
1 

Radiation Data Reduction Procedures for Sabreliner, C-130, and 
DC-6 Aircraft During the Garp Atlantic Tropical Experiment 

BY 
Bruce A. Albrecht and Stephen K. Cox 

Department of Atmospheric Science 
Colorado State University 

Fort Collins, Colorado 

The activities reported in this paper have been supported by the Global Atmospheric 
Research Program, National Science Foundation and the GATE Project Office, NOAA, 

under Grants OCD72-0 168 1 and COD74-2 1678. 
February 1976 

Department of 
Atmospheric Science 

Paper No. 244 I 





DURING THE GARP ATLANTIC TROPICAL EXPERIMENT 1 

RADIATION DATA REDUCTION PROCEDURES 

FOR SABRELINER, C-130, and DC-6 AIRCRAFT 

by 

Bruce A. A1 brech t  

and 

S t e ~ h e n  K. Cox 

I 

I / 
The a c t i v i t i e s  repor ted  i n  t h i s  paper have been supported by 

t h e  Global Atmospheric Research Program, Nat iona l  Science 

Foundation and t h e  GATE P r o j e c t  O f f i c e ,  NOAA, under Grants 

OCD 72-01681 A04 and COD 74 21678. I I 

Department o f  Atmospheric Science 1; 1 
Colorado S ta te  U n i v e r s i t y  

F o r t  Col 1 i n s  , Colorado 

February 1976 

Atmospheric Science Paper Number 244 j 





PREFACE 

A primary objective of the GATE field phases was to make available 

a basic data set describing the characteristics of the disturbed and 

undisturbed tropical atmosphere. While the coll ection of the data is 

an essential step toward this goal , it is equally essential to make 

detailed information avail able on instrument characteristics, instrument 

performance, reduction procedures, etc., so that scientific users may 

become knowledgable about the dependability and quality of the data. 

It is the purpose of this report to collect and present this 

information for the U . S. C-130, DC-6 and Sabre1 iner broadband shortwave 
and longwave irradiance data to become available during Spring 1976. 

With the information presented in this report, a scrupulous user of 

these data will be able to trace the entire history of the data ana 

make quality judgements of his own. 

Hopefully, this report will make the basic aircraft radiation 

data easier to use and will result in a better qualified and broader 

user audience. 
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This paper presents a description of the basic radia t ion data 

gathering systems used on three U.S. Aircraf t  during the  GARP At lant ic  

Tropical Experiment. In addition t o  an explanation of the hardware used, 

the data reduction procedures applied t o  the raw data a re  given i n  de t a i l .  

Signif icant  problems encountered i n  the data a re  a l so  discussed; i n  some 

instances remedial steps have been incorporated i n to  the data reduction 





INTRODUCTION 

During GATE,  the Colorado State University Radiation Project,was 

direct ly  responsible for  making radiation measurements from three of the 

U.S. a i r c r a f t  - the NOAA C-130, the NOAA DC-6, and the NCAR Sabre1 iner. 

Each of these a i r c ra f t  were equipped with sensors capable of making 

broadband hemi spheric radiation measurements in both the 1 ongwave and 

shortwave portions of the spectrum. 

111 th i s  report, the radiation nleasurement systems used on the a i r c r a f t  

are described. A discussion o f  the calibration of these systetrs and 

documentation of the calibration factors and data reduction equations 

needed to convert raw data to  engineering units are included. 

In research done prior to  G A T E ,  i t  was shown that  the precision of 

the 1 ongwave sensors (pyrgeometers) may be considerably improved by 

making various temperature corrections on the sensor output (A1 brecht 

e t  a l ,  1975). These temperature corrections are considered in detail  

i n  t h i s  paper and an application of these corrections to  the data i s  

discussed. 

In the i n i t i a l  data reduction, i t  became apparent that the 

downward 1 ongwave irradiance measurements of the DC-6 were subject 

to  contamination by shortwave radiation. An investigation of th i s  

effect  i s  reported in th i s  study and an empirical correction to  
I I I 

the d a t a  i s  suggested. 



2.0 DESCRIPTION OF RADIATION MEASUREMENT SYSTEMS 
*- 

The basic radiation measurement system used on a l l  a i r c ra f t  (C-130, 

DC-6, and Sabreliner] i s  sketched i n  Fig. 1.  I t  consisted of upward and 

downward facing shortwave and longwave hemispheric sensors mounted on the 

top and bottom surfaces of the a i r c ra f t .  The mil l ivol t  output from these 

sensorswas then amplified t o  a signal level of several volts. The exact 

voltage range of the amp1 if ied signal varied between a i r c ra f t  and will be 

discussed below. The amp1 i f ied  signal was then digit ized and logged on 

magnetic tape by the a i r c ra f t  data logging system. A visual display of 

the amplified outputs was also available a t  the observer's sta.tion on 

each a i r c ra f t  . 
The shortwave sensors used on the a i r c ra f t  were E~pley  Precision 

Pyranometers which have a spectral range of ,285 t o  2.80 u .  The longwave 

sensors were Eppley Precision Infrared Radiometers which are sensit ive to  

radiation i n  the 4-50pm spectral range. The amplifiers used to  amplify the 

mi 11 ivol t signals were Acromag model 31 1 By-u thermocouple amp1 i f i e r s .  
I I 

2.1 U.S. C-130 and DC-6 Systems 

Sensors on the U.S. C-130 and DC-6 were mounted on a mechanism which 

a1 lowed them t o  be retracted into a "pod" for  protection. [Photos of the 

inside of the pod and the pods mounted on the a i r c ra f t  are shown i n  Fig. 2,3 & 41 

Jhen mounted on the a i r c r a f t ,  sensors protruding from the pod were 30-45 cm 

from the skin of the a i r c ra f t ,  which minimized the amount of a i r c ra f t  

surfaces in the f ie ld  of view of the instruments. The mil l ivol t  amplifiers 

were mounted in the fiberglass nose of the pods. 

From the observer's position i n  each of these a i r c ra f t  i t  was ~ o s s i  ble 

to  monitor the temperature of the inside surface of the pod so that  t h i s  

surface could be used as a calibration target  for  the retracted 
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Figure  2. Photograph o f  i n s i d e  o f  pod. 
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longwave sensors. Normal opera t ion  o f  t h e  shortwave sensors cou ld  a l s o  be 

determined by i l l u m i n a t i n g  these r e t r a c t e d  sensors w i t h  a smal l  incandescent 

source. The i n p u t  o f  t he  a m p l i f i e r s  cou ld  a l s o  be shor ted remote ly  from t h e  

observors s t a t i o n  so t h a t  t he  zero p o i n t  o f f s e t s  o f  t h e  a m p l i f i e r s  cou ld  be 

determined p e r i o d i c a l l y .  

The U.S. C-130 data system had an i n p u t  range o f  -10 t o  + I 0  v o l t s .  

Raw data were recorded i n  terms o f  counts where 1000 counts i s  equ i va len t  

t o  10 v o l t s .  The DC-6 data system i n p u t  range was -5 v o l t s  t o  +5 v o l t s  

where 5 v o l t s  was equ i va len t  t o  2027 counts. 

2.2 Sabre1 i n e r  System 

Sensors on t h e  NCAR Sabre l iner  were mounted d i r e c t l y  on t h e  s k i n  o f  

t h e  a i r c r a f t .  The upward f a c i n g  sensors were mounted on t h e  fuselage 

w h i l e  t he  downward f a c i n g  sensors were mounted on t h e  lower s ides o f  t h e  

wings. Because o f  t h e  l a r g e  temperature v a r i a t i o n s  which might  be 

experienced by t h i s  a i r c r a f t ,  t h e  mi 11 i v o l  t amp1 i f i e r s  and b a t t e r i e s  f o r  

t he  longwave sensors were mounted i n s i d e  the  a i r c r a f t  cabin.  The Sabre l iner  

data system i n p u t  range was -5 t o  +5 v o l t s .  Raw data were recorded i n  

counts where 1000 counts were equ i va len t  t o  5 v o l t s .  
.I ' 



,. l c  3.0 THEORY OF OPERATION OF BROADBAND HEMISPHERIC RADIATION SENSORS 

I !sl~ns 3.1 P rec i s i on  Pyranometer (SW) 

- 
The p r e c i s i o n  pyranometer i s  descr ibed i n  d e t a i l  by Robinson (1966). 

B r i e f l y ,  t h i s  inst rument  cons i s t s  o f  a f l a t  blackened thermopi le  sur face 

immersed under two concent r i c  quar tz  g lass  hemispheres. The inst rument  

"' ' has temperature compensation c i r c u i t r y  designed t o  make the  inst rument  

: n r i  sL: s e n s i t i v i t y  nominal ly  constant  over a temperature range o f  -20 t o  +20°C. 
I 

3.2 P rec i s i on  I n f r a r e d  Radiometers ILW) 

The pyrgeometers used on t h e  U.S. a i r c r a f t  (C-130, DC-6, Sabre1 i n e r  , 

E l e c t r a  , and Convair 990) were manufactured by Eppl ey Laborator ies.  These 

?o r11 f pyrgeometers were f i r s t  descr ibed by Drummond e t  a1 (1 970). The theory o f  

96 t h e i r  opera t ion  and t h e  t e s t i n g  o f  these inst ruments from an a i r c r a f t  

-. - I  - I p l a t f o r m  was descr ibed by A1 b rech t  e t  a1 (1973). T+ 9111 r 

:,d 1 The Eppley pyrgeometer cons i s t s  o f  a thermopi le  sensor, sh ie lded by 

a KRS-5 hemisphere. An i n t e r f e r e n c e  f i l t e r  i s  vacuum deposi ted on the  

i n s i d e  o f  t he  KRS-5 hemisphere t o  prevent  t he  t ransmiss ion o f  r a d i a t i o n  

a t  wavelengths l e s s  than 3.5 pm. The thermopi le  i s  coated w i t h  f l a t  

b lack  p a i n t .  The s e n s i t i v i t y  o f  t h e  sensor i s  approximately ,005 rnv/~m-' 

w i t h  a response t ime of approximately two seconds. 

The longwave r a d i a t i o n ,  L, i s  g iven  by the  r e l a t i o n s h i p  

4 4 4 L = c0oTS + E/n - ko(Td - Ts ) 

where c0 i s  t h e  e m i s s i v i t y  of t h e  thermopi le ,  o i s  t h e  Stefan-Boltzman 

constant ,  E i s  t h e  sensor ou tpu t  i n  mv, TI i s  t h e  sensor s e n s i t i v i t y  and k i c  

a constant .  Ts i s  t h e  thermopi le  c o l d  j u n c t i o n  o r  s i n k  temperature and Td 

i s  t h e  temperature o f  t h e  KRS-5 hemisphere. The s i n k  temperature TS i s  measured 

w i t h  a bead the rm is to r  a t  t h e  p o i n t  where the  c o l d  j u n c t i o n s  are  connected 

t o  t h e  inst rument  housing. The dome temperatures f o r  inst ruments used i n  GATE 



, were measured us ing  a small bead the rm is to r  at tached t o  t he  i n s i d e  o f  t he  
I 

I KRS-5 hemisphere. A more d e t a i l e d  d e s c r i p t i o n  o f  t he  inst rument  opera t ion  
I 

on an a i r c r a f t  i s  g iven  i n  Appendix A.  

3.21 P rec i s i on  In f ra red  Radiometer Laboratory Cal i b r a t i o n  Procedure 

The p r e c i s i o n  i n f r a r e d  radiometers (pyrgeometers) were c a l i b r a t e d  

us ing  a con i ca l  c a v i t y  blackbody o f  l a r g e  thermal mass. Various t a r g e t  

temperatures were obta ined by coo l  i n g  t h e  blackbody t o  approximately -1 0°C 

and a l l ow ing  t h e  blackbody t o  warm as t h e  c a l i b r a t i o n s  were performed. 

Blackbody temperatures were measured a t  severa l  p o i n t s  on the  sur face  o f  

t he  con i ca l  aper tu re  us ing  thermocouples at tached t o  t h i s  surface. 

Temperature d i f f e r e n c e s  between these p o i n t s  were found t o  be l e s s  than 

To determine t h e  s e n s i t i v i t y  o f  t h e  Eppley thermopi le,  t h e  ins t rument  

was faced i n t o  t h e  blackbody c a v i t y  w h i l e  thermopi le  output ,  s i n k  temperature 

and dome temperature were recorded as a f u n c t i o n  o f  t ime f o r  approx imate ly  

f i v e  minutes a t  each c a l i b r a t i o n  p o i n t .  An example o f  inst rument  ou tpu t  

and t h e  dome and s i n k  temperatures as a f u n t i o n  o f  t ime are  shown i n  

F ig .  5 f o r  a c a l i b r a t i o n  p o i n t .  I n i t i a l l y  t h e  KRS-5 dome was warmer 

than the  s ink ,  however, when t h e  ins t rument  was faced i n t o  t h e  balckbody, 

t h e  dome cooled q u i c k l y  as i t  l o s t  energy t o  t he  c o l d  blackbody; a t  t h e  

same t ime the  thermopi le  s i n k  cooled much more s low ly  s ince  i t s  thermal 

mass i s  much grea ter .  A f t e r  approx imate ly  t h ree  minutes t h e  dome and s i n k  

cooled a t  approximately t h e  same r a t e .  The inst rument  ou tpu t  i n i t i a l l y  

decreased r a p i d l y  and then s t a b i l i z e d  a f t e r  approx imate ly  t h ree  minutes. 

Th is  behavior  i s  cons i s ten t  w i t h  Eq. (1) which may be w r i t t e n  i n  t h e  form 
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4 The dominance o f  t h e  k o ( ~ ~ ~  - Ts ) i s  apparent i n  t h e  v a r i a t i o n  o f  ou tpu t  

\--- -- -.-- "--- -- 
as a f u n c t i o n  o f  t ime as shown i n  F ig .  5. 

I 1, 
I To determine n i n  Eq. (2), t he  inst rument  output ,  Ey a t  p o i n t s  where 

I Td = Ts i s  p l o t t e d  aga ins t  L- where L i n  t h i s  case i s  determined by 
I 
i 

t he  blackbody temperature. I n  t h e  r e s u l t s  g iven  here, t h e  e m i s s i v i t y  o f  < 

bo th  t h e  blackbody and the  thermopi le  a re  assumed t o  be 1 .O. A p l o t  o f  

these p o i n t s  i s  shown i n  F ig .  6. The s lope o f  t h e  l i n e  connect ing these 

1 
i 

1 -2 -1 p o i n t s  g ives = 178 Wm mv . i 
! ,-. 9 6 I 4 4 

, ,  The k z. va lue $7 i n  Eq. (4) may then be determined by p l o t t i n g  o(Td - TS ) 
. 1 E 

f as a f u n c t i o n  of L - E ~ ~ T ~ ~  - ;T assuming t h e  s e n s i t i v i t y  determined i n  t he  

procedure descr ibed above. P l o t s  f o r  t h r e e  o f  t h e  runs are 

The average value o f  k d e t e n i n e d  from these p l o t s  i s  k = 4 

shown i n  F ig .  7. 

.08. 1 
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Figure 6. Thermopile output  as a func t ion  o f  the  d i f fe rence  -. ., , . - \.-. 

i n  the r a d i a t i v e  energy per u n i t  area emit ted by 
the blackbody and the thermopile surface. 





4.0 CALIBRATION AND DATA REDUCTION 

4.1 Sensors 

Each a i r c r a f t  measures f o u r  bas i c  i r r a d i a n c e  values. The parameters 

and t h e  coding t h a t  w i l l  be used t o  designate each a re  g iven below. 

Lc - LW downward i r r a d i a n c e  

La - LW upward i r r a d i a n c e  

HG - SW downward i r r a d i a n c e  

Ha - SW upward i r r a d i a n c e  

I n i t i a l  sensor c a l  i b r a t i o n s  were performed by Eppl ey Laborator ies.  

One p o i n t  c a l i b r a t i o n  checks were a l so  made p e r i o d i c a l l y  dur ing  the  

experiment us ing  a  s imple b lack  body cone. A f i n a l  c a l i b r a t i o n  check 

was made a t  Colorado S ta te  U n i v e r s i t y  a f t e r  t h e  conclus ion of t h e  

experiment. 

4.2 A m p l i f i e r  / Data System C a l i b r a t i o n s  

A m p l i f i e r s  and data systems were c a l i b r a t e d  simultaneously.  A Leads 

and Northrop potent iometer  was used t o  p rov ide  va ry ing  m i  11 i v o l  t s igna l  s  

t o  t he  i n p u t  o f  t h e  mv ampl i f i e r s .  The r e s u l t i n g  a m p l i f i e r  outputs were 

then recorded on magnetic tape. Hence, an exact  r e l a t i o n s h i p  between 

i n p u t  vo l tages and t h e  recorded ou tpu t  was determined. 

4.3 F i r s t  Order Data Reduction Equat ion Factors 

The inst rument  c a l  i b r a t i o n s  and ampl i f i e r  c a l  i b r a t i o n s  were combined 

t o  d e f i n e  a r e l a t i o n s h i p  which may be used t o  conver t  da ta  system values 

i n t o  i r r a d i a n c e  values. It was found t h a t  t h i s  r e l a t i o n s h i p  was a  l i n e a r  

f u n c t i o n  t o  w i t h i n  t h e  u n c e r t a i n t y  o f  t h e  c a l i b r a t i o n  procedure. Hence, 

t he  i r r a d i a n c e  i s  g iven  as i r r a d i a n c e  = ax - b, where x  represents data 

system counts and a  and b a re  determined by t h e  c a l i b r a t i o n s  descr ibed 
,' 



above. The factors a and b varied slightly during the experiment since 

instruments were occasionally interchanged or replaced. In general, 

however, the variations in a and b due to variations in amplifier 
)- : 

"' performance were small. Some gradual variations in b were observed during 
n .  . . '  . : ,  'the experiment. These variations, however, may in many cases be easily 
C <  i "' corrected for since zero point calibrations were typically made several 

a .. . ,? .. .times during each fl ight. After the calibration factors have been applied 

' 8 .  L?r to the data, any non-zero offset values simply define additive factors 
1 

i :  needed to correct the data. The calibration factors for the U.S. Sabreliner, 

C-130 and DC-6 are listed in Tables I- 111. 
' 1  -1; r 12 .3  sac' - S -:I 

d - r .  k, 
$ 

!b - I '444 ' t f  9ij,,~;ri-~'it.i Z F  Y wfjh 
. <'.tnb93 wl::)y? ~ j f i b  2 f  X 

It has been noted that the offsets determined by the inflight shorting 

of the amplifier inputs increase or decrease in time due to a heating of 

the relay contacts used to short the input. Consequently, only the first 

several seconds of amplifier shorts should be used to make an additional 

refinement on the radiation data. 



PARAMETER DATA SYSTEM DAYS a b 
I D  EFFECTIVE 

pn i l ~ b  iiitv Lt 979, rt l (&Ox ?,i\t Ifiub67 72-220 ( 5  1 *03000 wfia19 :- 34 165.83 

r zt33 L + Cox 1 qvmo;i .?n  221 -231 - 1 -0256 
' 

167.19 

f 6791 3 2  L + COX l,,ifs7di r f i ~  232-262, . , .., ,,, , .10566,, lq,, , 182.44 

:,3 i- Cqqt n vhr; .1~b351;t  
L+ COX 3 172-1 80 " 1 .I0566 

P * l f  ! 4 . u b  2 -  162.54 
270.: 3 8  j f  !IJdlf%J ? j ~ -  ~ r ,  

L + Cox 3 181 -231 '1.10566 ' ' "1 65.84 
, 791-1 i 797ds;' . r l j  70P 2 ir: & I  

L4 Cox 3 232-262" 1 .03815 ' "I' '"1 56.77 

Cox 2 

Cox 4 

Cox 4 

Table I. Calibration factors for US C-130. 

y = a x - b  

where y is irradiance in winm2 and 
x is data system counts. 
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PARAMETER DATA SYSTEM -DAY s a b 
ID EFFECTIVE Y? - .. A; QG 

- < -  - - -  
L + Cox 19 - 172-201 .53275 176.82 

) - b l  
l i t  ;. i 1 -  4 ..: 

L + COX 19 202-231 .53257 177.87 
, ,t" ' A  " I 1 I t .  1 ' 9  

COX 19 232-262 .53240 177.59 L + 
3 .. ; .i i 

COX 21 172-201 .50021 
+.q.-$? I" 

COX 21 202-231 .49826 
<:- i Is, 13 

COX 21 232-262 .49664 

b,' , ii". !:ti;: . I , .  '< , Y L  .., (1 ; 

COX 20 172-201 ,98434 H+ ... I; 

j "1 3 kj >. \ , I ) ;  l,!.' Pi; 

COX 20 202-262 .98434 
; <, ,., ,. H+ .:nS / ,  c ,  .P T; 

172-1 79 .86699 289.91 
H+ , > I  Cox 22 

4 <: ti 
180-1 94 .43888 146.56 

p 1 "+ - J J . '  LIL k M Cox 22 

195-201 .43888 147.48 
, -1 *.* H+ !\ ,, 1 COX 22 5 ,? 

, . COX 22 - , --. 202-214. . --- ,44117 --- 
148.28 

H 4 

Cox 22 

Table 11. Cal ibra t ion  f a c t o r s  f o r  US DC-6. 

JI = a x - b  

Wm-' 
where y i s  i r r ad i  ance in  and 
x is data system counts. 



PARAMETER DATA SYSTEM DAYS a b 
I D  EFFECTIVE 

H + 
Pi? .  3 I I  

Tab1 e I I I. Cal i bra t ion  fac to rs  f o r  NCAR Sabre1 i n e r  

where y i s  i r rad iance i n  and 
3-3f! ?J 707 ,:raJ x i s  data system counts; 1 



4.4 Higher Order Corrections Applied to  Data Reduction 

In a previous section, we have given a simple l inear relation between 

irradiance and voltage output of the sensor. However, as noted i n  the 

theory of operation of the instruments (Section 3.0) there are  higher 

order corrections which may be applied t o  further refine the data. These 

higher order corrections are summarized below. 

4.5 Corrections to  SW Data 

4.51 Geometry Correction for  Non Horizontal Sensor 

A1 though pyranometer mounts were careful 1 y 1 eve1 ed re1 at ive to  the 

center l ine  of the a i r c ra f t ,  the a i r c r a f t  normally f l i e s  a t  an angle of 

from three t o  f i f teen  degrees from the horizontal depending primari 1.y 

on a i r  speed, a l t i tude  and fuel load and distribution. A t  small solar  

zenith angles encountered a t  local noon i n  low lat i tudes,  t h i s  problem 

is minimized, however a t  larger zenith angles encountered prior t o  10 a.m. 

and a f t e r  2 p.m. LST the problem may become quite severe. If  one assumes 

tha t  the incident irradiance i s  dominated by the direct  component, a 

geometrical correction may be made us ing  the following formula. 

I0 = I [cos &(sin + sin s + cos + cos a cos T)  
P 

+ sin ~ ( c o s  A [tan +(sin + sin a + cos + cos s cos T) 
P 

- sin 6 sec $1 + sin A cos a sin .}I-' 
P 

where I is  the irradiance measured by the inclined sensor 
P 

I, is  the irradiance on a horizontal surface 

E i s  the angle of inclination of the sensor above the plane 
of the horizontal ( a i r c ra f t  pitch angle) 

+ i s  the la t i tude of the a i r c ra f t  

6 i s  the solar  declination 

T i s  the so lar  hour angle 



A i s  the azimuthal heading o f  the a i r c r a f t  
P 

The der i va t ion  o f  t h i s  equation may be found i n  Robinson (1966). 

4.52 Temperature Correct ion 

A1 though the Eppl ey prec is ion pyranometer does have temperature 

compensating c i r c u i t r y ,  t h i s  c i r c u i t r y  only approximately maintains a 

1 inear  re1 a t ionsh ip  over a 1 arge temperature range. 

4.521 . Sabre1 i n e r  

Corrected values o f  Hb and H+ f o r  the Sabrel iner were determined 

from the f o l  lowing expressions: 

Hb(corr) = Hb * K3(T) 

H+(corr) = H+ * K4(T) 

I n  the above expressions, H+ and H+ are i r radiances resu l t i ng  from 

the f i r s t  order data reduct ion equation given i n  sect ion 4.3. The temp- 

erature dependent funct ions K3(T) and K4(T) given i n  Tables I V  and V 

were determined from 1 aboratory measurements. The temperature, T, used 

t o  make t h i s  co r rec t ion  was t o t a l  a i r  temperature. 
I 

4.522. NOAA C-130 
I 

Corrected values of H+ and H+ f o r  the C-130 were determined from 

the  expressi ons 

H+(corr) = HI * K5(T) 

H+(corr) = H+ * K6 (T) 

where K5(T) and K6(T) are given i n  Table V I  and VII. 

4.523. NOAA DC-6 

Corrected values o f  H+ and H+ f o r  the DC-6 were determined from 

the expressions: 



Tempera tu re 
O C '(3 

Table IV. K3 as a function o f  temperature 

for use in calculating H+(corr). 

Instrument Serial No. 12515F3 

Top Sabreliner Pyranometer. 



Temperature 
O C '(4 

Table V. K4 as a function of temperature 
fo r  use i n  calculat ing H+(corr) . 
Instrument Serial  No. 12514F3 
Bottom Sabreliner Pyranometer 



Temperature 
"C 

Table VI. K5 as  a function of temperature - 
fo r  use in calculating H+(corr). 
Instrument Serial  No. 12512F3 
Top C-130 pyranometer 



Temperature 
"C K6 

Table VII. K6 as a function of temperature 
for use in calculating Ht(corr). 
Instrument Serial No. 1251 7F3 
Bottom C-130 pyranometer. 



H (co r r )  = H * K7(T) 

H ( co r r )  = H * K8(T) 

where K7(T) and K8(T) are given i n  Table V I I I  and I X .  

4.6 Correct ions t o  the LW Data 
i'f U J  ~'l3yrll9' 

The theory o f  operat ion o f  the pyrgeometer i s  given i n  sect ion 3.2. 
- --- - - - .- ---- 

The paragraphs below exp la in  how these cor rec t ions were appl ied t o  spec i f i c  

a i r c r a f t .  

4.61 Sabre1 i n e r  

I n  the f i r s t  order LW data reduction, one depends upon e lec t ron ic  

c i r c u i t r y  t o  approximate the e f f ec t s  o f  the terms shown a n a l y t i c a l l y  i n  

Eq. 1. Considerable improvement i n  the instrument performance may be 

achieved i f  these terms are evaluated ana l y t i ca l l y .  I n  the fo l lowing 

paragraphs, the data reduct ion procedures used t o  incorporate a n a l y t i c a l l y  

the e f f ec t s  o f  the s e l f  emission o f  the thermopile and the dome-sink 

temperature dif ferences are explained. The f o l l  owing equations were used 
. . - - ---. -.-. - --. --....- 

t o  make the correct ions. 

-8 4 L t ( c o r r )  = K1 ( L t  - LB) + 1.327 x I O - ~ U S T ~  - 7.654 x 10 UDT 

L+(corr)  . ? - ,  . = c .  - K 2 ( L + - L ) + 1 . 3 2 7 x 1 0 - 7 ~ ~ ~ 4 - 7 . 6 5 4 x 1 0 - 8 0 ~ ~ 4  . . -Be . , .. . - (10) 

;Idrhi: .-.\, L ,<:?' . ! ~ t ! t * ~ d  z f ~ l  
where L+ and L+ are the r esu l t an t  i r radiances from the f i r s t  order data 

reduct ion (sect ion 4.3). A de ta i l ed  desc r ip t ion  o f  the cor rec t ions given 

i n  Eq. 5 and 6 i s  given i n  Appendix A. The var iables UST, UDT, DST and 

DDT are defined i n  Table X I V .  LB i s  the s e l f  emission o f  the thermopile 

and i s  determined from the ba t te ry  voltage, Eo, given i n  Table X as a 

funct ion o f  Ju l i an  Day and from Table X I  which gives LB/Eo as a func t ion  

of temperature (UST, DST). 



Temperature 
" C K7 

Table VIII. K7 as a function of temperature 

for  use in calculating H+(corr). 
Instrument Serial No. 1251 6F3 
Top DC-6 pyranometer 



Temperature 
" C 

Table IX. Kg as a function of temperature 

f o r  use i n  calculat ing H+(corr) 
Instrument Seri a1 No. 1251 3F3 
Bottom DC-6 pyranometer. 



DAY BATTERY VOLTAGE EoVOLTS 

Table X Sabre1 i n e r  b a t t e r y  vo l t age  
as a  f u n c t i o n  o f  J u l i a n  Day. 



INSTRUMENT 
TEMPERATURE 

Table X I  Sabre1 i n e r  LB/Eoas a f u n c t i o n  

o f  ins t rument  temperature. 



The fac to rs  K1 and K2 are given i n  Tables XI1 and XI11 as a funct ion o f  

temperature (UST, DST) and co r rec t  f o r  the va r i a t i on  o f  instrument 

s e n s i t i v i t y  w i t h  temperature. The temperature parameters described i n  

Table X I V  were converted from raw data t o  temperatures by using the 
I Y .  1 J > d  1. 

conversion formul a. 

xs-rar 
4.62 NOAA C-130 Self Emission Correct ion 

I n  add i t i on  t o  the f ou r  parameters L+, L4, determined i n  the f i r s t  

generation procedure, two parameters, L+ (co r r )  an$, k+(corr)  were i n c l  uded 

i n  the reduced parameters. These parameters are given by the equations 
*I%,. - L  . 

L+(corr)  = L+ + sLT (12) 

SLT i s  i den t i ca l  f o r  each instrument and depends on ly  on instrument 

temperature ( t o t  $ ~ 3 ; J ~ 7 ~ g ~ [ & ~ q f 2 f g a r - & h e  DC-6 and C-130). The 6LT 

co r rec t ion  accounts fo r  the dev ia t ion between the actual emission o f  the 

thermopile surface (co 0TS4 i n  Eq. 1) and the s ignal  produced by the 

i n t e rna l  c i r c u i t r y  o f  the Eppl ey pyrgeometer. A de ta i  1 ed descr ip t ion o f  

t h i s  cor rec t ion i s  given i n  Appendix A. The dependence of 6LT on temp- 

era ture  i s  given i n  Table XV. 6LT has u n i t s  o f  ~ m - *  i den t i ca l  t o  the 

u n i t s  o f  L+ and Lf. Since 6LT w i l l  general ly  vary s lowly w i t h  time, i t  

need no t  be redetermined any more f requent ly  than once every 15 seconds. 



> TEMPERATURE 

i 220?1j Table XIIa. For use i n  ca lcula t ing L+(CORR) 
I { ( I , ;  #;A> ,lp,iuTr,-, <+,:  f o r  Julian Days 197 through 240 only. 

<, f t  ffiqqq r4 Y >; nit.* r K1 as  a function of temperature. 

. ~:~l;j,- : . 1 It: ,' Id f - Instrument Ser ia l  No. 12504F3 
'- Top Sa brel i ner Pyrgeometer 

f t I ! ) .  ' . . . z , ---- *"  - 



1 .'; TEMPERATURE 

(~~14) Table XIIb For use in calculating L+(CORR) 
.X !no Obi; dpuoV!m zYfl for Jul ian Days 241 through 262 only. 

.9w~t.lM.4f ncij K1 as a function of temperature. 
&?.fW>' '3b4 ff i1-i4 Instrument Serial No. 12506F3 

7s Top Sabreliner Pyrgeometer 



Temperature 
" C K2 

Table XIIIa For use i n  calculat ing L+(CORR) 
fo r  Jul ian Days 197 through 240 only. 
K2 as  a function of temperature. 
Instrument Ser ia l  No. 12506F3 
Bottom Sabre1 i ner Pyrgeometer 



Temperature 
"C K2 

Table XIIIb For use in calculating L+(cORR) 
for  Julian Days 241 through 262 only. 
K2 as a function of temperature 

Instrument Serial No. 12504F3 
Bottom Sabreliner Pyrgeorneter 



PARAMETER DESCRIPTION ARIS LOCATION 

UST 
s. : a  ,:'- 

UDT 

'. :: 
, .. 

DST 
, , 

% . >  

DDT 

Temperature of top 
pyrgeometer sink 

Temperature to  top 
pyrgeometer dome 

Temperature of bottom 
pyrgeometer sink 

Temperature of bottom 
pyrgeometer dome 

Table XIV Four additional channels on the Sabreliner 
used to record the temperature of the dome 
and sink of the LW sensors. 



TABLE X V  

6LT AS A FUNCTION OF TEMPERATURE 

TEMPERATURE 
("C) 



4.63 NOAA DC-6 

I n  add i t i on  t o  a s e l f  emission correct ion,  some so lar  heating o f  

the KRS-5 dome was detected from the data. Dome temperature measurements 

dur ing p a r t  o f  the experiment were used t o  develop an empir ical  r e l a t i on -  

ship between so la r  i r rad iance and a dome heating cor rec t ion.  

4.631 Se l f  Emission Correct ion 

The terms L+(cor r )  and L+(cor r )  described above a lso  need t o  be 

determined f o r  the DC-6 data. The equations f o r  these parameters are 

s i m i l a r  t o  those used above. (See sect ion 4.632 f o r  an explanation of the 

o r i g i n  o f  the 20 wmm2 b ias  app l ied t o  L+ i n  Eq. 14.) I.e., 

Lc(cor r )  = LI + 6LT - 20.0 

L t ( co r r )  = L t  + 6LT. 

6LT i s  determined from t o t a l  a i r  temperature and Table XV.  

4.632 Solar  Heating o f  the DC-6 Pyrgeometer KRS-5 Dome 

The e f f e c t  o f  the so lar  heating o f  the  dome may be minimized by 

applying the f o l  lowing add i t i ve  cor rec t ion t o  the L+(cor r )  value given 

i n  Eq. 14: (Hi+ - Hit2) 
6Li = -.0311 Hi+ + .0666 2.0 + 20.0 

where Hi+ i s  the so la r  i r rad iance a t  the ith second. A de ta i l ed  

der i va t ion  of t h i s  r e l a t i onsh ip  i s  given i n  Appendix B. The coe f f i c i en t s  

i n  Eq. 16 are equal ly  v a l i d  i f  Eq. 16 i s  averaged over some t ime i n t e r va l .  
(Hi+ - Hit2) 

For averages over s u g f i c i e n t l y  l a rge  time in te rva ls ,  the term .0666 2.0 

may be ignored. The +2-.0 term i n  Eq. 16 r esu l t s  from a constant b ias  

o f  -20.0 ~ r n - ~  appl i e d  t o  a1 1 longwave downward DC-6 data (see Eq. 14). 

The purpose o f  t h i s  b ias was t o  e l iminate  i n  an average sense some o f  

the uncer ta in ty  due t o  so lar  heat ing o f  the dome. The -20.0 wmm2 term 



corresponds to  a constant solar irradiance of approximately 640 ~ m - ' .  

I t  should be noted tha t  t h i s  bias was a1 so appl ied t o  the offset  values 
gW M;O[) r i:X? 4' '  

discussed in Section 4.3. 
d j  q~ $46~; ' l ' f b ' ~ : ~ , .  

' ll 
5.0 CONCLUDING REMARKS I' tiiij; r 1 9 ~ w $ ~ , ~  ':!. I+* 

The scrupulous user of the broadband radiation data from the DC-6, 

C-130 and Sabreliner a i r c r a f t  should be able to  reconstruct a l l  data 

reduction steps from the information compiled in th i s  report. This 

information has been taken from many different  sources and i s  spread 

over a time interval from two years prior to  GATE to  the present, 

18 months a f te r  the GATE f ie ld  phases. 

An overall evaluation of the success of t h i s  program will not come 

until  these data are subjected to  the detailed scrutiny of sc ien t i f ic  

users. However, a t  t h i s  point in time, we feel that  the data do, in 

general, offer suff ic ient  variety and quality fo r  application to  a 

number of important and timely sc ien t i f ic  problems. This does not by any 

means imply that  the data are perfect for  we have pointed out some specific 

problems and there are probably other problems which will be discovered by 

future users. 

Table XVI l i s t s  the presently known problems with the broadband 

hemispheric a i r c r a f t  data. These entries fa1 1 into three categories: 1 ) 

the problem has been identified and a solution implemented and incorporated 

in the data reduction; 2 )  the problem has been noted and a solution has 

been proposed, however, incorporated into the data reduction and 

3)  the problem has been noted, however, there i s  no suggested remedy (NSR) 

given a t  t h i s  time. The type 2)  entr ies  i n  Table XVI are footnoted. 
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A. I. INTRODUCTION 

The Eppley Laboratories pyrgeometer is an instrument designed to 

measure hemispheric radiation in the 4-50 p spectral rarlge. Although this 

sensor was originally intended to be used in a ground station configuration, 

pyrgeometer measurements have been successful ly made from ai rcraft (A1 brecht, 

et al, 1974; abbreviated A74). During GATE, Eppley pyrgeometers were 

mounted on five of the U.S. aircraft participating in that experiment. 

Under certain circumstances, pyrgeometer measurements made from 

aircraft may be more precise than those made from a ground station 

installation. This is particularly true for daytime measurements when 

the solar load on the sensor is large (A74). In the ground station 

installation, the KRS-5 hemisphere of the instrument is heated by the solar 

radiation. This heating results in erronesouly high outputs. When 

mounted on an aircraft, the increased air flow tends to minimize the 

effect of the solar heatingu 

In other instances, however, the extreme temperature variations 

experienced by the sensors mounted on aircraft may degrade the precision 

of the pyrgeometer measurements. This is particularly true for sensors 

mounted on aircraft capable of flying at very high altitudes. 

In this paper, the systematic errors which may be encountered in aircraft 

pyrgeometer measurements are explored and techniques are developed to correct 

these measurements. The techniques developed are used to correct a real 

data set. The magnitude of each correction term is considered and the 

effect of these corrections on the infrared heat budgets is discussed. 



A.11. PYRGEOMETER PERFORMANCE: THEORETICAL VS. ACTUAL 

The pyrgeometer consists o f  a thermopile enveloped by a KRS-5 hemi sphere. 

An in ter ference f i l t e r  i s  vacuum deposited on the ins ide  o f  the hemisphere. 

By accurately spec i fy ing the heat budget o f  the sensor, the r ad ia t i on  
I ' 

i nc iden t  upon the sensor may be expressed i n  terms of thermopile output 

and sensor temperatures. I n  A75, 9 heat budget r e l a t i onsh ip  was derived 

f o r  the Eppley pyrgeometer which may be w r i t t e n  as 

I 

where L i s  the inc iden t  i r radiance,  Lnet i s  ne t  rad ia t ion  a t  the thermopile 

surface, T, i s  the temperature o f  the thermopile co ld  junct ion ( re fe r red  t o  

as the s ink temperature) and Td i s  the temperature o f  the KRS-5 hemisphere; 1 
E i s  the emiss iv i t y  o f  the thermopile surface, a i s  the Stefan-Boltzman 
0 

constant and k i s  a constant which may be experimental ly determined. 
I 

I n  ac tua l i t y ,  the Eppley pyrgeometer uses thermis tor - res is tor  networks 

t o  represent the T , ~  and T , ~  dependencies ind icated i n  Eq. (1). The 

constants cl, c2 and E, are determined i m p l i c i t l y  when the instrument i s  

ca l ib ra ted.  Ca l ib ra t ions are made, however, w i t h  Td = TS; hence, the l a s t  

term i n  Eq. (1) i s  no t  considered. It should be noted, however, t h a t  i n  

actual  operat ion nothing guarantees t h a t  Td w i l l  equal TS. 

The i n t e rna l  pyrgeometer c i r c u i t r y  used t o  account f o r  the temperature 

dependencies i n  the f i r s t  two terms on the r i g h t  hand s ide o f  Eq. (1) i s  

shown i n  Fig. A-,l . The l e f t  hand s ide o f  the c i r c u i t  i s  the c i r c u i t  used t o  

4 approximate the E ~ O  Ts term. The r i g h t  hand s ide o f  the c i r c u i t  i s  the 

3 temperature compensated thermopile output and represents L , , ~ ~ ( C ~  + c2 Ts ). 

3 3 Since cl >> c2 Ts f o r  a l l  temperatures and + c2 TS ) i s  less than 

3 
E ~ C J T ~ ~ ,  temperature correct ions i n  the term ~ ~ ~ ~ ( c ~  + c2 Ts ) w i l l  be small 

compared t o  other correct ions and w i l l  no t  be considered a t  t h i s  time. 
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i. 1 

There are a t  leas t  two possible circumstances when the left-hand side 

of the c i r cu i t  shown in Fig. A-1 does not accurately produce a signal 

equivalent to  the roo T~~ term. The f i r s t  i s  due to  uncertainties in the 

battery voltage E.  The second i s  the inabi l i ty  of the c i r cu i t  t o  reproduce 

the T~~ dependence over a large range of temperatures. 

As indicated above, the pyrgeometer c ircui t ry makes no attempt t o  
4 4 approximate the ko(Td - Ts ) term in E q .  (1) .  For sensors mounted on an 

a i r c ra f t ,  there are several si tuations when th i s  term may be significant.  

This i s  particularly true immediately a f t e r  ascent or  descent to  a different  

level.  The KRS-5 dome in these cases will respond quickly t o  the temperature 

variations, b u t  the remainder of the instrument responds much more slowly. 

Even a f t e r  several minutes of f l i g h t  a t  a particular level,  there may be 

compressional different ial  heating of the instrument. Hence, a temperature 

difference between dome and sink may even exis t  as a steady s t a t e  condition. 

If E q .  (1) i s  considered t o  be an accurate representation of the 

pyrgeometer's heat budget, the actual irradiance L may be written i n  terms 1 
of the actual instrument output as 

L = L I + 6 L  B + S L  T + 6 L  DS 

L I  in th i s  equation i s  the uncorrected instrument output, 6LB i s  a 

correction fo r  differences between actual battery voltage, E ,  and some 

standard voltage, Eo. 6LT i s  a correction f o r  the non-1 inearity between 
4 4 4 the battery c i r cu i t  output (Lo) and E ~ O T  and dLDS = -ko(Td - Ts ).  

In the following, each of the correction terms in Eq.  ( 2 )  will be 

considered in detai 1 to  determine the i r  magni tudes and dependence on sensor 

temperature. 



A. I I I .  PYRGEOMETER CORRECTIONS 

A. Battery Voltage Uncertainties 

The voltage, EA, shown in Fig. A-1 i s  suppl ied by a small mercury ce l l  

mounted inside the instrument. Although the voltage of the mercury ce l l s  

used are generally quite s table ,  small variations in th is  voltage may resul t  

in large variations i n  the pyrgeometer output. 

Referring t o  the left-hand side of Fig. 1, i t  i s  evident that  

where Eo i s  some standard voltage,(Eo = 1.35 vo l t s ) ,  ko  i s  the instrument 

sensi t ivi ty  , and 

- - Rl R~ 
R ~ l  R1 + R~ ' 

Typical values of 6LB/(EO- EA) calculated from Eq. (3)  are shown in Fig. A-2. 

I t  i s  apparent tha t  the largest  absolute errors due to  the battery voltage 

uncertainty occur a t  warmer temperatures. The relationship shown in Fig. A-2 

indicates that  a .10 volt  variation in the battery voltage will resu l t  in 

a 33 ~ m - ~  variation i n  instrument output a t  25OC. The variations become 

absolutely smaller a t  colder temperatures, although the relat ive variation 

may be as large. 

During GATE, the pyrgeometer bat ter ies  were mounted in the cabin of 

the NCAR Saber1 iner  a i r c ra f t  t o  prevent battery fa i  1 ure a t  1 ow temperatures. 

The voltages of the mercury cel l  s varied from 1.50 to  1 .35 volts during 

the experiment. Although the ce l l s  used fo r  these pyrgeometers did not 

appear to  be as s table  as those typically used in the instrument, these 

variations will resu l t  i n  @n error of 45 hm2 a t  25OC, 
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Figure A-2. 6LB/(E0 - EA) as a function o f  temperature. 
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B. Non-Lineari ty of Pyrgeometer Temperature Compensation Circuitry 

To determine the errors  introduced by the non-linearity of the battery 

c i r cu i t ,  the term E ~ ~ T ~ ~  in Eq. (1 ) i s  compared to  the corresponding output 

of the instrument. Using Eq.  ( 3 ) ,  t h i s  may be written as 

V) 
. I  The emissivity, E ~ ,  of the thermopile surface i s  approximately 1 .O. To 
r -  '+ 
* 
1 

:p 
determine an exact value f o r  eo, i t  was assumed that  SLT = 0 a t  15OC, the 

L' 

temperature a t  which sensor sens i t iv i t i e s  were determined by Eppl ey. 
k' I 

Values of SLT calculated using E q .  (5) are shown in Fig. A-3 as a 

function of cold junction temperature. For temperatures between 30°C and 
-2 

3 ,- 
4 

-25OC, the value of 6LT i s  less  than + 8 ~ m - ~ .  However, a t  temperatures 

7 

('I 

less  than -25OC, the value of 1 6LT I increases rapidly with decreasing 

Jemperature . 
-4 J 

The SLT errors  a t  low temperatures are not only large i n  the absolute 

sense, b u t  may be extremely large in the relat ive sense. Consider, fo r  

example, a hypothetical case in which the actual downward longwave irradiance 

i s  70 ~ m ' ~  a t  a temperature level of -55OC and 80 ~ m - ~  a t  -45°C. If i t  i s  

assumed tha t  the thermopile output of the instrument i s  correct a t  both 

levels,  the actual instrument output would be 125 ~ m - ~  a t  -55OC and 117 ~ m - ~  

a t  -45OC. Not only are these values i n  error  by more than 40 ~ m - ~ ,  the 

irradiance measured by the sensor actually increases w i t h  height. This 

increase of i rradiance w i t h  height was observed on the NCAR Saber1 iner 

during GATE when legs were flown a t  11.9 km and 13.1 km respectively. I t  i s  

important to  note, however, t ha t  i f  both the upward and downward facing 

sensors are a t  the same temperature, the 6LT correction will not affect  
Y d  

the net i rradi ance a t  a level. 





C. Dome-Sink Temperature Differences 
4 4 To determine the magnitude of the term ko(Td - TS ) i t  i s  necessary 

gi t o  make independent measurements of Td and TS. I t  i s  not obvious, however, 

' how the dome temperature Td should be determined, since the temperature 

may not be constant over the en t i re  dome. 

The instruments used on the Saberliner had a small bead thermistor 

attached to  the inside of the KRS-5 hemisphere. The temperature determined 
W 
33 a t  th i s  single point may be significantly different  than the average dome 

CU 
temperature. However, i f  variations in th i s  temperature are representative -4 

6 of the average temperature variations of the dome, the ka(Td 4 - Tc 4 ) 
33 mL- 

I relationship should be maintained with the proper choice of k .  
df 

An attempt was made t o  determine the constant k from a real data s e t .  

The particular data used was collected d u r i n g  a NCAR Saberliner f l i gh t  made 

+ C)l 1 on August 17, 1974, approximately 320 km off the coast of Senegal, West 

' Africa. During th i s  f l i gh t ,  a uniform stratocumulus deck with a top a t  
W I 

approximately .9 km was observed. Haze to 4.73 km and some high cirrus  

were also reported. The f l i g h t  consisted of 19 constant pressure a l t i tude  

legs,  each of a duration of approximately four minutes. The legs were flown a t  

a1 t i  tudes of 9.45 km t o  15 rn above the sea surface. 

The NCAR Saberliner was equipped w i t h  both upward and downward facing 

- i l  pyrgeometers during GATE. The mil l ivol t  outputs from these instruments were 

amp1 i f i ed  to  a 0-5 vol t  range and were recorded on magnetic tape a t  a 
L- 

sampling ra te  of four per second. Dome and s i n k  temperatures were 

determined using t hemi s tors  mounted within the instrument and were a1 so 

recorded on magnetic tape. 

To determine k a t  a particular level,  i t  i s  assumed tha t  the infrared 

target  viewed by the instrument i s  constant. The o u t p u t  of the instrument 



(corrected fo r  6LB and 6LT errors)  is then correlated l inearly with 

4 4 
o(Td - Ts ) .  The slope of the l inear  relationship between the 

instrument output determines k ,  as shown for  example in Fig. A-4. 

. The resul ts  shown in Fig. A-4 were determined a t  a constant pressure level 
L ' 

d t 

of 45.3 kPa using the upward facing sensor. The temperature a t  t h i s  level i 
was -10.4"C and was preceeded by a descent from a level of 28.8 kPa and 

-33°C. Consequently, since the sink temperature responds slowly to  t h i s  
, 01 i I 

temperature change, Td > TS during the en t i re  leg. The difference between ~ 
Td and Ts decreases w i t h  time. The l inear  f i t  a t  th i s  level i s  excellent 

,- 1 
I 

with k having a value of 3.67. Only values every f i f teen  seconds are 

shown in Fig. A-4. A t  a l l  levels and for  both instruments, a similar 

analysis was performed using values averaged over three second intervals.  

the 1.35 value of k reported in A75 under laboratory conditions. Values 
-4 

'." 
$4 --. l of k determined a t  other temperatures are shown i n  Fig.  A-5. In a few cases 

., * 

the k values shown in Fig. A-5 were determined subjectively. This was done 
c 4 

when instrument output variations were obviously due t o  variations in the 

infrared target .  In other cases, no clear  l inear  trend was discernable 

and k values could not be determined. This was particularly true for  f l i g h t  

levels made i n  the vicini ty  of the s t ra tus  or when Td 2 Ts during the 

en t i re  leg. 

The values of k fo r  the downward facing sensor ( ~ i g .  A-5)  compare 

favorably w i t h  the laboratory value of 1.35. The value a t  -33OC, however, 

i s  significantly larger than 1.35, although the variation of Td - TS was 
1 

small fo r  th is  case. 

The values of k fo r  the upward facing sensor varies from 1.0-1.8 fo r  

temperatures wanner than 0°C. However, a t  temperature colder than O°C, the 





Upward Facing Pyrgeometer = A 

Downward Facing Pyrgeometer = a 
* -  * 1  

AIR TEMPERATURE ( O C )  

Figure A-5 .  k values as a function of temperature for  downward 
and upward facing pyrgeometers. 



k values appear t o  increase with decreasing temperatures to  a value 

approximately three times as great as the laboratory value. Unfortunately, 

the data in th i s  single f l i g h t  i s  not suffiqient t o  confidently establish 

any relationships between k and instrument temperature. In the future, 

additional data will be investigated to  determine k values a t  cold temper- 

atures.  During GATE, several f l i gh t s  were made during clear sky conditions. 

Although these data are not presently available, they should prove t o  be 

very useful in establishing the variations in k as determined by the 

single point dome temperature measurements. 

3 '3 - 2: 5 0 t. Q p c: ,-, Q,J 4, , t '" tt LT ( , -4 dk-  * - $ Spa iw t% :" "'" - - -  L.3 ")r4 f':? (Irp. 



A. IV. APPLICATION OF CORRECTIONS TO REAL DATA 

The temperature corrections described above were applied to  a real 

data se t .  The f l ight  considered was flown on August 17, 1974 and i s  the 

same f l igh t  used previously to determine the viilue of k in the 6HdS 

correction term. The pyrgeometer battery voltages needed to  make the 

6HB corrections were measured to  be 1.49 volts for  both the upward and 

downward facing sensor. The corrections were performed using three 

second averages of uncorrected pyrgeometer outputs and thermistor 

measurements. The k needed to make the 6LdS correction was assu~ed to 
. ., 

The downward irradiance (measured by the upward facing pyrgeometer) 

averaged over the l a s t  two minutes of each leg i s  shown in Fig. A-6 for 

both the corrected and uncorrected data. The average leg was approximately 

four minutes long. As indicated in Fig. A-6, the corrected and uncorrected 

values d i f fer  by as much as 80 ~ m - '  a t  30.0 kPa .  These differences 

decrease to approximately 30 wmm2 a t  300 mb. 

The f l ight  made on August 17 actually consists of two separate 

profiles, each made in a descending mode. The agreement shown i n  F ig .  A-6 

between the measurements made during each profile i s  excel lent  even 

though cloud cover was not absolutely uniform. 

The magnitudes of the individual correction terms averaged over the 

l a s t  two minutes of each leg are shown as a function of pressure in 

Fig .  A-7 for Run I .  The 6LB term accounts for a large portion of the 

correction since battery voltages were relatively large on th is  f l ight .  

The large differences a t  low levels are almost total ly due to th is  h i g h  

voltage. The correction 6LdS resulting from temperature differences 

between the dome and sink difference has an average value of 10-12 wmm2. 
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IRRADIANCE (wa t ts  mo2)  
Figure A-7. Correction terms as a function of altitude 

for August 17, 1974, Sabreliner flight. 



This resul ts  from the dome having a s l ight ly  warmer steady s t a t e  

temperature than the sink of the instrument. The correction for  the 

non-1 ineari ty of the pyrgeometer ci  rcui t averages + 4 A1 though 

th i s  i s  a relatively small correction, i t  may be, as shown by Fig. A-3, 

much greater f o r  f l i gh t s  made a t  very cold temperatures. 

The correction terms for  the downward facing pyrgeometer are shown 

in Fig. A-7 .  These corrections are nearly identical to  the corrections 

for  the upward facing instrument. Consequently, the infrared heating ra te  

calculated from the corrected and uncorrected data should not be s ignif i -  

cantly different .  I t  should be noted, however, that  the correction values 

shown in Fig. A-7 represent steady s t a t e  values since these values are the 

average value over the l a s t  two minutes. Heating rates calculated from 

corrected and uncorrected data may d i f f e r  i f  the instruments are not in 

thermal equi 1 i brium. 

The infrared heating rates calculated from the corrected and 

uncorrected irradiance values are shown in Fig. A-8. As indicated by the 

variations of the correction terms in Fig. A-7, the heating rates  for  the 

corrected and uncorrected data do not d i f f e r  s ignif icant ly except a t  

higher al t i tudes.  A t  the higher l ~ v e l s ,  the differences are %.4OC day", 

while below 55 kPa, the differe&es are <.l0C day''. The infrared 
r_ 

<* ) - heating rates for  Run I 1  are not shown here. During tha t  portion of the 
AJ 

f l i g h t ,  condensation in the external connector of the downward facing 

instrument provide a conductive path between the mil l ivol t  o u t p u t  of the 

instrument and the thermistor connections. 

As shown in A75, the dome-sink correction term may be useful in 

eliminating the errors which occur before dome-sink temperatures s tab i l ize  

following ascents and descents. To demonstrate t h i s ,  the difference 
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Figure A-8. Infrared heating ra tes  calcul ated from corrected 
and uncorrected pyrgeometer measurements. 
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between the  u n c o r ~ e c t e d  downward i r r a d i a n c e  dverdged dver t h e  f i r s t  two 

minutes o f  each l e g  and the  l a s t  two minutes i s  compared t o  a  s i m i l a r  

d i f fe rence ca l cu la ted  from the  cor rec ted  data. I f  the  ac tua l  downward 

i r r a d i a n c e  i s  assumed t o  be constant,  then t h e  d i f f e r e n c e  between the  

f i r s t  two minutes and l a s t  two minutes should be smal l .  The r e s u l t s  

shown i n  Table 1  i n d i c a t e  t ha t ,  i n  general ,  t h i s  d i f f e rence  i s  

approximately 4  ~ m - *  smal le r  f o r  t h e  co r rec ted  data than the  same 

d i f ference ca l cu la ted  w i t h  t he  uncorrected data. The d i f fe rences  i n  

some cases, however, are l a r g e  f o r  both t h e  cor rec ted  and uncorrected 

data. These l a r g e  d i f f e rences  may be due t o  h o r i z o n t a l  v a r i a t i o n s  i n  

t h e  ac tua l  downward i r r ad iance .  The l a r g e s t  d i f fe rences  a1 so occur a t  

h ighe r  l e v e l s  where t h e  k  values determined p rev ious l y  were s i g n i f i c a n t l y  

l a r g e r  than the  1.35 value used t o  make these co r rec t i ons .  

A  f u r t h e r  comparison o f  co r rec ted  and uncorrected data i s  shown i n  

F igs.  A-9a and b. These measurements were made from the  Saber l iner  on 

J u l y  30, 1974. The f l i g h t  p a t t e r n  f lown du r i ng  the  15 minutes o f  data 

shown cons is ted  o f  a  descent from 87.0 kPa t o  94.2 kPa from 13:45:00 t o  

13-6:58. The 94.2 kPa pressure l e v e l  was mainta ined u n t i l  13:50:30 a t  

which t ime the  a i r c r a f t  ascended t o  92.5 kPa and mainta ined t h i s  l e v e l  

u n t i l  13:56:00. The data shown from 13:57:30 t o  13:60:00 were recorded 

a t  a  pressure l e v e l  o f  91.0 kPa. The t r a n s i e n t  response o f  t h e  

ins t rument  i s  q u i t e  ev ident  i n  t h e  uncorrected data, w i t h  v a r i a t i o n s  as 

l a r g e  as + 4 Wm-2 occu r r i ng  dur ing  a  p a r t i c u l a r  leg .  I n  ;t cases, t h e  

co r rec t i ons  reduce these v a r i a t i o n s  t o  l e s s  than + 1 ." ~ m - ' .  
- .- - - - - - "-* \ ,- , 



Tab1 e A-la. Average of f i r s t  two minutes 
minus average of l a s t  two 
minutes of each leg for  upward 
facing pyrgeometer. 

RUN I 

Uncorrected Corrected 

RUN I1 

Uncorrected Corrected 



TIME (minutes after 13 hours) 

Figure A-9a. Uncorrected pyrgeometer measurements for 
July 30, 1974, Sabreliner flight. 



TIME (minutes af ter  13 hours) 

Figure A-9b. Corrected pyrgeometer measurements for 
July 30, 1974, Sabreliner f l i g h t .  



A. V. CONCLUSIONS AND RECOMMENDATIONS 

Eppley pyrgeometer measurements made from a i r c ra f t  may be subject t o  

several sources of error.  The principal errors  identified in th is  report 

are due to  (1) uncertainties in battery voltages, (2) non-linearity of 

c ircui t ry a t  extreme temperatures and ( 3 )  errors due to  different ial  

heating of the instrument. Although these errors  may be large in the 

absolute sense (as large as 50 ~ m - * ) ,  they do not appear to  affect  the net 

radiation i f  the upward and downward facing instruments are a t  the same 

equi 11 i brium temperatures. 

The errors i n  the output may be largely eliminated i f  independent 

measurements of the dome and sink temperatures are made. These corrections 

not m l y  reduce the absolute errors  s ignif icant ly b u t  a1 so significantly 

decrease the transient response of the instrument. 

From the resul ts  obtained in th i s  report, i t  appears that  measuring 

k dome and sink temperatures and monitoring battery voltages and using th is  

infomati  on to  decompose the pyrgeometer output and obtain the corrected 

output may not be the most e f f ic ien t  means of making pyrgeometer 

measurements from a i r c ra f t .  I t  may be more e f f i c i en t  t o  simply 

accurately measure the thermopile output and the dome and sink temperatures 

and t o  determine the measured irradiance in the reduction of the data. 

Another a1 ternative would be to  sophisticate the internal c i rcui t ry of 

the pyrgeometer t o  eliminate the errors discussed above. 

Regardless of the method used to  improve the precision of the Eppley 

pyrgeometer, instruments designed specifical ly  fo r  a i r c ra f t  should be 

equipped with separate external connectors for  instrument output (or 

thermopile output) and thermistor measurements. The mv output i s  easi ly  

contaminated by condensation within the connector providing a conductive 

path t o  other pins on the connector. 



Additional pyrgeometer data also needs to  be analyzed in order that  

the k value needed to make the dome-sink correction can be determined a t  
I & " \  4 , ,- ' / A  

various temperatures and air'speeds. An analysis of th is  type may 

be useful in evaluating the validity of determining the dome temperature 

from a single point measurement. 
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B- I  . INTRODUCTION 

As mentioned i n  Appendix A, t h e  a i r f l o w  over t h e  pyrgeometers tends t o  

i minimize the  heat ing  o f  t h e  KRS-5 hemisphere due t o  t h e  absorp t ion  o f  

: s o l a r r a d i a t i o n .  However, f o r  s lowermov ing  a i r c r a f t  (e.g. t heU.S .  DC-6) 
i 

: t h e a i r f l o w m a y n o t b e s u f f i c i e n t  t o p r e v e n t  s o l a r h e a t i n g o f  thedome. 

Th i s  i s  ev ident  i n  t h e  Lc and H+ measurements shown i n  F ig.  B-1. These 

measurements were made a t  13002, September 7, 1974, over  t h e  GATE a r r a y  

I - f rom the  DC-6. The pressure l e v e l  o f  t h e  a i r c r a f t  du r i ng  t h i s  t ime i s  

1 ,:! ,1002 mb and t h e  f r e e  a i r  temperature i s  approximately 25.5"C. The L+ data 
& 1 

' ' 8  'shown i n  F ig.  B-1 appears r o  oe s t r o n g l y  c o r r e l a t e d  t o  t h e  dowft3abc' 
t i  

II ' +  i ryadipnce.  Physica l  ly ,  howWeevper, one would expect very  1  i t t l e  o r  r g h t l y  
: I I 

L 4  

: 1;egative c o r r e l a t i o n  betwee; these two parameters a t  t h i s  l e v e l  i n  t h e  
1 

atmosphere. 1 
I 

4 ,  
% 

The p o s i t i v e  c o r r e l a t i o n  between t h e  downward 1  ongwave and downward 

shor twave i s  cons i s ten t  w i t h  t h e  v a r i a t i o n s  i n  temperature d i f f e r e n c e s  ; .  
I 

! Between t h e  dome and s ink .  Th i s  i s  shown i n  F ig.  8-2 y t e r e  30 second 
i 
I 1 
I averages o f  a  c o r r e c t i o n  f a c t o r  based on measured dome and s i n k  temperature 

r ' -.d i f fe rences  a re  shown t o  be c o r r e l a t e d  w i t h  t h e  downward i r r a d i a n c e  values 
i 

averaged f o r  t he  same t ime i n t e r v a l .  I t  should be noted t h a t  t he  i n t e r c e p t  

o f  t h e  temperature c o r r e c t i o n  shown i n  F ig.  B-2 has n o t  been c a l i b r a t e d  

abso lu te ly .  The r e l a t i v e  v a r i a t i o n s  w i l l  be cons is ten t ,  however, s ince  

a i r  temperature i s  approx imate ly  constant  du r i ng  t h i s  per iod.  i 
B-11. METHOD OF CORRECTION 

The data presented i n  F ig.  B-1 and F ig .  B-2 i n d i c a t e  t h a t  a  c o r r e c t i o n  

on Le may be expressed d i r e c t l y  i n  terms o f  t he  downward i r r ad iance .  Th i s  

method o f  c o r r e c t i n g  t h e  heat ing  o f  t h e  dome due t o  s o l a r  r a d i a t i o n  on t h e  
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I 
i 

DC-6 i s  appeal ing s ince 1 )  t h e  temperature d i f f e r e n c e  between the  dome and 

/ s i n k  was n o t  determined f o r  t h e  e n t i r e  GATE, 2)  t h e  dome temperature i s  

determined a t  a  s i n g l e  p o i n t  so t h a t  a  c o r r e c t i o n  der ived  from t h i s  data 
P 

may depend on s o l a r  and a i r c r a f t  geometry, and 3) t h e  i n t e r c e p t  value o f  
:3 I g ;the c o r r e c t i o n  i s  n o t  known t o  any c e r t a i n t y  on t h i s  p a r t i c u l a r  a i r c r a f t .  
h' ?' 

I r.2 

i Z--, To determine a  c o r r e c t i o n  formula based on t h e  i n c i d e n t  s o l a r  
/' / ' r a d i a t i o n ,  an equat ion o f  t he  form /+ 

- lp 
9 i .,%where Ci.corr = L +  + SL, and a  and b  a re  constants i s  assiurned: The 

-cP I O 3 
i 

,,deri v a f  i v e  o f  t h e  downward shortwave i r r a d i  ance represents a  backward 

I g$d.r ivat ive i n  t ime and i s  inc luded i n  Eq.  1  s ince  i n t u i t i v e l y  i t  i s  l o g i c a l  
2. '0  

j , :that t h e  des i red  c o r r e c t i o n  may depend on t h e  "pas t "  heat ing  h i s t o r y  o f  

I ", . 
" U "fhe dome. 9/ 73 ! t 4 

'" qp il _ r e  f 

‘I m ,, zSome care must be used i n  determin ing the  constants and b  i n  Eq. 1  
? <? I 
A 

s ince t h e  c o r r e c t i o n s  a re  on the  order  o f  5% of  t h e  absolute va lue of L f .  
L - I d e a l l y ,  t o  determine t h e  constants from data  i t  i s  des i reab le  t o  have I 5 %  

3 ~easurements i n  a  reg ion  where t h e  downward i r r a d i a n c e  i s  constant  and 

( ' ' t h e  downward shortwave v a r i e s  w i t h  t ime. I n  t h e  t r o p i c a l  atmosphere such 

cond i t i ons  are  approximately s a t i s f i e d  near t h e  sur face w i t h  a  sca t te red  

c loud f i e l  d  above. Th i s  p rope r t y  i s  ill u s t r a t e d  by n o t i n g  t h e  downward 

i r r a d i a n c e  f i e l  ds ca l cu la ted  f o r  a  t y p i c a l  c l e a r  sky t r o p i c a l  atmosphere 

shown i n  F ig.  B-3. Note t h a t  i f  a  b lack  c loud &=I  .0 w i t h  a  c loud base a t  950 mb 

1 was p laced i n  t h i s  atmosphere, t he  downward i r r a d i a n c e  near t h e  sur face 

would o n l y  d i f f e r  s l i g h t l y  f rom t h e  c l e a r  sky value. Note, f u r t h e r  t h a t  

i f  measurements a re  made beneath a  broken homogeneous cumulus f i e l d  t h e  

downward i r r a d i a n c e  would remain f a i r l y  constant  s ince  t h e  pyrgeometer i s  
- - -  
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I I a hemispheric inst rument .  The downward shortwave i r r a d i a n c e  i n  t h i s  case, 

however, would va ry  s i g n i f i c a n t l y  due t o  t h e  c o n t r i b u t i o n  o f  t he  d i r e c t  

r a d i a t i o n .  

The assumption t h a t  t h e  downward longwave i s  constant  over  some 

i n t e r v a l  i s  used on t h e  data shown i n  F ig .  B-1 t o  deduce appropr ia te  values 

of a and b i n  Eq. 1. The c o e f f i c i e n t  a i s  determined by p l o t t i n g  the  

measured L+ as a f u n c t i o n  o f  H1 a t  p o i n t s  where $): i s  approximately 

zero (< - 15 wmW2 sec-' 1 .  Data c o l l e c t e d  from 1301 t o  1308 and meeting these 

c r i t e r i a  a r e  p l o t t e d  i n  F ig .  B-4. Al though there  i s  some s c a t t e r  o f  these 

po in ts ,  t he  f it i s  n o t  unreasonable cons ider ing  t h a t  t h e  ac tua l  L t  may 

L rr 
v a r y  by a few ~ m " .  The c o e f f i c i e n t ,  a, miy a l s o  be determined by n o t i n g  

t h a t  i f  Eq. 1 i s  averaged over some i n t e r v a l  tl < t < t2 it becomes 

., 2 *; *'" 
C' 

note t h a t  i f the  i n t e r v a l  i s  s u t t i c i e n t l y  ' nrge, t h e  second term may be 

neglected reducing Eq. 2 t o  
b 

I I- 

P si = a K .  1 

F i f t e e n  second averages o f  L t  and H+ a re  p l o t t e d  i n  F ig .  B-5 f o r  t h e  1301-1308. 

The data have been s u b j e c t i v e l y  s t r a t i f i e d  i n t o  t h r e e  t ime per iods  t o  account 

f o r  t h e  apparent la rge-sca le  v a r i a t i o n s  i n  t h e  ac tua l  L+. The slopes o f  

t h e  l i n e s  are  i d e n t i c a l  w i t h  t h e  slope shown i n  F ig .  8-4 and n e a r l y  i d e n t i c a l  

t o  t h e  s lope shown i n  F ig .  8-2 which was based on dome and s i n k  temperature 

d i f f e rences .  

The c o e f f i c i e n t  b i s  determined by p l o t t i n g  Ltmeas - a& + as a 

a H +  hat frisbl~s f u n c t i o n  o f  T)- wR2Wq'i i s  a parameter which attempts t o  account f o r  

* aHt i s  de f ined  here as (Hi - Hi-p) / 2 where Hi i s  t h e  va lue o f  x-1- 
--.- C-.rC.. 

1 
b *  ...- .J 

----&irradiance a t  t h e  ith second. 
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Figure B-5. 15 second averaqes o f  L+ and H+ stratified 
into three separate time intervals. 



t he  ac tua l  v a r i a t i o n s  i n  t h e  downward longwave. The f a c t o r  n was 
f*." -- .- 
t 
i determined by assuming t h a t  t h e  dev ia t i ons  o f  t h e  p o i n t s  from t h e  l i n e  
:, I 

shown i n  F ig.  B-4 may be a t t r i b u t e d  t o  r e a l  v a r i a t i o n s  i n  L+. These 
t 

dev ia t i ons  i m p l i e d  by t h i s  sub jec t i ve  ana l ys i s  a re  p l o t t e d  as a  f u n c t i o n  

of t ime and subsequently ex t rapo la ted  t o  a l l  data po in t s .  
P' t 

i< 
.% [ . n "- "\ I B - I  I I. RESULTS 

i 
A p l o t  o f  L+,,,,,, - aH+ + 0 as a  f u n c t i o n  o f  aH + i 

-) was made fo r  t h e  a t  - 
1301 t o  1308 t ime p e r i o d  and i s  shown i n  F ig .  B-6. Although the re  i s  

considerable s c a t t e r ,  t h e  negat ive  c o r r e l a t i o n  i s  c l e a r l y  d i  scernable. 

Phys i ca l l y ,  t h i s  i s  cons i s ten t  w i t h  t h e  idea  t h a t  L G ~ ~ ~ ~  w i l l  s l i g h t l y  

, l a g  t h e  s o l a r  i r r ad iance .  e 
a- I i 

The r e s u l t s  presented above g i v e  an expression f o r  t h e  c o r r e c t i o n  as 
"' r 

4 a~ n b  
Eq. 3, w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form i s  

! -. 
1 ,- 

The co r rec ted  value o f  LG c a l c u l a t e d  from Eq. 4 was ca l cu la te  ' f o r  

1308 t o  1318 t ime pe r i od  of t h e  September 7, 1974, DC-6 f l i g h t .  

shortwave down, uncorrected and cor rec ted  longwave down f o r  t h i s  per iod  
I 

a re  shown i n  F ig.  B-7. The average value f o r  t h i s  pe r i od  i s  decreased from ~ ! 
449 f o r  t h e  uncorrected data t o  427 f o r  t he  cor rec ted  data. The I 

u :  0 a' 
standard d e v i a t i o n  f o r  t h i s  Same pe r i od  decreased f rom 7.0 ~ r n - ~  t o  3.9 ~ r n - ~ .  I 
I t  i s  impor tan t  t o  no te  t h a t  a l though t h e  standard d e v i a t i o n  i s  s t i l l  

r e l a t i v e l y  high, t h e  v a r i a t i o n s  i n  t h e  co r rec ted  da ta  a re  o f  a  much h igher  I 
frequency than those i n  t h e  uncorrected data. Consequently, these v a r i a t i o n s  

would be more e a s i l y  f i l t e r e d  from t h e  data than the  v a r i a t i o n s  which appear 
I , I 

i n  t h e  uncorrected data. 
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Figure  B-7. A comparison of co r rec ted  and uncorrected L+ 
f o r  t he  September 7, 1974, DC-6 f l i g h t .  



B-IV. CONCLUSIONS 
1 

An empirical expression may be derived t o  correct pyrgeometer 

measurements for the effect  of solar heating of the KRS-5 hemisphere. 

In th i s  study, simultaneous observations of the solar irradiance and 

the time variation of the solar  irradiance are used to  correct the 

( nward infrared observations. The empirical correction dec1ea:ed the 
' I II L --*I lverage value of L +  for  a representative local noon c3ie by ?2 12th-* and 

reased 

4.9 

tandard deviation of L+ for the =me n ~ r i o d  from 7.0 to  
4 9 .  

- 
! 



APPENDIX C 

> ,  
t -  ;,,, DATA FLAGGING CRITERIA i . . *It 1 

On the  Sabre l iner ,  C-130 and DC-6 reduced r a d i a t i o n  data, a  se r i es  o f  

data q u a l i t y  i n d i c a t o r s ,  h e r e a f t e r  r e f e r r e d  t o  as f l a g s ,  have been assigned 

t o  each da ta  p o i n t .  These f l a g s  a re  i n t e g e r  numerals between 1  and 9. The 

A .,meaning o f  each i n t e g e r  va lue  i f  g iven  i n  Table Cla. Table Clb summarizes 

the  meaning of t he  i n t e g e r  f l a g s  used f o r  one minute average GATE A i r c r a f t  
~J,I J fi2; 'I!, r. 

Data. . . - t ? * , , & ,  ,j+uLr 77 C ~ P :  7 : 1 ~ L '  I* 
Table CZ l i s t s d t h e  c r i t e r i a  used t o  assign a  numerical f l a g  va lue o f  

. . . T ' F , '  - 
4 t o  data from t h e  DC-6 and t h e  C-130. A l l  " i n  pod" da ta  p o i n t s  as w e l l  

as n igh t t ime  cond i t i ons  w i l l  be f lagged quest ionable by us ing  these 

c r i t e r i a .  Table C3 g ives  t h e  corresponding f l a g g i n g  c r i t e r i a  used f o r  t h e  

Sabre1 i n e r .  Table C4 g i ves  t h e  methodology used t o  determine t h e  maximum 

a l lowab le  values o f  H . 
C I t ,  : t '  

Table C5 g ives  t h e  c r i t e r i a  used t o  check f o r  d i s c o n t i n u i t i e s  i n  

t he  data. Th i s  c r i t e r i a  i s  dependent upon t h e  t ime 

inst rument  and i s  most use fu l  f o r  d i s c r i m i n a t i n g  
: 7,0rai, {jc! T r"' L j ~ ! ~  I - U ~  3:' , 

frequency i n te r fe rence .  
.,.b ,+ *. 



5 Manually flagged questionable ' o t  flagged by machine) 

6 . Before takeoff o r  a f t e r  landir 
sp25p+ q.d r v W  ,m; j i4  

9 Missing 
un I . I + I ~ v ~ T ~ Q ~ ' ? ~ ' T ~ J  :9a.; ?9\ 

Table Cl b.  Validity Flags f o r  1-minute Average GATE Aircraf t  Data 

Flag # 
CJ 

1 

I ,  9 ? ! + T I  .5J1,1 I " +  

Means t ha t  data i s :  
27ud " K d ?  

t >&i t  , > i Y ,  

The average of 60 good 1 ser-' &+a nnints 

" 50-59 good s e  

40-49 " " " 

30-39 " " " 

20-29 " " " 

" 10-19 " " " 

11 1 -9 11 I 1  I 1  

oints  

I 1  

All 60 data points questionable data missing. 
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Figure 8-7. A comparison of corrected and uncorrected L+ 
for the September 7, 1974, DC-6 flight. 



B-IV. CONCLUSIONS 
1 

An empirical expression may be derived t o  correct pyrgeometer 

measurements for the e f fec t  of solar heating of the KRS-5 hemisphere. 

In th i s  study, simultaneous observations of the solar irradiance and 

the time variation of the solar irradiance are used to  correct the 

downward infrared observations. The empirical correction decreased the I Ik verage value of LI for  a representative local noon case by 22 ~ m - *  and 

decreased the standard deviation of L+ for the same period from 7.0 t o  

OCC 
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APPENDIX C 

DATA FLAGGING CRITERIA 

On the  Sabre l iner ,  C-130 and DC-6 reduced r a d i a t i o n  data, a  se r i es  o f  

data qua1 i t y  i n d i c a t o r s ,  h e r e a f t e r  r e f e r r e d  t o  as f l a g s ,  have been assigned 

t o  each data p o i n t .  These f l a g s  a re  i n t e g e r  numerals between 1  and 9. The 

meaning of each i n t e g e r  va lue i f  g iven  i n  Table Cla. Table Clb summarizes 

the  meaning o f  t h e  i n t e g e r  f l a g s  used f o r  one minute average GATE A i r c r a f t  

Data. 

Table C2 l i s t s  t h e  c r i t e r i a  used t o  assign a  numerical f l a g  va lue o f  

4 t o  data from the  DC-6 and t h e  C-130. A l l  " i n  pod" da ta  p o i n t s  as w e l l  

as n i g h t t i m e  cond i t i ons  w i l l  be f lagged quest ionable by us ing  these 

c r i t e r i a .  Table C3 g ives  t h e  corresponding f l a g g i n g  c r i t e r i a  used f o r  t h e  

Sabre l iner .  Table C4 g ives  t h e  methodology used t o  determine t h e  maximum 

a1 lowable values o f  H . 
Table C5 g ives  t h e  c r i t e r i a  used t o  check f o r  d i s c o n t i n u i t i e s  i n  

t he  data. Th i s  c r i t e r i a  i s  dependent upon t h e  t ime constant  o f  t h e  

inst rument  and i s  most use fu l  f o r  d i s c r i m i n a t i n g  sho r t  b u r s t s  o f  r a d i o  

frequency i n te r fe rence .  



Flag # 

Table Cla. V a l i d i t y  Flags f o r  1 sec-' GATE A i r c r a f t  Data 

Means t h a t  data i s :  

0. K. 

Machine f lagged quest ionable; manual e d i t  i n d i c a t e s  
data acceptable. 

Unval i d a t e d  

Machine f lagged quest ionable 

5 Manual ly f lagged quest ionable (no t  f lagged by machine) 

. Before t a k e o f f  o r  a f t e r  l and ing  

Miss ing 

Table Clb. V a l i d i t y  Flags f o r  1-minute Average GATE A i r c r a f t  Data 

F lag  # 

1 

2 

3 

4 

5 

6 

7 

9 

Means t h a t  data i s :  

The average o f  60 good 1 sec-' data p o i n t s  

II II " 50-59 good 1 sec" data p o i n t s  

I 1  I 11 40-49 ll l l  ll I t  II 

I t  I I I 1  I 1  30-39 " " " 
11 I " 20-29 " 

I1 I " 10-19 " 
I 1-9 " 

A l l  60 data p o i n t s  quest ionable data missing. 



TABLE C2. 

DATA QUALITY FLAGGING CRITERIA FOR C-130 & DC-6 RADIATION DATA 

The c r i t e r i a  used f o r  f l agg ing  DC-6 and C-130 r a d i a t i o n  data as questionable (FLAG = 2) are  summarized 

below. These c r i t e r i a  should be app l ied t o  the  data i n  the  same order as they appear below. A l l  o ther  data  

may be f lagged as probably good (FLAG = 1). 

LWD SWD 

LWU < 100 wm-' LWU < 100 LWU < 100 LWU < 100 

2 SWD < 10 SWD < 10 SWD < 10 SWD < 10 
I 
03 
Cn 

LWD < 100 o r  C-l 30 LWD > FLBB*+20 LWU > 510 SWU < .03 x SWD 

o r  SWD > Hmax(t)** o r  
LWD < ZOO o r  DC-6 
LWD > FLBB*+20 LWU < FLBB*-20 SWU > .8 x SWD 

LWD > FLBB 

* 
FLBB = 315 + 5.25 TFL where TFL i s  f l i g h t  l e v e l  f r e e  a i r  in l lprr -awr-e i n  O C .  

** 
Hmax(t) i s  given i n  attached tab les  as a func t ion  o f  t ime. 

I f  Hmax(t) = 0, do no t  apply c r i t e r i a  (1) and (2); apply (3) only.  I f  the c r i t e r i a  
are  met f l a g  the data as questionable. I f  t he  c r i t e r i a  o f  (3) a re  no t  met f l a g  as 
n o t  looked a t .  



TABLE C3. 

DATA Q U A L I ~ ~ ' ~ ~ A G G I N G  CRITERIA FOR SABRELINER RADIATION DATA 

The c r i t e r i a  used f o r  f l agg ing  Saber l iner  r a d i a t i o n  data as questionable (FLAG 2) are  summarized 

below. These c r i t e r i a  should be app l ied t o  the data i n  the  same order as they appe3Fbelow. A l l  o ther  data 

may be f lagged as probably good (FLAG = 1 ) . (Pending manual ed i  t. ) 

STEP NO. LWD 
f'J'iC 

LWU SWD SWU 

1 LWD 50 wm-' LWU < FLBB*-10 SWD < 0 SWU < -03 x SWD 

2 LWD > FLBB*+10 LWU > 510 SWD > ~max( t ) * *  SWU > .8 x SWD 

* FLBD(W~-') = oTFL 4 where TFL i s  f l i g h t  l e v e l  f r e e  a i r  temperature i n  degrees absolute and 

CJ = 5.70 x ~ m - *  Saber l iner  only. 

** Hmax(t) i s  given in attached tab les  as a func t ion  o f  timer---, 



l o n  i t u d e  H ( t )  = -A cos [g (t - 1 + 200 
max 

where t i s  GMT and g iven  i n  hours, l ong i t ude  i s  g iven  i n  degrees west and 

A values a re  g iven below. 

A i r c r a f t  

Note t h a t  i f  Hmax(t) g iven  by Eq. (1) i s  l e s s  than 0, t h a t  HmX(t)  = 0. 

l o n  i t u d e  Consequently, Hmax(t) = 0 i f  6.5 > ( t  - .+) 17.5. 

Table C4 A n a l y t i c a l  approximations t o  t h e  

Hmax ( t )  va lues g iven i n  Table 1. 





DATE 

APPENDIX D 

GATE DC-6 " Q U I  CK-LOOK" COMMENTS 
COMMENTS 

612 1 /74 No r a d i a t i o n  data. 
172 

6/22/74 No r a d i a t i o n  data. 
173 

6/24/74 No r a d i a t i o n  data. 
175 

6/26/14 F i r s t  DC-6 f l i g h t  w i t h  r a d i a t i o n  data; r a d i a t i o n  parameters ext remely 
177 no isy ,  values seem q u i t e  unreal  i s t i c ,  i n p u t  was improper ly  grounded. 

Cox 23-24 n o t  operat ing.  Data was n o t  p r o p e r l y  recorded on tape. 
Only a v a i l a b l e  data i s  from v i s i b l e  d i s p l a y  and recorded i n  notebook. 
F i r s t  DC-6 f l  i g h t  w i t h  r a d i a t i o n  data; r a d i a t i o n  parameters ext remely 

6/28/74 noisy,  values seem q u i t e  u n r e a l i s t i c ,  i n p u t  was improper ly  g round~d .  
179 Cox 23-24 n o t  operat ing.  Data qua1 i ty f a i r .  Grounding problems 
-- produced ser ious  g l  i t c h e s .  Some data useable. 
6130174 I I I I II 

181 

7/2/74 Radiat ion parameters s t i l . 1  q u i t e  no i sy  a l though some data migh t  be 
183 r e t r i e v e d  by . c a r e f u l  hand inspect i 'on.  

7/ 3/ 74 H+ no isy  and o f  an u n r e a l i s t i c  magnitude 
184 L+, L+ and H+ appear t o  be O.K. 

7/5/74 (Tower f 1 y-by ) 
186 Radiometers on b u t  r e t r a c t e d  i n  pod, no noise.  

711 1 174 A few no ise  sp ikes were noted, L+ shows some p o s i t i v e  c o r r e l a t i o n  
192 w i t h  H+ 

7/12/74 L i t t l e  i f  any no ise  noted, L+ > L+  i n  some cases, 
193 L S  % 30 ~ m - 2  > L+ when inst ruments a re  r e t r a c t e d  i n  t he  pods, 

o the r  parameters a re  0. K. 

7/28/74 Only a few no ise  sp ikes were noted, L+ appears t o  be somewhat la rge ,  
209 L+ shows a p o s i t i v e  c o r r e l a t i o n  w i t h  H+ 

7/29/74 No no ise  noted; L+ shows c o r r e l a t i o n  w i t h  He 
21 0 

No no ise  noted; Le > L+ when inst ruments are r e t r a c t e d  i n t o  pod 



DATE 

I 
-91 - 

COMMENTS 1 -. ".,,.. 

8/1/74 No noise noted; some data taken a t  740 mb, which rnay be of i n t e r e s t  
21 3 f o r  cal ibra t ion purposes; Lc may be unrea l i s t i ca l ly  large 

81 3/ 74 No noise noted; L+ may be unreal i s t i  ca l ly  large ,  
215 Lc correlated with Hc 

8/5/74 No noise noted; some missing data,  zero o f f s e t s  appear t o  be 
217 s l i gh t l y  negative on t h i s  f l i g h t  

8/6/74 No noise noted; zero o f f s e t  < 0 on H+, Lc may be unrea l i s t i ca l ly  
21 8 large;  Cox 23  and 24 operative on t h i s  and remainder of f l i g h t s  

811 0/74 Some radio noise noted ea r ly  i n  f l i g h t ;  some missing data,  
222 He of f se t  appears t o  be O.K.  Lc may be unrea l i s t i ca l ly  large ,  

L+ correlated w i t h  He 

8/11 /74 No noise noted, Lc may be unrea l i s t i ca l ly  large ,  
223 L+ i s  correlated w i t h  Hc 

811 4/74 Some radio noise a t  beginning of f l i g h t ,  L+ may be unrea l i s t i ca l ly  
226 large ,  L+ i s  correlated w i t h  He 

8/16/74 Some missing data ;  Lc may be unrea l i s t i ca l ly  large ,  L+ shows some 
228 corre la t ion w i t h  Hc 

8/17/74 Some noise near end of f l i g h t ;  Lc > L+ when instruments a r e  re t racted 
229 

8/ 30/ 74 Some noise noted, Lc i s  corre la ted w i t h  He 
242 -- 

8/31 174 LWc > LW+ on some of the f l i g h t  legs;  some noise noted during the 
243 end of the f l i g h t .  

9/2/ 74 No noise noted, L+ may be corre la ted t o  H+ 
245 

9/3/74 Some radio noise,  L+ may be corre la ted w i t h  H+ 
246 Data a l l  looks good. 



COMMENTS DATE 

No r a d i a t i o n  data, Tower f l y - b y  

Some miss ing  data, some r a d i o  no ise  

Some miss ing  data, some r a d i o  noise,  LI > L+ 

L+ and L+ have approx imate ly  t h e  r i g h t  magnitude du r i ng  the  
f i r s t  p a r t  o f  t he  f l i g h t  

Some miss ing  data 

9/ 18/74 Some r a d i o  no ise  no ted  
261 - -- 

Computer down, no data 



APPENDIX E 

GATE SABRELINER "QUICK-LOOK" COMMENTS-12 December 1975 

DAY ' 'COMMENTS 

J u l y  23 Data good, no noise noted. 
1974 A l l  parameters reasonable 

J u l y  25 I 1  I! LL I l  

206 

J u l y  26 Corrected downward shortwave + n o t  v a l i d  1137-1158 
207 Other parameters OK 

J u l y  27 Miss ion aborted because o f  mechanical problems, data 
- 208 OK before  t h i s  t ime 
~ ! 4 3  

J u l y  29 Take o f f  - 1038, L+m v a l i d ,  F i r s t  day f o r  dome-sink T on 

--- t o p  pyrgeometer, L+ - 1038-1215 zeroed, 
Other parameters OK 

J u l y  30 
21 1 

Data good 

J u l y  31 
21 2 

A l l  parameters miss ing  u n t i l  0922, remainder o f  data good 

August 1 Data good 
21 3 

August 2 
21 4 

Data good 

August 3 
21 5 

L+ i nope ra t i ve  o f t e n  16:1200 t o  end o f  f l i g h t ,  o the r  
parameters OK 

August 5 
21 7 

L+ smal l ,  o ther  parameters OK 
L+ i nope ra t i ve  1238-end o f  f l i g h t  

August 8 
220 

L+ i n o p e r a t i v e  du r i ng  t h e  e n t i r e  f l i g h t ,  o the r  parameters OK' 

August 9 
221 

L+ appears t o  be too  smal l ,  poss ib l y  due t o  b a t t e r y  problem - 
i s  negat ive  a t  some po in t s .  Other parameters OK, BTM 
pyrgeometer s i n k  and dome T I 
Le i nope ra t i ve  dur ing  e n t i r e  f l i g h t ,  due t o  b a t t e r y  problem 
o the r  parameters OK 

August 10 

August 11 
223 

Data good 

August 12 
224-1 

Le i nope ra t i ve  T o f f  t o  11 16, remainder o f  L+ appears t o  be 
OK b u t  should be examined c a r e f u l l y  

L t  i nope ra t i ve  take  o f f  1538 
L+ i nope ra t i ve  1506 t o  end of f l i g h t ,  o the r  parameters OK 



DAY - COMMENTS 

August 14 
226 

August 15 
227 

August 16 
228 

August 17 
229 

August 20 
232 

August 22. 
234 

L+ n o t  good from take  o f f  t o  1002 - b a t t e r y  problem 
L4 i n v a l i d  u n t i l  10:1200 o f t e n  t h i s  t ime needs t o  be 
examined c l o s e l y ,  t h i s  t ime appears t o  be t o o  smal l  
( poss ib l y  mo is tu re  i n  connector)  b u t  may be OK 

L+ bad f o r  e n t i r e  f l i g h t ,  H+ and H+ OK 

Data good 

Data good 

Data G o d  

Data good 

August 23 No r a d i a t i o n  data 
235 

August 24 
237 

No r a d i a t i o n  data 

August 25 No temperature c o r r e c t i o n  made on t h i s  data, L+ data 
237 should be examined c l o s e l y  a1 though i t  appears t o  be OK 

O f f s e t  c a l .  made a t  end o f  f l i g h t  

August 29 
241 

L+ i n o p e r a t i v e  a f t e r  1318 
Other parameters OK 

August 30 
242 

August 31 
243 

No L+ o r  L+ on t h i s  f l i g h t ,  H+ and H+ OK 

Data good 

September 1 Data good 
244 

September 4 Data good 
247 

September 5 Data good 
248 

September 6 
249 

SW da ta  OK, No LW da ta  

September 7 
250 

No r a d i a t i o n  da ta  

Squa l l  ? 



DAY 

September 8 Data good 
251 NO PRT-6 

September 9 Data good 
252 

September 11 Data good 
254 

September 12 Data good 
255 

September 14 Data good 
257 

September 16 Data good 
258 

b COMMENTS 

September 18 Data good, few LW+ values seem t o o  smal l  
260 

September 19 Data good 
261 

Squal l  L ine? 
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APPENDIX F 

GATE C-130 "Quick Look" Comments 

DATE 

6/21/74 Bottom pod c losed du r i ng  t h e  e n t i r e  f l i g h t .  
172 Values show o f f s e t s  w i t h  thumbwheel swi tch.  

Tower f l y -bys ,  no r a d i a t i o n  data 

6/24/74 Data shows o f f s e t  w i t h  t he  thumbwheel swi tch.  Some o f  t h e  data may 
175 be recovered by a manual e d i t .  Data recorded on magnetic tape f o r  

t h i s  f l i g h t  show an o f f s e t  due t o  a ground loop when the  d i s p l a y  u n i t  
was mon i to r i ng  a s p e c i f i c  channel. - 

6/26/74 Data shows o f f s e t  w i t h  t k e  thumbwheel swi tch.  
177 Data q u a l i t y  good, g l i t c h e s  caused by thumbwheel d i s p l a y  on DVM. 

Shor t  sw i tch  on channel 6 i n f r e q u e n t  lock, up. 

6/28/74 A considerable number o f  " i n  pod" and. zero values. 
179 Late TI0 r e s u l t e d  i n  l i t t l e  useful  r a d i a t i o n  data. 

6130174 SW+ and LW+ show considerable noise, numerous zero values. 
181 Data q u a l i t y  exce l l en t ,  b u t  ~ l ~ c o m m u n i c a t i o n  causes jumps o f  s.04 

i n  channels 1 and 3. 

711 5/74 Good data, inst ruments " i n  pod" du r i ng  t h e  l a s t  p a r t  o f  t he  f l i g h t .  
196 

711 6/74 LW+ appears t o  be i n o p e r a t i v e  du r i ng  a smal l  p o r t i o n  of t he  f l i g h t ,  
197 remainder o f  data good. 

7/27/74 No r a d i a t i o n  data. 
208 

7/28/74 No r a d i a t i o n  data. 
209 

No no ise  noted, data appears t o  be exce l l en t .  

8/1/74 Data O.K. 
21 3 

8/2/74 Some r a d i a t i o n  data was recorded d u r i n g  t h e  f i r s t  p a r t  o f  t h e  
21 4 f l i g h t ,  remainder missing. 

8/4/74 Data appears t o  be good. 
21 6 



DATE 
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COMMENTS 
- 311 

8/5/7" Many zero c a l i b r a t i o n  values recorded du r i ng  f i r s t  and l a s t  p a r t  . 
21 7 o f  t he  tape, HI has considerable noise. 

-- - A  I 
8/7/74 No r a d i a t i o n  data. 

21 9 

8/10/74 Exce l l en t  data; no noise. 
222 Cal. 3-4 problems i n  sw i tch  and d r i f t ,  

811 1/74 Exce l l en t  data e a r l y  i n  t h e  f l i g h t ,  no ise  increases du r i ng  end o f  
223 the  f l i g h t .  

'811 3/74 Data O.K., no noise.  
22 5 A1 1 inst ruments work ing proper ly .  

8/ 1  4/ 74 Data no i sy  du r i ng  the  f i r s t  p a r t  o f  t h e  f l i g h t .  Middle p o r t i o n  o f  
226 , t he  f l i g h t  i s  b e t t e r  i n  q u a l i t y  b u t  s t i l l  a l a r g e  number o f  zero 

values. HI n o t  f unc t i on ing .  

-81 1 7/ 74 Good data dur ing  f i r s t  h a l f  o f  t he  f l  i g h t ,  A l a r g e  number o f  zero 
229 values du r i ng  t h e  l a s t  h a l f  o f  t h e  f l i g h t .  No data from t o p  

inst ruments pas t  100400 due t o  pod mal func t ion .  
- 

8/ 30/ 74 Data good, except f o r  HI which i s  noisy.  
242 

8/31/74 Sdme no ise  on Lc and HI. L I  zero +8 ~ m - ~  
2 43 Some HI values very  unreal  i s t i c .  Some miss ing  data near the end 

o f  the  f l i g h t  - due t o  i n a b i l i t y  t o  ge t  t o p  pod open. 

9/2/74 Some no ise  du r i ng  e a r l y  p a r t  o f  f l i g h t .  No no ise  dur ing  most ~f -. 
245 the  remainder o f  t h e  f l i g h t .  i 

9/3/74 Some no ise  noted. 
246 %. :) I 

9/4/74 Much no ise  and many i n  pod values. 
247 

9/5/74 Some mi s s i  ng data, many zero c a l  i b r a t i  on v a l  ues . 
248 

9/6/74 Some miss ing  data, remainder o f  o the r  data appears t o  be good. 
249 - I 



DATE 

-98- 

COMMENTS 

A large number of zero cal ibra t ion values where noted on t h i s  f l i g h t .  
Calibration switch was accidentally h i t  by A.M.S. - time unknown. 

' 

9/9/74 LJ and HJ were noted t o  be noisy. 
252 

Some radio noise noted, some missing data .  

Some noise noted, mostly on LJ 

Downward parameters occasional l y  noisy. 

Much of the L+ and H+ values noisy. 

Some radio noise noted. 

Considerable radio noise noted on L+ and HJ 

Many zero values during the f i r s t  pa r t  of the f l i g h t .  
. 



..Met I? 210: ,,fi b.rd+r 
' .rrwoninu 9 The data parameters on 

-- - 
fo l lowing ordek and format: 

Time i n  GMT 

Lat i tude 

Longitude 

Heading 

Attach Angle 

N-S Ground Speed 

E-W Ground Speed 

True Airspeed 

P i t c h  Angle 

Ro l l  Angle 

U Wind Component 

' ? 

--. J ,--...- 
APPENDIX G 

* ,.. 
the  NOAA/DC-6 are on magnetic tape i n  the . ': 

V Wind Component 

S ta t i c  Pressure 

Radar A1 t i  tude 

Temperature 

Dew Poin t  Temperature 

Apparent Surface Temperature 

L i qu i d  Water Content 

Longwave Outgoing Radiat ion 

7 t, c 

; . C.' 
. '  

Shortwave Outgoing Radiat ion 

Longwave Incoming Radiat ion 

Shortwave Incoming Radiat ion 

Sidesl i p  Angle 

-- . + -  - - -  - - - -  - Qua1 i t y  Flags 
. - I 

(11, 14, 110, 15, 12 (F6.0, F7.3, F8.3, F5.1, F6.2, F6.1, F5.1, F5.1, F5.1, 

F5.1, F5.1, F6.1, F5.0, F5.1, F5.1, F4.1, F6.1, F6.1, F6.1, F6.1, F6.2, 2311)) 
\ r  

The data parameters on the NOAA/C-130 are on the tape i n  the 

f o l  lowing order and format: 

Time i n  GMT 

Lat i tude 

Longti  tude 

Heading 

Sidesl i p  Angle 

Attack Angle 

N-S Ground Speed 

E-W Ground Speed 

True Airspeed 

Ro l l  Angle 

P i t c h  Angle 

U Wind Component 

V Mind Component 

A i r c r a f t  Ver t i ca l  Ve loc i ty  

S t a t i c  Pressure 

Radar A1 t i tude 

Temperature 

Dew Poin t  Temperature 

Apparent Surface Temperature 

C02 Temperature 

Longwave Outgoing Radiation 

shortwave Outgoing Radiat ion 

Longwave Incoming Radiat ion 

Shortwave Incoming Radiat ion 

L iqu id  Water Content 

Total  Water Content 

Qual i ty Flags 



-- 
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