE.
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TABLE 5.4

Radiative Heating and Cooling in GATE Region

Heating from SW Cooling from IR Net Cooling

(°C/daylight hrs) (°c/day) (°c/day)
Cloud-Free .72 -2.32 -1.60
Mean Cloudiness .94 -2.06 -1.12

(Dopplick, 1970)

The required warming to balance the observed temperature change
and the net radiational cooling can also be resolved in 3-hour time
segments. Table 5.5 portrays these values for the experiment mean and
Fig. 5.3 is the graphical depiction. Required warming is maximum in the

late evening and early morning hours.

TABLE 5.5

Experiment Mean Values of Temperature Change, Solar Heating, Infrared
Cooling, and Required Warming for Each 3-hour Interval Between
Standard Observation Times

(Local Time) 22-01 01-04 04-07 07-10 10-13 13-16 16-19 19-22

T -.10 -.05 +.08 +.15 +.08 -.04 -.06 ~-.06
Cloud= SW  ==m= === 4,03 +.17 +.27 +.19 +.05 -~--
free  Fg  _.29 -.29 -.29 -.29 -.29 -.29 -.29 -.29

RW +.19 +.24 +.34 +.27 +.10 +.06 +.18 +.23

AT  -.10 -.05 +.08 +.15 +.08 =.04 =-.06 ~-.06
Mean  Tm  ____ oo 4.04 +.22 +.35 +.25 +.06 ———-
Cloud- L
iness TR =.26 =.26 =.26 =.26 =.26 =-.26 -.26 ~-.26

"W +.16 +.21 +.30 +.13 -.01 -.03 +.14 +.20
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e Determined from Cloud-free Radiation Data

o Determined from Mean Cloudiness Radiation
Data ( Dopplick)
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Fig. 5.3. Diurnal variation of required warming (RW) during Phase
3 of GATE.

5.2 Atlantic Trade-Wind Experiment (ATEX)

In February 1969 the Federal Republic of Germany and the U.S.
conducted a meteorological air-sea exchange experiment in the North
Atlantic trade-wind region. Three ships were situated to form a
triangle with sides about 700 to 750 km, and a fourth ship was included
within the triangular area. Figure 5.4 illustrates the positions and
directions of movement for the four ships.

The DISCOVERER utilized the USWB-403-x radiosonde throughout the

observation period which extended from 4 February until 23 February
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1969. Observations were scheduled for every three hours. Not all
soundings were successfully taken on this schedule, however (Table
5.6). The PLANET and METEOR released upper air radiosondes (USWB-403-x)
at only 0900 and 2100 GMT, and the HYDRA confined its observations to
the lower 5000 m. Data from ATEX was compiled by Briinner, Ostapoff
and Schmidt (1973).

The mean 3-hourly temperature change in the 850-300 mb layer from
data collected by the DISCOVERER is displayed in Table 5.7 and illus-
trated in Fig. 5.5. This diurnal variation of the temperature in the
middle troposphere is consistent with the observations from the GATE.

Utilizing the winter cloud-free and mean cloudiness radiational
heating and cooling values for 10° latitude, and applying previously
discussed computational procedures for determining the required warming

in the troposphere, the diurnal profile in Fig. 5.6 was comstructed.
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TABLE 5.6

Number of Soundings Obtained by Each Ship at Standard Observation Times
During ATEX

(Local Time) 21 00 03 06 09 12 15 18
Discoverer 16 14 16 17 14 17 15 13
Planet 18 15
Meteor (began sounding 24 22

program 6 days earlier
than other ships)

TABLE 5.7

Mean Temperature Change in 850-300 mb Layer (AT) Between Observation
Times

(Local Time) 21-00 00-03 03-06 06-09 09-12 12-15 15-18 18-21

AT (°C/3hrs) -.09 ~-.01 +.10 +.40 +.09 -.10 ~-.10 -.29
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Fig. 5.5. Diurnal temperature variation of the 850-300 mb layer during
ATEX .

e Determined from Cloud-free Radiation Data

o Determined from Mean Cloudiness Radiation
Data (Dopplick)
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Fig. 5.6. Diurnal variation of required warming during ATEX.
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The required warming component to the tropospheric energy balance
shows a pronounced maximum in the morning hours near 08 LT and a2 minimum
in the afternoon and early evening. These results agree with the other
required warming calculations from the Northern Hemisphere data set and

the GATE observations.

5.3 Line Islands Experiment

The data collected during the Line Islands Experiment (3 March -
21 April 1967) represents a comprehensive short term record of upper
air parameters observed near the equator. Soundings were taken at
3-hour intervals from three islands situated in close proximity to
each other (Fig. 5.7). Since the 0300, 0900, 1500 and 2100 GMT periods
had relatively few soundings, and since these ascent times are somewhat
weighted toward periods of disturbed weather, only the 0000, 0600, 1200
and 1800 GMT observations are examined. Table 5.8 gives the number of
observations taken at each of these 6 hour time periods.

From data presented in the NCAR report by Madden et al., (1971)
mean soundings at each standard observation period were determined,
and the diurnal temperature changes at each island and for the three
island average were computed. Those tabulations are shown in Table
5.9, and the experiment mean is displayed in Fig. 5.8.

The experiment mean temperature change between standard obser-
vation times is in agreement with information collected from the other
special tropical experiments. While the mean temperature change pro-
files (850-300 mb) at Christmas Island and Fanning Island are consis-
tent with the experiment mean, the 02~08 LT and 20-02 LTltemperature

change at Palmyra Island are not. It would appear that either vastly
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TABLE 5.8

Number of Radiosonde Ascents at Standard Observation Times During LIE

1400 LT 2000 LT 0200 LT Q?OO LT
Christmas Is. 44 44 45 43
Fanning Is. 48 49 47 47
Palmyra Is. _47 45 _48 _47
Total 139 138 140 137
TABLE 5.9

Diurnal Temperature Deviation From the Mean in the 850-300 mb Layer
During the LIE

(Local Time) 02-08 08-14 14-20 20-02
Christmas Is. +.51 +.94 -.43 -1.02
Fanning Is. +.23 +.61 -.47 -.37
Palmyra Is. -.21 +.62 -.41 .00

Experiment Mean +.17 +.72 -.44 -.46
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Fig. 5.8. Diurnal variation in the temperature in the 850-300 mb layer
during L.I.E.

different conditions exist at these different locations or that the
data from Palmyra Island may have some discrepancies.
The diurnal variations indicate that the 00 GMT (1400 LT) tempera-
ture observations show the maximum deviation from the mean. Madden
et al., has stated that:
"the temperature bias is most obvious at the surface
and it is believed that the thermistor is sufficiently
well shielded that the apparent diurnal temperature
variations in the free atmsophere are at least partly
real”.

This view is consistent with the arguments presented in Appendix C.

Following previous procedures, the required warming for each
6-hour interval has been computed and is displayed in Fig. 5.9. The
maximum required warming occurs in the morning and the minimum in the
afternoon as has been determined for the other data sets. Also, the

effect of a mean cloudiness distribution does not alter the profile in

any appreciable manner.
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Fig. 5.9. Diurnal variation of required warming during L.I.E.

5.4 Operations Redwing and Hardtack

A very intense upper air sounding program was performed in con~
junction with the nuclear testing projects Operation Redwing and Opera-
tion Hardtack during the summers of 1956 and 1958. From April until
July 1956 standard observations times were 0300, 0900, 1500 and 2100
GMT, while from April to July 1958 the observations were taken at 0000,
0600, 1200 and 1800 GMT. By combining these two series of soundings
in a manner described by Harris (1959) the diurnal cycle, resolved to
3 hours, can be obtained. Figure 5.10 shows the eight stations chosen

for analysis.
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The data have been combined into an eight station mean based on the
local time of observation. Hastenrath's (1972) examination of the har-~
monic components of the daily temperature variation provided the basis
for determining the 3-hour teﬁperature changes in the 850-300 mb layer.
The daily temperature changes were constructed by combining the first
and second harmonics presented in Hastenrath's paper. Although other
order harmonics are present in the daily changes of temperature, their
contributions are extremely small and are neglected in this analysis.
The AN/AMT-4A radiosonde with an externally mounted thermistor was used
primarily during the two projects. At Wake énd Ponape duct~type therm-
istors were used, but only for nighttime soundings when solar radia-
tionally induced instrument error is not a problem. It was also used
at Majuro in the daytime.

The diurnal temperature change was computed to a 3~hour resolution

as shown in Table 5.10. It is displayed in graphical form in Fig. 5.11. .

TABLE 5. 10

3-Hourly Temperature Changes (8T) at 8 West Pacific Statioms, April-
July, 1956 and 1958 - 850-300 mb Layer

(Local Time) 00-03 03-06 06-09 09-12 12-15 15-18 18-21 21-00

AT (°c/3hrs) -.08 .04 .22 .22 .06 -.18 =-.21 -.13
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Fig. 5.11. The daily variation of the 850-300 mb layer temperature
about the mean at 8 stations in the West Pacific during
Operation Redwing and Hardtack (1956 and 1958).

Utilizing the AT data from Table 5.10 and radiational data for the
0-10°N latitudinal belt shown in Table 3.3, the warming required from
tropospheric processes for each 3 hour period was computed. Figure
5.12 displays the results.

The time when the maximum required warming occurs is again in the
morning near 08 LT and the minimum occurs in the afternoon near 16 LT.

This is in good agreement with the required warming calculations from

other data sets in this study.

5.5 The Barbados Oceanographic and Meteorolqgical Experiment (BOMEX)

Analysis of all rawinsonde data for Phase I, II, and TII of the
BOMEX Project was also accomplished. As soundings did not reach the
upper troposphere, temperature-height values were information taken only
between 850-450 mb levels. Again, results were similar to those obtained
in the other special tropical experiments. TFigure 5.13 portrays the

diurnal variation of mean temperature between 850-450 mb as determined
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Fig. 5.12. Required warming in the 850-300 mb layer during the West
Pacific Operations Redwing and Hardtack.

by 3-hourly observed pressure-thickness differences from the average

of the four ships (DISCOVERER, MT. MITCHELL, OCEANOGRAPHER, and RANIER).

Figure 5.14 shows the diurnal variation of mean required warming (RW)

for cloud free and mean cloudiness radiation conditions. Note again

that there is a pronohnced maximum in required warming in the forenoon.

Little warming is required in the afternoon and evening.

5.6 Summary
There is a distinct similarity between the observed temperature
change (AT) and the required warming (RW) profiles for all five special

tropical experiments. While the number of observations during any one
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Fig. 5.13. Diurnal temperature variation in the 850-450 mb layer during
Phases I, II and III of the BOMEX experiment.
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Fig. 5.14. Diurnal variation of required mean warming between 850-450
mb during the first three Phases of the BOMEX Project for
cloud free and mean cloudiness conditioms.
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time period for each experiment may be statistically small, the fact
that the resulting temperature change and required warming profiles for
each experiment are consistent gives confidence to the mean curves and
consequent conclusions. Figure 5.15 is a composite AT curve for all
five experiments. It was constructed by determining the mean hourly
temperature change for all experiments. Utilizing these hourly tempera-
ture changes and determining the hourly net radiative required warming
(RW) was ascertained. The five experiment mean required warming profile
is shown in Fig. 5.16. The pronounced morning maximum-afternoon minimum
of tropospheric required warming is again evident.

A final graphical depiction of the required warming calculation
is shown in Fig. 5.17. This shows the four components of the tropospheric
energy balance (Eq. 1.7) for all the special tropical experiments.
Again, the early morning maximum of RW is apparent. It develops from a
rapid increase in temperature in the early morning hours.

The results of the tropospheric energy balance analysis for the
five special tropical experiments verify the findings from the 12-hour
Northern Hemispheric Data Set. There apparently is a quite large

diurnal variability of tropospheric warming.
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Fig. 5.15. Mean hourly temperature change in the 850-450 mb layer for
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Mean required warming for the five tropical experiments.
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Fig. 5.17. Required warming (RW - dotted area) for the five tropical

experiments determined from the hourly rate of temperature
change (AT) and net radiative cooling (SW + LW) in the
850-300 mb layer (BOMEX data 850~450 mb).



6. SUMMARY

6.1 Results and Conclusions
It is apparent from the analysis of the Northern Hemispheric 12-hour
data set, the 3-hour resolution data from GATE, and the other 3 and 6
hour resolution tropical experiment data that there is a large diurnal
cycle in the tropospheric warming required to compensate for the contin-
ual net radiative cooling in the troposphere. These calculations of
required warming support the contention that there is a large (approxi-
mately 2:1) morning maximum and late afternoon-early evening minimum in
the tropospheric warming mechanism. As tbe tropical experiment data is
of higher time resolution than the Northern Hemispheric 12-hour obser-
vations, it increases confidence in the early morning maximum found
in the 12-hour data set. This diurnal variation of required warming
is pervasive in its areal scope and appears to be a global phenomenon.
Figures 6.1 and 6.2 exhibit the warming required during various
12-hour intervals from data collected from all the tropical projects

and upper—-air stations located from 0° to 20°N in summer and winter. The .

maximum required warming unmistakeably occurs during the early morning
hours in both seasons. It is also important to note the diurnal con-
sistency in the RW computation between the special experiments and the
regular data sets. |

In order to demonstrate the global aspects of this tropospheric
process, Figs. 6.3 and 6.4 show the diurnal variation in required 12~
hour interval warming at every island and ship included in this study

from 0-60°N for summer and winter. Again, the morning maximum and late

82
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afternoon minimum of required warming are evident. The fact that no

data collected over continental land areas is included (thereby mini-
mizing the effect of turbulent transfers of sensible heat) indicates

that this warming is mainly a result of the release of latent heat of
condensation, probably occurring in the form of surrounding cloud and
clear region subsidence.

A more obvious manifestation of this early morning warming maximum
is seen in the early morning increases in temperature during all of the
tropical experiments prior to the time when solar heating becomes sig-
nificant (Fig. 6.5). This 0200 to 0800 LT observed temperature increase
should not be a result of instrument error. The absorption of solar
radiation by the thermistor element in the first two hours after sunrise
in the 850-300 mb layer is minimal due to the low elevation angle of the
sun and the adequate ventilation of the sensor in the middle troposphere.
This unexpected temperature increase can be attributed to a tropospheric
warming mechanism operating on a diurnal cycle.

Riehl (1947) ascribed an observed warming in the middle troposphere
between 0130 and 0430 (local time)‘over the Carribean ocean to increased
sinking motion during these hours. Also, in a study of 7 days of BOMEX
data which were representative of undisturbed weather (Nitta and
Esbensen, 1974) it was determined that there was a definite diurnal
cycle in the vertical motion.field with the maximum downward motion near
08 LT. These findings support the conclusion that there is a diurnal
variation in tropospheric required warming and that increased morning
subsidence is responsible.

A more specific analysis of the diurnal variation of required warm-

ing in the O—lOON latitude belt is shown in Fig. 6.6. This region was
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Fig. b6.5. Diurnal temperature variation of the 850-300 mb layer for
special tropical experiments.

chosenrdue to the concentration of 3-hour time resolution data. This
figure depicts hourly values of all the energy components of the 850-
300 mb heat budget for cloud-free conditions (diagram a) and for mean
cloud conditions from Dopplick (1970), (diagram b). It is shown that
the minimum mean temperature of the 850-300 mb layer occurs near 0500
(local time) and the maximum near 1400 or 1500. During the summer, the
sun rises a few minutes before 0600 and sets shortly after 1800. The
use of mean cloudiness (Dopplick, 1970) radiation values (diagram b)
does not appreciably alter the shape of the required warming curve. It

does, however, reduce the magnitude of required warming at all hours.



Rate of Observed x O'[
Warming [BT] S ©
°.o.ut
t. Cloud Free
., Ol r
Rate of Net Radiative
Cooling, [SW]+[CW] 0
=0.1
_ Olr
[aT]= [W]+[W]+[RW] S ©
[+
Rate of Required 0.l
Warming, [RW]
"'o.l al
b. Mean Cloudiness
. O.l
Rate of Net Radiative
Cooling, [Swl+[LW] 0
=0.l

[aT]= [SW] + [CW] + [RW]

Rate of Required
Warming, [RW]

87

ot RS

s

o]

o

—

[aT]

1 1 1

L
00

1
15

i12
Local Time

03 06 09

Fig. 6.6. 0-10°N required warming (RW) model. a) cloud free, b) mean
cloudiness based on Dopplick (1970).



88

Warming Mechanism. From the discussion in Chapter 1, it was

determined that the tropospheric required warming term (RW) represents
four different tropospheric processes. Those processes are: 1) turbu-
lent transfer of sensible heat from the surface, 2) horizontal tempera-
ture advection (ADV), 3) release of latent heat (LH), and 4) vertical
motion (VM).

Each term will be considered as to its probable contribution to the

diurnal variation of RW.

1) Turbulent transfer of sensible heat -~ Since the Bowen ratio
over oceanic regions is 10-20:1, very little sensible heat is
transferred from the sea surface to the atmosphere. It can
be considered negligible in the 850-300 mb layer over the °
ocean. It can become significant over land in the summer where
the Bowen ratio is high (see Fig. 2.3). However, the time of
maximum sensible heat transfer does not coincide with the time
of maximum RW. Therefore SH cannot be the cause of the morning
maximum of RW.

2) Horizontal temperature advection - This term (V:VT) was
analyzed both in the tropics and in the mid-latitudes over
central North America. The analysis was performed for the 12-
hour intervals separating standard observation times. V
represents the vector difference of the mean winds in the 850-300 mb
layer at OOGMT and 12GMT. A paper by Wallace and Hartranft
(1970) provided information on the OOGMT-12GMT tropical wind
fields. A value of v 1 m/sec is assumed for V and the average
temperature gradient is approximated by 0.5 ©¢/1000 km. This
yields a result of .02°C/12 hrs for the most extreme situation
when the wind is blowing parallel to the temperature gradient.
Based on this result the horizontal temperature advection,
although large at individual times, is small for a large
statistical average in the tropics. The most dramatic diurnal
variations in the mean wind field occur at low levels over Central
North America in the summertime. From the U.S. Standard
Atmosphere Supplements the mean summer time temperature gradient
(850-300 mb layer) is about 4° between 30°N and 45°N. Hering
and Borden (1962) show the 12 hour mean wind speed variation
(850-300 mb) to be about 2 m/sec. The horizontal advective
term is about 0.2°C under maximum conditions when the wind
difference vector is perpendicular to the temperature gradient.
This is relatively small when compared to the diurnal varia-
bility of the other terms in the energy balance. Therefore,
even under the most extreme conditions, long term, large space
scale values of this term should be quite small.
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3) Release of latent heat (LH). Since latent heat release occurs
with upward vertical motion and adiabatic cooling, it usually
produces only very small or negligible amounts of sensible
temperature change. Most of the condensation heat so released
goes to expansion and potential energy gain. The temperature
of the rising and condensing air parcel typically deviates only
a small amount from the environmental lapse-rate. Upward vertical
motion and the release of latent heat of condemsation typically
do not bring about 51gn1f1gant coollng or warming (Gray, 1973).
Thus, the diurnal variations in RW do not necessarily occur at
the times and places of latent heat release. This term is not
directly related to sensible heat gain and can be largely dis-
counted as a direct source for the required warming, although the
potential energy gain from the condensation produces sinking
warming at other locations.

4) Vertical motion - Downward vertical motion acts to warm the
environment (except in selective locations of heavy rainfall
with evaporating downdrafts). In the tropics virtually all
upward motion occurs in convective clouds and does not heat
or cool the air directly (see process 3). Although this is
less true at middle latitudes, most upward vertical motion
still results in condensation and little direct sensible
temperature change by the environment. Thus, the net in-
fluence of the total up-moist and down-dry vertical motion
process is one of tropospheric warming. Dry adiabatic
subsidence occurring in response to cumulus comvection,
is believed to be the primary physical mechanism which
acts to balance the radiational cooling and produce the
diurnal range in required warming.

Hastenrath and Steinberg (1971) examined diurnal variations of
temperature and performed calculations concefning the diurnal varia-
bility of the tropospheric heat budget between 1000-100 mb over the
Western Tropical Pacific. From data collected for April-July 1956 and
1958, mean soundings for 3-hour intervals were computed. A distinct
nocturnal warming (occurring near 03 LT) was documented. The authors
chose to examine the four constituents of the required warming mechanism;
namely, heating due to condensation of water vapor, heating due to tur-
bulent transfer of sensible heat, horizontal advection, and heating
from vertical motion. They determined that the heating contribution
from sensible heat transfer and from horizontal advection were negligible.

Thus, only heating from latent heat and vertical motion remained. They
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performed an extensive analysis of the rainfall over the 8 stations
included in the study and calculated the amount of precipitation in the
tropospheric column (1000-100 mb). All of this precipitation was assumed
to directly warm the air by the release of latent heat. As just dis-
cussed, this is not consistent with the ideas of Gray (1973) and Lopez
(1973) who believe that sensible heat gain results from condensation-
induced subsidence rather tham from direct latent heat release. Hasten-
rath and Steinberg then computed the amount of heating from vertical
motion as a residual in the heat budget formula and concluded:

"Accordingly, two processes could be primarily

responsible for the observed nocturnal warming

of the tropospheric column as a whole:

(a) a rainfall maximum during the hours after
midnight; and

(b) (large scale) subsidence, the timing of
which would indeed match a maximum of the
semi-diurnal variation of lower-layer
divergence borne out in an earlier study
(Hastenrath, 1971)."
Hastenrath and Steinberg's analysis substantiates the diurnal varia-
bility of the RW found in this study. However, their conclusion that
direct latent heat release is a primary cause of this morning maximum
does not fit our physical picture. We believe the required warming is
a direct result of subsidence, but not necessarily a direct result of
local condensation. This is an important difference.
Conclusion. The morning maximum and afternoon-evening minimum in
RW is believed to be largely driven by the response of the troposphere
to its diurnal radiation cooling and manifests itself in an enhanced
morning and reduced afternoon-evening subsidence motion. This diurnal

cycle in subsidence appears to be a pervasive phenomena of the entire

global troposphere.



7. SUGGESTED PHYSICAL MECHANISM FOR DIURNAL CYCLE OF REQUIRED WARMING

by William M. Gray

Our observational studies of the last 7-8 years have strongly
suggested that the condensation warming mechanism is a result of return
flow subsidence and does not typically occur at the place of latent heat
release. Heavily raining areas, or individual raining cumulus averaged
over their life cycle, do not locally cause direct sensible temperature
changes. The reports of Williams and Gray (1973), Lopez (1973) and Gray
(1973) and Ruprecht and Gray (1976) offer supporting observational evi-
deﬁce and digcussion of this point of view.

Latent energy typically goes to raise the potential temperature of
‘the rising air parcel to that of the environment. Little or no signi-
ficant sensible temperature increase results at the location of raining
cumulus. The warming which results from cumulus rainfall occurs at the
place of the compensating (return flow) subsidence. Some of this return
flow subsidence occurs around the individual cumulus cloud, some at
substantial distances from the convection as with the Hadley and Walker
circulations and in anticyclones. Thus, the upper level mass source
which feeds the subsidence may take place in the ITCZ region, along a
frontal zone, or in a low pressure system at a distant location.

If one accepts this physical argument on the nature of the conden-
sation warming mechanism, then, with the evidence of this paper, one is
led to hypothesize a substantial diurnal variation in subsidence. We
have, in fact, directly measured from composited rawinsonde data large
002 (10 LT) vs. 12Z (22 LT) variations in clear region and cloud cluster
divergence and vertical motion in the Western Pacific. Figure 7.1 shows

the nearly two-to-one greater morning (00Z or 10 LT) subsidence occurring
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Fig. 7.1. Comparison of 00Z (10 LT) and 12Z (22 LT) vertical motion in
satellite observed cloud clusters and in clear and variable
cloud regions as determined from composited Westerm Pacific
rawinsonde informatiom.

in clear and variable cloud areas as compared with 12Z (or 22 LT) and
the much larger morning cloud cluster vertical motion. This is more
extensively discussed in the report by Jacobson and Gray (1976).

In regions with active morning deep cumulus convection, as in the
Western Pacific, enhanced morning subsidence is occurring between the
regions of more active morning cumulus convection. In cloud-free en-
vironments such as anticyclones, the enhanced morning subsidence must
result from extra morning upper level convergence and low level diver-
gence from continental scale circulations. Since diurnal variatioms in
cumulus convection vary from region to région, this global morning sub-
sidence maximum and afternoon-evening subsidence minimum can be either
in-phase or out of phase with the local diurnmal cumulus convection cycle.
Thus, the upper level mass source that feeds the morning subsidence may

be locally derived from enhanced morning deep cumulus convection or, in
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cloud-free regions, result from upper level mass convergence produced
by continental or hemispheric scale circulations.

The basic physical mechanism responsible for the initiation of the
early morning tropospheric sinking and its maintenance through the morning
is likely to be related to the relative radiational cooling of the night-
time troposphere in comparison with the daytime as indicated in Fig. 7.2.
These radiational cooling differences produce pressure-thickness changes
and relative upward-downward bulging of pressure surfaces. These changes
in horizontal pressure gradient should cause wind accelerations and re-
sulting diurnal differences in convergence-divergence and vertical mo-
tion. The regions of largest radiational cooling should be the places
of largest upper level mass convergence, subsidence, and low-level
divergence. Thus, the typical "before sunrise'" initiation of tropospheric
warming (Fig. 6.5) is probably a response of the troposphere to night—
time radiational cooling. This cooling manifests itself in a subsidence
response which gradually grows stronger than the radiational forcing
which initiated it.

As discussed in the previous chapter, the average required warm-
ing in the 12-hour period between 00-12 LT is ~ .08°C/hr. During the
hours of 12-24 LT, the typical required warming is only about one-quarter
of this amount or ~ .OZOC/hr. Total daily required warming of the tro-

posphere is thus:

00-12 LT .08°/hr. x.12 hr. & .96°C

12-24 LT .02°%/hr. x 12 hr. oy .24°C

00-24 1T ~ 1.20%
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Fig. 7.2. Typical daily amount of tropical clear region infrared (IR)
cooling and solar (or short wave) warming (SW) as derived by
Cox (1975) and Dopplick (1974). The dashed curve gives the
typical net daily radiation induced temperature change.
Given that tropospheric lapse rates are about two-thirds of the dry
adiabatic lapse rate, the average tropospheric sinking motion required
to account for the tropospheric radiational cooling is ~ 2 mb/hour be-
tween the hours of 00-12 LT and m'0.5 mb/hour between the approximate
hours of 12-24 LT. Assuming a maximum of vertical motion at middle levels
and no vertical motion at the surface and the tropopause, this requires
middle tropospheric sinking motion to average ~ 4 mb/hour during the
morning (00-12 1LT) and v 1 mb/hour during the afternoon and early even-

ing. Typical average upper and lower tropospheric divergences to match

these vertical motions must thus be:
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-1

Time Level Divergence (10—6sec )
00-12 LT 200-600 mb ~ -2.8

600-1000 mb ~ +2.8
12-24 LT 200-600 mb ~ -0.7

600-1000 mb ~ +0.7

Besides taking place in clear regions, this morning subsidence also
occurs between and within cloudy areas and surrounding individual cumu-
lus. Cloud groups and cloud clusters, even though possessing a mean up-
ward circulation, also have a significant amount of extra "recycling" or
downward motion (Gray, 1973; Lopez, 1973).

Since this morning maximum in subsidence appears to be a global
phenomena, there are many locations where it cannot be directly associated
with deep cumulus convection as it can in the tropical western Pacific
(op.cit., Jacobson and Gray, 1976). Over the North American continent,
for instance, cumulus convection is mavimum in the afternoon and early
evening, out of phase with the morning subsidence. Over the GATE region
in the summer of 1974, a maximum of deep cumulus convection occurred be-
tween 10-20 LT, also out of phase with the morning subsidence. Thus, the
upper tropospheric mass convergence that feeds this morning subsidence
warming maximum is not necessarily regionally or locally derived as is
the circulation illustrated in Fig. 7.3. A diurnal continental or hem~
ispheric scale circulation must be occurring at a number of global loca-
tions. In their study of the diurnal variation of wind Wallace and
Hartranft (1969) have demonstrated the existence of substantial 00Z
minus 127 differences in upper level winds on an oceanic or continental
scale of motion (Fig. 7.4).

The upper tropospheric mass source to feed the global morning max-

imum and afternoon-evening minimum in subsidence appears to be a
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Fig. 7.3. 1Idealized illustration of a diurnal variation in subsidence
due to a regional diurnal variation in deep cumulus convec-
tion. No regional diurnal variation in divergence need be
present. A morning maximum and afternoon-early evening
minimum in subsidence is present.

consequence of at least three different scales of circulation:

a) A regional or local diurnal circulation driven by day vs. night
differences in net radiational cooling and associated day-
night differences in cloud and cloud-free regions as previously
discussed by Jacobson and Gray (1976). Cloud and cloud-free
radiation variatioms can_groduce diurnal divergence differences
on the order of 10 fsec or greater. This is probably the
dominant mechanism for the oceanic morning maximum of subsidence.
Morning enhancement of deep cumulus convection within middle
latitude meso-scale cloud systems due to cloud and cloud-free
diurnal radiation differences can also be part of this scale
of circulation.

b) A continental-ocean circulation probably characteristic of
North American and the surrounding ocean region - Fig. 7.5.
Our study of the diurnal variation of winds and the study of
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Fig. 7.4. Diurnal variation of wind as observed by Wallace and Hartranft
(1969),
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a) AFTERNOON-EARLY EVENING

— — —— — —— — —— —— i ——— — — —— ——— — ——— e o

OCEAN | CONTINENT |~ OCEAN

b) MORNING

Idealized illustration of diurnal ocean—continent circulation
with a continental morning maximum of subsidence (diagram b)
in comparison with a continental minimum of subsidence in

the afternoon-early evening (diagram a). The oceanic sub-
sidence is out of phase with the continental subsidence.

Wallace and Hartranft (1969) indicated that continental-ocean
scale circulations can produce diurnal divergence changes of
10 6sec 1 or more. Tt appears that circulations on this scale
might substantially contribute to the morning maximum of con-
tinental subsidence which is out of phase with the continent
afternoon maximum in deep convection. This type of continent-—
ocean diurnal circulation should also be present over other
continents.

A likely hemispheric tropospheric circulation driven by the

mean v 0.5-0.7° net daytime minus nighttime tropospheric warm-
ing over nighttime value which this paper has documented. This
requires the daytime tropospheric depth to be about 20-30 meters
greater during the day than at night. Although impossible to
measure, this hemispheric circulation (Fig. 7.6) may well exist
and produce extra upper level divergence in the sun-free
hemisphere. If this type of hemispheric circulation is in opera-
tion, the resulting upper and lower tropospheric divergence-
convergences would be on the order of n 10 7sec” 1. Although
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Fig. 7.6. 1Idealized illustration of Liow solar warming of the sunlit
portion of the atmosphere in comparison with the sun-free
portion of the globe could produce pressure level slopes
and induce horizontal motions causing relative maximum of
subsidence during the nighttime hours. For illustrative
purposes the slopes of the pressure surfaces are greatly
exaggerated.

these divergence values are too small to explain the diurnal
differences in required subsidence, they do act to enhance
morning subsidence. Were this hemispheric circulation to be
concentrated in selective locations, it could be locally
significant. :

It is hypothesized that the nature of deep cumulus convection patterns
in each region largely dictate that region's mode of diurnal subsidence
response. Moist oceanic regions long distances from continents probably
produce their morning subsidence maximum through mechanism a). The

convection-free sub-~tropical anticyclone regions will likely develop

their enhanced morning subsidence through a combination of mechanisms
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b) and c). Other regions will have other combinations. Mechanism c)
may contribute in all areas.

Tropospheric subsidence is thus believed to be primarily produced
by the net radiation energy deficit of the troposphere. This is anal-
ogous to the physical argument advanced by Charney (1975) on the probable
subsidence response of a region to increased radiation loss from albedo
change. The larger the radiation deficit the larger the subsidence.
Assuming a 2~4 hour lag in adjustment time of wind to pressure-thickness
changes, the nighttime radiation subsidence maximum may thus extend
throughout the morning hours (up to about noon) and the solar radiation
induced daytime subsidence minimum well into the evening hours (up to
22 LT or midnight) as discussed by Jacobson and Gray (op.cit.).

More observational and modeling studies of his diurmal tropospheric
energy cycle are needed. Perhaps the coming First GARP Global Experiment
(FGGE) measurements can be used to more explicitly tie down this apparent
large diurnal variation in subsidence. It is implied that the Hadley,
Walker, Ferrel, and other large circulation systems should possess a
substantial diurnal cycle. .It is a moot question whether global numer-
ical weather prediction will require proper handling of this diurnal

circulation.
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APPENDIX A
CHARACTERISTICS OF RADIOSONDE INSTRUMENTATION

For many years the basic radiosonde instrument used by the U.S.
Weather Bureau was of the duct or channel type. The measured proper-
ties were taken of air passing through a centered protected portion
of the instrument. The absorption of solar radiation in the upper
atmosphere by this type of sonde caused a temperature error which
increased with altitude. The primary reason for this problem was that
the thermistor element was not ventilated properly and the semsor
reached equilibrium with the warmer instrument housing surrounding
it. One of the main'reasons why the duct-type instrument continued
to be used was that the thermistor and hygristor were protected from
hydrometeors. Early in 1960, however, the U.S. Weather Bureau insti-
tuted a program to replace the duct-type radiosonde instrument with
one having an outrigger construction ("X" series radiosondes) for
-the temperature sensing element. This unit employed a white coated
rod thermistor of 50 mil3 diameter. This element reflects approxi-
mately 94 percent of the incident solar radiation (Teﬁeles and Finger,
1960). Brasefield (1948) determined that the outrigger radiosonde
has a radiational error at upper levels only about one-tenth as large
as the duct-type sonde. By the end of 1960 most Weather Bureau
radiosonde stations were equipped with this new instrument. By con-
trast, the U.S. military radiosonde, (A¥/AMT-AA) has had an exter-

nally mounted 33 - mil diameter thermistor since before 195%.

31 mil = .001 inch
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The U.S. Weather Bureau "X" Series Radiosondes. The "X" designa-

tion refers to radiosondes having an outrigger type construction for
the temperature sensing unit. This type sonde was utilized at all
USWB, Mexican, and Canadian radiosonde stations during the period
examined in the Northern Hemispheric portion of this study.

From the Federal Meteorological Handbook No. 3: Radiosonde Obser-
vations (1969), the temperature of the free atmosphere 1is measured
by a thermistor whose electrical resistance is a function of tempera-
ture. As the sonde ascends, the thermistor is switched sequen-

tially (alternating with the hygristor) into the modulator

circuit by the baroswitch and the information is transmitted to the
receiving station. The U.S. supported radiosonde stations together
with the Mexican and Canadian stations utilize sondes operating on a
nominal carrier frequency of 1680 MH or 403 MHZ. Thus the radiosonde
identifier, WB-1680-X or WB~403-X, indicates the transmitting fre-
quency of the sonde (1680 MHZ or 403 MHZ) and the fact that an ex-
ternally mounted thermistor is employed (X). Table Al lists the
various types of radiosondes utilized in this study. Figures Al and
A2 show the basic sonde design and more specifically the construction

of the temperature sensing system.

TABLE Al
Types of Radiosondes Used In Collecting
Data For This Study

Type of Radiosonde Used

1. Northern Hemisphere operational WB - 403 - X
program (1966-1969) WB - 1680 - X
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TABLE Al (cont'd)

Operations Redwing
and Hardtack

Line Islands Experiment
Atlantic Tradewinds Experiment

Barbados Oceanographic and
Meteorological Experiment

GARP Atlantic Tropical
Experiment

Type of Radiosonde Used
AN/AMT - 4A

WB - 403 - X

WB - 403 - X

WB - 403 ~ X

WB - 1680 - X

WB - 403 -~ X (with modi-

fied

hygristor system)




A THERMISTOR

T THERMISTOR

__TRANSMITTER
ANTENNA

Fig. A.1. Standard Radiosonde utilized Fig. A.2.
during the Northemrn Hemispheric
portion of this study. )

Radiosonde used during GATE.

60T
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APPENDIX B
INSTRUMENTAL ERRORS IN THE TEMPERATURE OBSERVATIONS

The absorption of solar radiation by the temperature sensing
element on the radiosonde has long been the nemesis of scien-~
tists studying the upper atmosphere (Harris, 1959; Teweles and Finger,
1960; Wallace and Patton, 1970; and others). Attempts have been made
to employ observational data for the purpose of verifying various
theoretically derived results of the diurnal variation in the
troposphere and stratosphere. However, these efforts have been
hampered by a rather limited knowledge of radiationally induced error.
It is of particular importance in this study that a suitable under-
standing of the tropospheric radiation error be attained. The pri-
mary question is one of separating the magnitude of the spurious
and true components of the diurnal temperature variation. While a
detailed correctional scheme used for radiation induced errors is
beyond the scope of this study, a discussion of the approximate magni-
tude of this error will be made. Four basic types of errors affect
the temperature observation. They are: 1) solar radiation error,

2) infrared radiation error, 3) baseline check error, and 4) lag
error.

The error due to solar radiation absorption increases with
altitude. This occurs partly because less solar energy has been
depleted due to gaseous scattering and absorption but primarily
because the ventilation of the radiosonde thermistor element in the
rarified air decreases as a function of demnsity. At stratospheric
levels this ventilation is quite small. The problem is minimized

when only data collected below 300 mb is utilized. 1Infrared

e
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radiation from the earth-atmosphere system also has some affect on the
accuracy of the measurement. By examining values computed for upward
and downward flux of infrared radiation from the IR cooling model,

the conclusion was reached that in the troposphere the infrared
radiational flux can essentially be considered constant throughout day-
light and darkness. (See Figs.D6 - D9). This conclusion is based on
satellite observations that indicate that the diurnal variation in
total cloudiness is not large (Winston, 1976; Gruber, 1975). Following
Finger and McInturff (1968), the diurnal temperature variation can be
represented as

[T (00) - T (12)] = T (00) + T; + T (o)) - [T (12) + T, + T (az)]
observed

where T (00) and T (12) - actual temperatures
Ti - error due to infrared radiation

T (a) - error due to solar radiation which is dependent
on the solar elevation angle and altitude

Because it has no diurnal function, Ti can be eliminated from
this equation requiring the observed diurnal temperature variatiom
to be comprised of only two parts - actual variation and error
induced by solar radiationm.

Several studies have attempted to bypass the inherent error in
the temperature sensing element of the radiosonde by applying an
independent method of using wind observations to calculate pressure
variations which in turn can be converted to temperature variations
through the hydrostatic and geostrophic relationships. This method
has made use of a model based on a linearized form of the equations
of motion and the assumptions of frictionless flow and a simple

westward progressing wave (Harris 1959).
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The magnitude of solar radiational error has been determined
for a layer between 250 mb and 125 mb at eight statioms in the Northern
Hemisphere (Finger, Harris & Teweles, 1965) by employing the computa-
tional procedure similar to that described for Harris (1959). The
systematic radiationally induced error found was .12°C, and this is
consistent with National Weather Service specifications. The NWS has
used the same temperature sensing device since 1960 and has laboratory
tested the instrument in relation to random and systematic errors
due to radiation and determined that the observations are valid
within .2°C in the mid-latitude troposphere (A. Mellick).4 Badgley
(1957) also performed laboratory experiments wiﬁh white-coated rod
thermistors of 0.027 in (0.069 cm) diameter. He determined that at
5 km, with 13.5% of the radiative flux from the sun depleted, the solar
radiationally induced temperature error was .15°C. He performed the
same test at a simulated 10 km and found that with 107 of the solar
radiative flux depleted thé error was .19°C. These calculations were
made with the assumption that the long axis of the thermistor rod
was perpendicular to the solar rays. He used a ventilation speed
of 305 m/min which is consistent with NWS specifications. It should
be realized that this magnitude of error is not present in all daytime
observations and that this error increases to its maximum as the time
of observation approaches local noon. The error increases in magni-
tude with higher altitude reaching rather exorbitant values (on the

order of a degree) in the upper stratosphere.

4Personal communication, Art Mellic, Radiosonde Development
Office, 30 March 1976.
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Therefore, it isvassumed that although there probably is a small
error in the diurnal variation of temperature in the 300-850 mb layer,
it does not alter the basic conclusions arrived at in this paper. How-
ever, since the exact magnitude and distribution of error relative to
the solar elevation angle is currently unknown, the results must be
interpreted with this inherent problem in mind.

Inaccurate radiosonde temperature-baseline techniques (Cox, Maynard,
and Suomi, 1968) can also cause an error in the temperature observation.
An analysis of radiosonde measurements made during the Line Islands
Experiment indicated that the conventional preflight procedures utili~
zed by the average observer may cuase a slight underestimate of upper
level temperatures. This occurs because the baseline check prior to
sonde release is ﬁade at relatively high temperatures in the tropics,
and this part of the temperature-frequency curve is rather insensitive;
i.e., for a given frequency value, an error of + .67°C in temperature
could result because of the flat slope of the curve.

Whiie the baseline check problem is recognized as affecting the
absolute temperature measurements of the troposphere, it does not vary
diurnally and therefore should have no effect on the rate of change of
the hourly temperature. It should not affect the results of this study.

A "lag" error can also be present. This is due to variations
of ambient temperature with time which the thermistor element cannot
precisely follow. Again this error affects the absolute magnitude of
the temperature for a pressure level, but as long as the data is treated
consistently (either lag corrected or left as originally observed)
this type of error will have no affect on determining variations of

temperature for a daily cycle.
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Summary. Solar radiationally induced error, infrared error, baseline
temperature calibration error, and lag error are the major types of error
affecting the temperature observation. Of these four error sources, only
solar absorption error has any significant effect. However, it is rela-
tively small (generally less than &0.200) in the 850-300 mb layer.
Therefore, the observed temperature variations are cousidered to be

essentially real and not merely a result of instrument error.
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APPENDIX C

- COMPARISON OF RADIOSONDE ASCENTS
MADE IN DARKNESS AND DAYLIGHT

A number of studies analyzing the diurnal variations of temperature
in the lower stratosphere and troposphere have utilized a data base
consisting of upper air soundings taken only twice a day. Some ingen-
ious schemes have been devised to examine the diurnal temperature
variation. Teweles and Finger (1960) conducted an empirical study of
the diurnal changes in temperature computed from successive radiosonde
observations taken only in daylight and only in darkness and related
their results to the variation of solar elevation angle. They attempted
to evaluate the spurious portion of the diurnal temperature variation
for several types of radiosondes and solar elevation angles. With the
aid of a previous paper by Badgley (1957) on radiosonde instrumentation,
Teweles and Finger determined that the radiosonde temperature error
in darkness is due to incident long wave radiation only and is quite
small when compared to the solar radiation error experience during
daylight hours. This solar error occurs on the temperature sensing
element (thermistor) due to absorption of incoming solar radiation
causing an inflated daytime temperature. They showed that the
daytime temperature error was a function of the solar elevation angle.

Utilizing the information that the sunrise line in relation to the
1200GMT observation and the sunset line in relation to the 00Q0GMT
observation migrate annually across North America, they were able to
collect successive ascent data taken at both 00GMT and 1200GMT in
darkness only and in sunlight only. An example of the annual movement

of the O00O0OGMT sunset and 1200GMT sunrise lines at the 300 mb level
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pertinent to this study can be seen in Fig:. C.1. The first day of
the month was selected to represent the mean sunrise and sunset time
for the entire month. Data collected only in darkness or in daylight
when the solar angles are approximately the same can be considered
relatively free from solar radiationally induced error.

Teweles and Finger also examined data from successive sonde
ascents in which one was in darkness and one was in daylight. Because
of the movement of the sunrise and sunset lines relative to standard
observation times, stations in the eastern portion of North America
release sondes in daylight in the morning and in darkness in the
evening while in the west the daylight runs occur in the afternoon
while the morning observations are in darkness. This series of events
allowed the authors to compare 12-hour temperature differences at a
specific level for the same solar elevation angle, one group of morning
daylight minus darkness soundings, the other afternoon daylight minus
darkness soundings. This procedure yielded what Teweles and Finger
considered to be a close approximation to the diurnal variation of
temperature, espeéially in the stratosphere where temperature variations
are tied directly to radiational processes. This technique was used
in subsequent papers by Finger, Mason and Teweles (1964) and Finger
and McInturff (1968) to specify a typical model of the diurnal march of
temperature at‘specific st;atospheric levels and latitudinal bands.
Although these papers were confined to the stratosphere their methods
and conclusions are also applicable to studies examining the diurnal
variability of tropospheric temperature.

While the method used by Teweles and Finger is applicable to as-

certaining the temperature variations at a specific level (for example,
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Annual migration of 12GMT sunrise line (a) and OOGMT sunset
line (b) at 300 mb. Arrow indicates direction of movement
for lines between extremes (From Finger, and McInturff, 1968).
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100 mb), it must be modified in order to isolate entire sonde ascents
from 850 mb to 300 mb in darkness or daylight. The purpose of this
procedure is to identify the radiosonde stations which are located
in regions where successive radiosonde ascents from 850-300 mb will be
made totally in darkness or totally in sunlight.

In order to determine whether the radiosonde ascent is in darkness
or daylight for runs made near local sunrise, the sunrise time at 300
mb during the winter and summer must be known. TIf the sun has not
risen at 300 mb above the radiosonde station by the time that the sonde
passes through that level, the run has been made in darkness and the
temperatures will not be affected by incident solar radiation. If
the sonde passes through 300 mb after sunrise, however, solar radia-
tion may have influenced the thermistor. The solar elevation angle
for sunrise at 300 mb is approximately -3.0°. Assuming that the sonde
ascent was essentially vertical, the sunrise time at 300 mb on the
equator was calculated to be about 8 minutes earlie; than the sunrise
at the upper-air station on the surface. This time difference is
affected by the latitude of the radiosonde station and the seasom.
The sunrise time at 300 mb relative to the surface sunrise below is
computed utilizing the solar elevation angle at sunrise, the azimuth
angle at sunrise, and the fact that the sun moves through 1° of longi-
tude in four minutes. In Fig. C.1l (a) the line through the eastern
portion of the continent is a manifestation of this calculation for
the first of January and the line through the western portion of the
country was computed for June lst. These lines relate the mean solar
time at 1200GMT to the local time of sunrise at 300 mb. The following

assumptions were made in order to carry out this calculation:
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(a) a balloon ascent rate of 305 m (1,000 ft.) per min.; and (b) a
release time of 30 minutes prior to the standard observation time,

as per NWS requirements. Therefore, the sonde was considered to pass
through the 300 mb level at QOGMT and 12GMT as it takes about a half
an hour to ascend from the surface to 300 mb.

The sunset calculation is somewhat simpler. If a sonde is released
just after sunset, the entire ascent is made in the absence of inci-
dent solar radiation. Therefore, the surface sunset time relative
to 00OOGMT delineates the daylight/darkness lines shown in Fig. C.1. (b).

Winter. The lines designating the region where successive radio-
sonde ascents were made in darkness are shown in Fig. C;2. These
lines represent the latest time of the 300 mb sunrise and the earliest
sunset time during December and January. Table C.1 lists all stations
which are located in this region and their mean 850-300 mb temperature
difference.

The temperature differences shown in Table C.1 indicate that
there is actually a diurnal variation in the mean temperature of the 850-
300 mb layer. The solar error component has been eliminated. The AT
values for the southern-most stations are the greatest in magnitude.

Summer. From previous studies (Teweles and Finger, 1960; Finger,
Mason, and Teweles, 1964; others) it is known that the error due to
solar radiation absorption is a direct function of the solar elevation
angle. The error reaches its maximum when the solar elevation angle
is greatest (local noon). To eliminate as much solar radiationally
induced error as possible, the solar elevation angle at stations in
central North America were calculated at 15 minutes prior to 0OCOGMT

and 1200GMT for January 10 for the winter season and July 10 for the
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Stations included in region where both OOGMT and 12GMT
radiosonde ascents are made in darkness during the winter

(December and January.).

Fig. C.2.
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summer season. These dates were considered to represent the mean

elevation angle conditions for their respective seasons. The fol-

lowing relationship was used for the calculation.
cos z = sin ¢ sin 8§ + cos ¢ cos § cos t

zenith angle

where z

& =~ latitude of station
§ - declination angle
t - hour angle of sun

and 8 (solar

elevation angle) = 90

(o]
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TABLE Cl

Stations Included in Region Where Both OOGMT and 12GMT
Observations are in Darkness During the Winter Season

Station wMO# [aT] Station wMo#  [AT]
20-30°N 40-50°N
(cont'd)
Merida 76644 .33 S.S. Marie 72734 .16
Boothville 72232 .34 Int'l Falls 72747 .16
Maniwaki 72722 .16
30-40°N
50-60°N
Lake Charles 72240 .20
Shreveport 72248 .27 Inoucdjovac 72907 .09
Jackson 72235 .39 Trout Lake 72848 .07
Montgomery 72226 .34 Churchill 72913 .05
Little Rock 72340 .18 The Pas 72867 .25
Nashville 72327 .22
Huntington 72425 .07  60-70°N
Columbia 72445 .31
Topeka 72456 .25 Frobisher Bay 72909 14
Coral Harbor 72915 .13
40-50°N Baker Lake 72926 .17
Ft. Smith 72934 .10
Pittsburgh 72520 -.02 Coppermine 72938 .06
Peoria 72532 .24 °
Omaha 72553 .32 70-80°N
North Platte 72562 .13
Buffalo 72528 .02 Eureka 72917 .04
Flint 72637 .14 Resolute 72924 11
Green Bay 72645 .22 Pt. Varrow 70026 .22
St. Cloud 72655 .00 Barter Is. 70086 .05
Bismarck 72764 .00

These computations were performed for 15 minutes prior to O000GMT and
1200GMT because the sonde was assumed to be released thirty minutes
prior to the standard observation time and in fifteen minutes the sonde
would have ascended halfway to 300 mb.

When the solar elevation angles for O0OOOGMT and 1200GMT at a single
station are approximately equal, the temperature difference (AT) can
be considered essentially free from solar absorption error. Stations

where this occurs are listed in Table C.2 and shown in Fig. C.3.



Stations Included in Region Where the Solar Elevation
Angle is Approximately Equal at 00 GMT and 12 GMT

Latitude

Belt

20-30°N

30-40°N

40-50°N

50-60°N
60-70°N

70-80°N

TABLE C2

Summer Season

Station

Boothville

Lake Charles
Montgomery
Jackson
Shreveport
Nashville
Little Rock
Columbia
Topeka

Peoria
Omaha

Flint

Green Bay
St. Cloud
S.S. Marie
Int'l Falls

Trout Lake
Churchill

Coral Harbor
Baker Lake

Resolute
Eureka
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00GMT 12GMT
Solar Solar
WMO# Elevation Elevation
Angle Angle
72232 7.1° 7.1°
72240 13.5° 8.6°
72226 8.20 15.49
72235 11.8° 11.8°
72248 14.2° 9.5°
72327 10.7° 15.3°
72340 13.7° 11.4°
72445 16.1° 11.7°
72456 18.4° 9.5°
72534 14.4° 14.4°
72553 19.0° 10.4°
72637 10.9° 19.3°
72645 14.5° 16.5°
72655 12.8° 18.9°
72734 12.1° 20.1°
72747 18.6° 14.7°
72848 17.9 17.9°
72913 21.3° 16.8°
72915 17.6° 22.7°
72926 23.0° 18.6°
72924 22.8° 20.4°
72917 21.3° 22.9°

[at]

.76

.70
47
.68
.90
.60
.82
.73
.65

.72
.55
.49
.56
.36
.53
.60

.57
.45

.31
<42

.13
-.08
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Fig. C.3. Region where successive 0OGMT and 12GMT sonde ascents are
made in sunlight (dashed lines). Stations included in re-
gion where mean solar elevation angle (6) for the summer
(June and July) is approximately equal (solid lines).

It is important to note that when the solar elevation angles at OOGMT and
12GMT are equal, the& are never high angles and occur about 2 hours after
sunrise and 2 hours prior to sunset. Thus, the values for AT are not
taken at the times when the maximum difference would be expected. Mean
temperature differences for the 850-300 mb layer taken in the absence of
solar radiationally induced error conform favorably to the general
diurnal variability trend. There is definitely a diurnal variation in
the mean temperature of the middle tropospheric layer as it appears in
observations where there is no inherent solar radiational error.

Summary. Solar radiationally induced instrument error was elimi-

nated from the data collected by radiosondes released from upper air
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stations in central North America in both summer and winter. The
temperature differences (AT) were of significant magnitude and sub-
stantiate the belief that the diurnal variation of temperature in the

middle troposphere is real and not a product of instrument error.



APPENDIX D

SHORT AND LONG WAVE RADTATION MODELS

Determination of Heating Due to Solar Radiation Absorption. It

is generally accepted (first suggested by Migge and Meller, 1932)
that the amount of energy absorbed in an atmospheric layer is a function
of the effective optical depth of the layer itself, the effective opti-
cal depth of the layers above, and the amount of energy incident upon
the atmosphere from the sun. This, then was the basis for the model from
Manabe and Strickler (1964) model which was used to calculate the heating
due to short wave radiation. The atmospheric constituents used in the
calculations were water vapor, carbon dioxide, and ozone. Clouds were
not included as it would be very difficult to determine mean cloud dis-
tribution for each of the geographical blocks. However, Dopplick (1970)
has determined heating and cooling due to short and long wave radiation
using mean cloudiness and geographically varying radiative parameters
(temperature, humidity, COZ’ 03) for each 10 degrees of latitude. His
values are used as a comparison with this stﬁdy's cloud free calculations.

A determination is first made of the effective optical depth of
water vapor, C02, and ozone by summing downward from the top of the
atmosphere through the optical path of each layer.

The effective optical path for the entire atmosphere is then
- determined by summing for all layers in the atmosphere and correcting
for the zenith angle of the sun. From the effective optical path the
effective pressure of each constituent is computed, and subsequently

the absorptivity values proposed by Manabe and Strickler (1964) can

125
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be determined. The amount of short wave absorption (A;) in the
850-300 mb layer is determined by summing and averaging the individual
level absorbances. The rate of solar radiation induced temperature

change (%%) is specified by:

& - é?api—; (0.1)
where T - temperature

t - time over which the change occurs

g - acceleration of gravity

Cp ~ specific heat of air at constant pressure
Aa - calories of short wave absorption which occurs in the

layer

Ap - layer thickness

This model also has the capability of calculating the heating rate for
small increments of time between sunrise and sunset (see Fig. 4.1).
The distribution of heating vs. time of day can thus be obtained.

This allows one to determine the amount of solar heating for any time
increment during the solar heating period.

Long Wave Cooling. The basis for this computation is the radiative

transfer equation which has been simplified somewhat by the assumption
that all scattering processes can be neglected as the wavelength dimen-
sion is large compared to that of the scattering particles in a cloud-
free atmosphere. The calculation of net long wave flux divergence in

finite difference is given by
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H (P) = ZHi [Asi + Aei + Aei H
H20 CO2 03

(D.2)

H [l—Z Ae, - I Ae - Ie
o CO i
iHZO 2 03

where H (P) is the irradiance at the specified pressure level P.

Ho is the irradiance emitted by the background to the atmosphere, i.e.,
this represents the oTo4 radiant energy for the earth's surface when
computing the upward flux. Ho is equal to zero for the downward flux
calculation as it is assumed that there is no infrared radiation
entering the earth's atmosphere from above. The te;ﬁ conta%ning Hi
represents the emitted irradiance from the atmosphere itself arriving
at pressure level P. Hi = o'l’i4 where Ti is the average temperature of
the layer 1i.

Ae, , Ae. , and Ae, are changes in emissivity through layer
1o ‘co 4

2 2 03
i from water vapor, carbon dioxide, and ozone, respectively. These
flux emissivities are a function of the optical depth of the constituent
(Staley & Jurica, 1970). Emissivity values were taken from sources
compiled by Cox, Polifka, Rockwood, and Griffith, (1976). The effects
of collisioﬁ broadening are also incorporated in the computation.
After the upward and downward irradiances are calculated and the net
flux divergence for each layer is determined, the following equation
is employed to compute the rate of long wave induced temperature
change in the layer:

dr g (8Hpep) (D.3)
dt (c.) Ap
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where AHnet - net long wave flux convergence (watts m_z)
and all other symbols are as previously defined
in equation (D.1).

Input Data. These radiation models require input data consisting
of the vertical profiles of temperature, water vapor, carbon dioxide,
and ozone. Mean OOGMT and 12GMT soundings for each geographical block
for each season are used as input data for the radiational models.

The radiosonde observational specific humidity data was supplemented
at upper levels with frost point hygrometer data (Mastenbrook, 1968).
Mastenbrook's data was collected in the West Indies, Washington, D.C.,
and Thule, Greenland and it was applied to the 0—30°N, 30—60°N, and
60-80°N latitudinal belt_soundings, respectively. The ozone content

of the atmosphere at various latitudes was taken from the Handbook of

Geophysics and Space Environmeént.

In general, the daytime observation was used as the input sounding
for the short wave model. However, in the cases when successive ascents
were made in darkness or in daylight the afternoon sounding was uti-
lized. It has been documented by several individuals (Ostapoff,
Shinners, and Augstein, 1970; Ruprecht, 1975; and others) that solar
radiation incident on the hygristor (humidity sensing element) causes
error in the reported values of relative humidity. The observed
daytime relative humidity is less than actual because the humidity‘ele-
ment senses an erroneously high temperature which produces a higher
saturation vapor pressure than actual conditions prescribe. Thus the
relative humidity (e/es) value is often 5-10% less than actual as

is the specific humidity value calculated for input into the model.
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This problem caused concern in attempting to accurately determine the
heating from solar radiation based on erroneous humidity values.

Ruprecht (1975) determined that the nighttime relative humidity
values for the lower troposphere, where the error is most significant,
are a good estimate of humidity values for the entire day. Therefore,
computations were performed with tﬁe short wave model utilizing day-
time temperatures in combination with nighttime specific humidity
values. The computations were made for several representative locations
in an effort to determine the variation of total solar heating in the
850—300.mb layer (700-300 mb layer for elevated regions) due to
instrument induced specific humidity variations. Figures D1 through
D5 demonstrate the results. Obviously the specific humidity variations
have very little effect on the computed heating values. 1In light of
these results the daytime sounding will be used as input data for the
solar heating calculation.

The nighttime sounding was used as input data for the infrared
cooling model except in the case when successive ascents were in
darkness or daylight and then the morning sounding was utilized. The
variation of IR cooling between day and night was examined in an effort
to determine whether a constant cooling rate for the entire 24 hour
period could be assumed. Also the effect of specific humidity errors
in the daytime soundings on the cooling rafe was considered. Three
different soundings were used as input for the long wave model cooling
calculations:

1. Nighttime temperature and nighttime humidity.

2. Daytime temperature and daytime humidity (specific
humidity less than actual due to instrument error).
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Fig. D.1. Variation in solar heating at a tropical location (Ponape)
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in 850-300 mb layer was calculated to be .70% with 1100
LT temperature and 2300LT specific humidity and .67°¢C
with 1100LT temperature and 1100 specific humidity.



300 —

400 I~

500 —

600 [~

800 —

900 —

1000 *~

Fig. D.2.

PRESSURE (mb)
!

131

1300 LT Temperature
OIOO LT Specific

/ Humidity

\

1300 LT Temperature
1300 LT Specific Humidity

et 1 + 1 1 1 1 1 1 1 1 /]
.30 40 50 .60 70 .80 90

°C HEATING DURING DAYLIGHT
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Fig. D.3. Variation in solar heating at a mid-latitude coastal loca-
tion (Washington, D.C.) utilizing different input soundings.
Mean solar heating in 850-300 mb layer was calculated to
be .69°C w1th 1900LT temperature and 0700LT specific humi-
dity and .69°C with 1900LT temperature and 1900LT specific
humidity.
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soundings. Mean solar heating in 850-300 mb layer was
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3. Daytime temperature and nighttime humidity (most
realistic representation of daytime moisture
conditions).

The computations were performed at several locations,and the results
are displayed in Figs. D6 through D10. In the tropics and subtropics,
the mean cooling rates for the 850-300 mb layer from the input soundings
described for calculations (1) and (3) vary insignificantly and support
the assumption of a constant cooling rate throughout the day. In
the mid-latitudes the early morning cooling rate in the middle tropo-
spheric layers is somewhat larger than the aftermoon cooling rate.
However, this difference becomes quite small when the 24 hour cooling
rate is divided in half in order to compute tﬁe required warming for
a twelve hour period. The maximum variation is only .080C/12 hr,
(Fig. D9). Therefore, the nighttime sounding was used as input data
for the calculation of the infrared cooling rate throughout the day.

Summary. The short and long wave radiation models computed the
radiation induced temperature changes for the 850-300 mb layer (700-
300 mb over elevated regions). From these calculations the values
of SW and LW were obtained. The daytime relative humidity error
had a negligible affect on the SW and IW computations, and the long

wave cooling rate was assumed constant throughout the day.
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