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ABSTRACT 

  

 

Over the past 40 years radiative transfer models have consistently under-predicted the 

amount of solar absorption by clouds.  Estimates of the size of this discrepancy at the 

beginning of its discovery were ~10 W m
-2

, but in 1995 jumped to 40-100 W m
-2

, which 

ARESE I was formed to resolve.  ARESE I being inconclusive, ARESE II was conducted and 

further studies brought the estimates back to ~10 W m
-2

.  Part of the problem lies with the 

difficulty of obtaining accurate measurements of the absorbed solar insolation as well as 

constructing models that represent real atmospheric conditions.  So after ARESE II was 

completed an experiment was performed to test the effectiveness of a new technique—the 

stabilized platform.   A pyranomter mounted on a stabilized platform, which kept the 

instrument on board the Proteus aircraft in the earth’s horizontal plane, was used to measure 

the solar flux.  Another pyranomter, mounted on a standard fixed platform, was also aboard 

the Proteus.  Since the observations of the fixed platform have to be corrected for the 

movements and deformation of the aircraft, there is an additional source of uncertainty.  Thus 

the aim of this study was to determine the flux and absorption uncertainties observed from the 

fixed and stabilized platforms.  The fixed platform flux uncertainties, at 4.4-14.8 W m
-2

, were 

~1.8 times those of the stabilized platform which were 3.8-8.2 Wm
-2

.  However, the fixed flux 

uncertainties were not so great as to invalidate the pre-ARESE I and ARESE I studies. 

 ix



CHAPTER 1 

 

INTRODUCTION 
 

 

The earth’s radiation budget is one of the major determining factors in climate 

change, and as such has been the focus of many studies.  W.H. Dines was the first to 

construct a radiation budget in 1917.  Uncertainties about solar absorption at the surface 

were known to be a problem since Dines, but S. Fritz noted another one in 1951 when he 

measured cloud absorptance at 20% compared to the Hewson’s theoretical maximum of 

6% (Stephens and Tsay, 1990).  Being the first to incorporate water absorption into a 

radiative transfer model Fritz thought the dilemma resolved, determining the maximum 

absorption to be 23%.  However, Robinson (1958), Drummond and Hickey (1971), 

Reynolds (1975), reopened the debate finding measured absorption of 20-40%.  Rozenberg 

et al. (1974), Herman (1977), Stephens et al. (1978), and Twomey and Cocks (1982) also 

reported cases of high cloud absorption anomalies (CAA).  Though Fritz advanced the 

modeling of absorption he did not have the tools for adequately dealing with multiple-

scattering nor did he have an abundance of data on liquid and vapor absorption.  

Wiscombe (1975) used improvements in these deficiencies and found absorptivities no 

higher than 9-10%.  Twomey (1976) and Liou (1976) found comparable absorptivities of 

8-17% and 5-15%, respectively (Wiscombe, 1984).   

The portion of the annual radiation budget concerning solar absorption is the net 

annual heating, the difference between emitted longwave and absorbed solar radiation.  

For the tropic, the net annual heating is 50-60 Wm
-2

.  Since this is only about 20% of the 

total solar absorption, why be concerned with such a small amount?  This 20% drives the 

atmospheric circulation, the other 80% driving oceanic circulation and surface heating.  

Thus even small errors in the solar absorption make climate predictions unreliable 

(Stephens and Tsay, 1990).   

While researchers in the decades since Fritz discovered that the CAA does in fact 

exist, it was generally thought to be ≤ 10% of the total absorption and that it could be a 

deviation explained by modeling cloud structure more accurately.  This was buttressed by 

global averages of column absorption, which showed the effects of high and low clouds to 
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offset one another, as the former reduces absorption and the latter enhances it.  However, 

in 1995 three papers, Cess et al. (1995), Ramanathan et al. (1995), and Pilewskie and 

Valero (1995), claiming excess absorption of ≥ 40 % of the total absorption challenged this 

convention.  Such excess absorption would indeed signal that our understanding of cloud 

radiative transfer is in need of a major revision (Stephens and Tsay, 1990).  Stephens 

(1995), Imre et al. (1996), and Byrne et al. (1996) took exception to this challenge, and as 

Imre et al. noted,  conclusions regarding anomalous absorption can be as much a function 

of the chosen analytical methods as they are of the data themselves.   

The Atmospheric Radiation Measurement (ARM) Enhanced Shortwave 

Experiment (ARESE) was launched in 1995 at the Southern Great Plains (SGP) site in 

north central Oklahoma to try and solve this dilemma. This program involved flying 

aircraft stacked at altitudes of 0.5, 13, and 20 km to obtain measurements of solar flux and 

absorption.  Although some analyses of the ARESE data, such as Valero et al. (1997) and 

Cess et al. (1999) found support for large CAA, the results were inconclusive.  Broadband 

radiometer flux measurements were inconsistent with GOES flux estimates and with data 

from a downward-looking shortwave spectrometer on the Egrett, one of the aircraft used in 

the experiment..  This may have been due to oil leaks from the landing gear or icing, 

resulting in an underestimation of the upward flux and overestimation of absorption (an 

excess of 100 out of 285 W/m
2
).  Additional experiments by Francis et al. (1997) and 

Asano et al. (2000) showed excess absorption ≤ 10 % (Ackerman et al., 2003).  Thus 

ARESE II, the sequel to ARESE was conducted in 2000 to attempt to clear up the 

continuing ambiguity.  

ARESE II offered a comprehensive dataset with three different broadband 

radiometers—the Total Solar Broadband Radiometer (TSBR), CM22, and the CM21—on 

the Otter aircraft and ground enabling a more precise determination of uncertainties in the 

observations.   For clear skies, the CM21 proved to be lower by ~25 Wm
-2

 than the 

average of the three instruments, while the TSBR and CM22 were close to each other (5-

10 Wm
-2

).  Unlike ARESE I only one aircraft was available due to budget constraints.  So 

the use of the surface flux measurements in the absorption estimates were dependent on 

estimates of the surface albedo, which were obtained from using two different methods 

(with differences between them as large as 10% of the absorption).  One method simply 
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obtained the estimates using flux observations from a 10-m tower and the other used two 

low-level passes by the Otter.  The surface albedo estimates using flux measurements from 

the low-level passes were higher than the estimates calculated with the 10-m flux 

measurements and generally produced absorption values closer to the calculated 

absorption.  The opposite was true for cloudy skies, with the same relation between the 

three instruments as for the clear skies (Ackerman, 2003).  Of the six published studies (as 

of 2004) performed under ARESE II, all but one concluded that anomalous absorption was 

within the uncertainty of the measurements and calculations.  

The one study that disagreed with the others, O’Hirok and Gautier (2003), found 

excess absorption of 18-35 Wm
-2

, with instrumental uncertainty being 10 Wm
-2

.  It is not 

known why O’Hirok and Gautier found results in opposition to all the other published 

works.  Nevertheless, for the papers (published previous to that study) claiming large 

CAA, modeling and instrumental errors were found to be responsible for their incorrect 

findings.  The radiative transfer models (RTMs) used by the other studies were those used 

in global climate models (GCMs), which were not state-of-the-art.  As the clouds were 

uniform in those models, which is not the case in nature, photons traveled differently 

through the clouds, leading to an incorrect CAA.  Also, the heterogeneity of surface albedo 

is not taken into account in those models as it is in the state-of-the-art.  The data used in 

the 1995 studies were compromised by a contamination of problems in the aircraft 

radiometer measurements and calibration errors in the weather satellite instrument leading 

to overestimation of absorption (Li, 2004).  At the present, the agreement in the field is 

similar to that before 1995 (albeit with more knowledge of atmospheric-radiation 

interaction): the consensus opinion appears to be that excess absorption does exist but it 

falls within instrumental and computational uncertainties (~10 Wm
-2

).   

One of the problems of identifying the source of the excess absorption is 

instrumental precision, particularly correcting the solar flux measurements for the rotations 

of the aircraft about the horizontal plane to the normal.  Until recently the corrections 

could only be made through geometrical relations between the direct beam and the position 

of the aircraft, but it is now possible for the counter the motion of the aircraft by mounting 

the pyranometer to a stabilized platform.  The platform rotates independently of the 

aircraft to keep its instruments level with the horizontal plane. 
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In 2002 The ARM-UAV (Unmanned Aerospace Vehicle) program 

(http://armuav.ca.sandia.gov/armuav.html) carried out a series of flights with an 

instrumented Proteus aircraft that included two upward looking CM-22 radiometers on the 

top of the aircraft, one mounted on a fixed platform, the other mounted on a stabilized 

platform. This study is focused on using these data to estimate the flux error associated 

with correcting the downward fluxes for aircraft orientation, and the absorption error due 

to the flux error estimates.  In the material that follows, Chapter 2 describes the technique 

that is commonly used to correct pyranometers for aircraft maneuvers; Chapter 3 describes 

the instrumentation and data used in this study, including the pyranometers and the 

stabilized platform; Chapter 4 details the procedure for filtering and analyzing the data; 

Chapter 5 shows comparisons of the fluxes from the fixed and stabilized platforms and 

estimates the flux and absorptance errors, and Chapter 6 presents conclusions. 
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CHAPTER 2 

DETERMINING OF THE SOLAR CORRECTION FACTOR 
 

 

The downwelling direct beam solar flux, F, at a given altitude as measured on a 

horizontal platform from the perspective of the earth is dependent on the zenith angle of 

the sun by the relation F = F⊥cosθ, where F⊥ is the direct beam solar irradiance at that 

altitude and θ is the zenith angle.  However, when the flux is measured on a rotating 

platform such as an aircraft, as the aircraft pitches and rolls it moves out of the horizontal 

plane of the earth so that its normal vector (Fig. 1), pointing upwards from the aircraft, is 

no longer aligned with that of the earth.  The solar flux measured from the aircraft will be 

 

 

 

 

Figure 1- A graphic of the Proteus showing the location of stabilized  

platform (http://armuav.ca/sandia.gov/armuav.html. 
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either larger or smaller than it would be measured from the Earth’s viewpoint, depending 

upon the aircraft’s orientation with respect to the Earth.  Thus the solar flux observed from 

the fixed platform will not follow the expected cosine dependence, if left uncorrected, as 

demonstrated in Fig. 2. 

 

 

         Figure 2- The 2-second average of the fixed and stabilized fluxes observed on 15   

         Nov 2002.  Notice how the fixed flux oscillates about the stabilized flux which itself   

         is not a perfect cosine curve as the aircraft changes its latitude and longitude. 

 

 

 

Assuming parallel beam radiation, the equation necessary for correcting the aircraft 

measured flux Fa to the horizontal Earth view Fe can be found by manipulating the 

following relations: 

acosθFaF ⊥=ecosθFeF ⊥= )1( )2(

 

where the subscripts “a” and “e” denote the reference frame of the aircraft and earth,  

respectively.  Solving (2) for F⊥ and plugging into (1) yields the corrected flux below.   
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aF

acosθ
ecosθ

eF = )3(

 

For a given time, t, the only unknown in (3) is cosθa, which can be determined by rotating  

the earth’s reference frame into alignment with the aircraft’s.  This is done through a 

transformation matrix using the navigation data—pitch, p, roll, r, and heading, h—as input.  

The convention of the aircraft’s coordinate system (Fig. 3a) is defined with xa as the unit 

vector towards the front of the aircraft, ya the unit vector towards its left side, and za 

pointing upwards and normal to the aircraft’s horizontal plane.  In the coordinate system of 

the earth, xe is the unit vector towards the south, ye, towards the east, and ze pointing 

upward (Fig. 3b).  The rotation about each axis is illustrated in Fig 4.  Heading (Fig. 4a) is 

 

     

 

  
 
                             3a                                                                          3b 

 

Figure 3- The aircraft’s (3a) and the earth’s (3b) coordinate system. 
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       4a- Heading Rotation                                                            4b- Pitch Rotation 

 

 

 

 

 

 

 

 

 

 

 

 

 

4c- Roll Rotation 

 

     Figure 4-  Diagrams a-c illustrate the rotation of the earth’s coordinate system which   

     bring it into alignment with the coordinate system of the aircraft    
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the rotation about za in the xy plane, pitch (Fig. 4b) the rotation about ya in the xz plane, 

and roll (Fig. 4c) the rotation about xa in the yz plane.  Thus the rotation matrices for roll, 

pitch, and heading are given in (4).  First the earth’s xy plane is rotated by an angle equal 

to the aircraft’s heading (Fig. 4a) so that the xe and ye axes become x´e and y´e.  Then the 

earth’s x´z plane is rotated with the aircraft’s pitch (Fig. 4b) completing the conversion of 

xe into xa and reorients ze to z´e.  The transformation is completed with the rotation of the 

y´z´ plane by the roll of the aircraft (Fig. 4c) so that y´e and z´e become ya and za.  The 

matrix product, RPHXe, in (6) represents this transformation of the earth’s coordinate 

system, Xe, into the aircraft’s coordinate system, Xa.  Having found Xa in terms of Xe, 

cosθa is just the dot product, s⋅za, where s is the vector pointing towards the sun.  Since the 

unit vectors xe, ye, and ze are in Cartesian coordinates and the sun’s position is in spherical 

⎥
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coordinates, the dot product with s becomes the following, where φe is the solar azimuth, 

which can be calculated along with θe using standard solar position subroutines such as 

zensun based on formulae provided by the United States Naval Observatory  

ee

eee

eee

cosθẑs

sinφsinθŷs

cosφsinθx̂s

=⋅

=⋅

=⋅

v

v

v

)7(

 

 (http://www.usno.navy.mil/).  Thus cosθa is given in equation (8).  The mathematical 

correction, Fc, of the flux observations of the fixed platform, Ff, to those observations from 
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the stabilized platform, Fs, (hereafter designated as fixed flux and stabilized flux, 

respectively) will enable a determination of the level of uncertainty due to the 

mathematical correction itself.  The method for correcting the fixed flux described above 

was formulated in a by paper Hammer, et al. (1991).  A slight modification to (3) must be 

noted before proceeding with the actual calculation of the solar correction factor.  The 

correction factor only applies to the direct component of the solar flux, Fdir because by 

definition Fdiff, the diffuse component of Fa is due to radiation that has been scattered 

multiple times in all directions, meaning equation (3) turns into (9) (assuming the diffuse 

term is isotropic).  However, since the solar flux, F⊥, at the top of the atmosphere has no 

diffuse component as no scattering has yet occurred Fa = Fdir, hence equation (3).  After 

entering the atmosphere Fa acquires a diffuse component so that it must be accounted for 

in the correction of the fixed flux.   

( )9

diffdir
a

e
e

FF
cosθ
cosθ

F +=

 

The Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model 

was used to produce direct and diffuse components at 10-minute intervals, with a mid-

latitude summer water vapor profile of 2.9 g cm
-2

, trace gases of CO2, CH 4, and N2O at 

levels of 360, 1.74, and .32 ppm respectively.  Aerosols were at rural levels, with 23 km 

visibility (at .55 microns) and surface albedo was modeled after vegetation.  As this was 

done for clear skies cloud layers were not present in the model parameters.  Using the flux 

measured at the aircraft and the direct-diffuse ratio, k, calculated from SBDART the direct 

and diffuse components of the fixed flux were determined.  This was done by substituting 

Fdir from (10) in to (11); solving for Fdiff yields (12).  With the diffuse flux calculated, the 

direct flux is known automatically from (11) so that the corrected fixed flux, can be 

computed using (9).  Plotting the direct flux versus the diffuse flux revealed a linear 

relationship.  The plot for 15 Nov 2002 is shown in Fig. 5 whose regression had an R
2
 of 

.997 and direct-diffuse ratios of 20.1-25.6.  For all the flights the ratios were 12.9-29.1, 

with the lowest values found for 22 Nov 2002 as that flight was later in the day. 
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            Figure 5- A plot of the direct versus the diffuse component of the solar flux  

observed on 15 Nov 2002.   
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CHAPTER 3 

 

INSTRUMENTATION AND EXPERIMENTAL CONDITIONS 

   

 
 In November 2002 a Proteus aircraft flew in various patterns over the ARM SGP 

site in Oklahoma to measure downwelling solar flux using two Kipp and Zonen CM-22 

pyranometers.  Both had a hemispheric field of view and a spectral range of .2-3.6 µm.  

Each CM-22 was mounted with a zenith orientation atop the fuselage; one was situated on 

a fixed bracket and the other on the stabilized platform.  The CM-22 has an error rate of ±5 

W/m
2
 for a directional beam of 1000 W/m

2
 incident at 80° 

(http://www.kippzonen.com/pages/188/3/CM22).  The stabilized platform combines a 

NovAtel EURO-4 1/l2 GPS subsystem with a Litton LN-200 Inertial Measurement Unit 

(IMU) into a Guidance, Navigation, and Control (GN&C) system. Sensing the position of 

the platform relative to a vector lying in the xy plane intersecting the center of the earth, 

the GN&C allows the platform’s motor to constantly keep it perpendicular to the vector.   

C-MIGITS II, another GN&C product, was used to record the aircraft’s navigation data.  

This system consisted of a five-channel Standard Positioning Service (SPS) Global 

Positioning System (GPS) and a Digital Quartz IMU integrated via a Kalman filter 

mechanization (http://armuav.ca.sandia.gov).     

For all but two of the seven flights analyzed, the aircraft flew in a general cross 

pattern (Fig 6).  On the other two days, Nov 20 and Nov 24, the flight pattern was 

triangular and daisy-like, respectively.  The flight pattern restricts the amount of useable 

data as measurements taken during turns are discarded.  In addition, cloudy sky conditions 

and malfunctioning of the stabilized platform also reduced the amount of quality data.  

Throughout most of each day’s flight the aircraft maintained an altitude of ~14 km which 

is above the low-lying clouds, but not the higher but broken cirrus clouds.  The latter 

decreases the flux signal by reflecting solar radiation making it necessary to identify and 

remove such periods.  The flights of Nov 15 and Nov 24 produced the best data sets, as the 

stabilized platform worked properly and the sky was clear above and below the aircraft 

most of the flight on those two days.  On 16 Nov there were enough data to obtain a time-

series of two-second average, but the flight duration was short to begin with, limiting the 
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initial amount of pre-filtered data such that there were not enough to determine the 5-, 10-, 

and 30-minute averages.  Quality data for 19 and 23 Nov was so lacking that not even the 

2-second averages could be calculated.  Fortunately, the other two days, 20 and 22 Nov 

had enough useable data to calculate the flux uncertainties for all the averages. 

 

 

 

6a 

 

Figure 6- The plots in 6a-g show the flight paths for each day. 
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Figure 6 Continued 6b 

Figure 6 Continued 6c 
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Figure 6 Continued 6d 

Figure 6 Continued 6e 
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Figure 6 Continued    6f 

Figure 6 Continued 6g 
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CHAPTER 4 

DATA ANALYSIS 

 

 
In order to obtain an accurate estimation of the absorption uncertainty, several  

criteria are used to determine the times the quality of the data is of dubious value, 

including the following: the flight path of the aircraft, cloud scattering and absorption, the 

sun’s zenith angle, and the length of time of the interpolation and integration intervals.  

The periods during which the aircraft is turning or changing altitude must be discarded as 

the inertial platform operates nominally only within a pitch and roll range of ± 5 degrees.  

To ensure that the turns and ascents/descents were filtered out, a more restrictive ± 4 

degrees was chosen, and only those portions of the flight during which the aircraft 

remained at an approximately level altitude (~14 km) were used.  The latter restriction is 

also needed because flux measurements must be taken above the cloud ceiling, as solar 

radiation passing through clouds produces mostly diffuse radiation.   

However, high altitude cirrus clouds sometimes were above the flight deck, causing 

a sudden drop (15-50 Wm
-2

) in the flux when the aircraft was beneath them.   These 

periods were also identified and removed to achieve more accurate correction factors.  

Taking a running average over 1-minute intervals, providing the basis of comparison, for 

each instantaneous flux observation accomplished this.  Those stabilized fluxes that were 

2% above or below the 1-minute average were filtered out, since the solar flux does not 

change more than this over a 1-minute period.  Another possible limiter of direct solar flux 

is a large solar zenith.  Since direct solar flux reaching the aircraft is greatly diminished 

close to sunrise and sunset, measurements taken when the solar zenith angle was greater 

than 85 degrees were discarded.   

While the filtering described above deals with the physical conditions 

encompassing the aircraft, at other times data quality issues arise from the procedures—the 

linear interpolations and integrations—involved in the computations themselves.  The 

navigation and flux (from both fixed and stabilized platforms) measurements were 

recorded at a rate of 10 Hz.  Unfortunately the navigation and fixed flux time streams were 

not quite synchronized so that the navigation data had to be linearly interpolated to the 
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fixed flux time stream.  In other words, the navigation data set has to match the fixed flux 

data set for it to be used as input for the correction factor in (5).  The two fixed flux times 

form the end points of the interpolation interval within which the navigation time falls.  If 

the interval is great enough, the linear interpolation will no longer be a valid 

approximation.  To avoid this problem, intervals longer than 0.5 s were neglected.  This 

screening for long interpolation intervals along with the previous filtering introduces gaps 

in the time stream, which complicates the integration of the fluxes. The data gaps result in 

the integration interval not containing its entire allotment of data points, which is 20 for a 

two-second interval (10 Hz over 2 seconds).  Those segments with less than 80 % of the 

allotment were omitted to ensure each interval had enough points for an accurate average.  

This is also necessary since these 2-second averages serve as the instantaneous data points 

for the 5-, 10-, and 30-minute averages.  The gaps in the time stream also create the 

condition that the interval centered at the desired time is not necessarily the one specified, 

as the data entries corresponding to the end points at 5 minutes before and after that time 

may have been filtered out, for example.  To keep the length of time for each integration 

approximately the same, those that were not within 2.5 % of the specific 5-, 10-, or 30-

minute intervals were eliminated.  

After filtering out the undesirable flux measurements, the solar correction factor 

was applied to the fixed flux and integrated along with the stabilized flux.  This was done 

using the trapezoid method as shown in (13), where Fi is the instantaneous flux, ti is the 

time at which that flux was measured, T is the time length of the average, namely  

( )( )
2T

ttFF

F

n

1i
1ii1ii∑

=
−− −+

=
)13(

 

T = tn – t1.  Before a comparison could be made another linear interpolation was required 

since the time streams of the two flux observation platforms were also not synchronized, 

the calculation of this difference required another linear interpolation so that the 

corresponding times and variables associated with each flux were properly aligned.  As 

with the previous interpolation of the navigation data, interpolation intervals longer than 

0.5 s were filtered out. While the application of the correction factor greatly improved 

congruence of the fixed flux with the stabilized flux, a difference of ~ -2% to 4% remained  
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        Figure 7-  A plot of the 2-second averages for stabilized and corrected fixed fluxes for  

       15 Nov 2002.   Observe that most of the corrected fixed fluxes are greater than their   

        corresponding stabilized fluxes. 

           

            Figure 8- The flux percentage difference between the fixed and stabilized     

            platforms.  Most of the differences are above the blue line running through 0. 
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(Fig 7).  Furthermore, notice that the fixed fluxes are almost always above the stabilized 

fluxes, which is seen more clearly in the flux percentage difference (Fig. 8).  There is a 

clear positive bias, suggesting a flux offset between the two platforms.  To determine this 

flux offset, α, the flux averages were computed again but this time only for those periods 

when the plane was level (with a correction factor between .99 and 1.01) and the heading 

was relatively constant (changing less than 1 degree) over the two-second average.  The 

offset was then obtained by taking the mean of the difference between the stabilized and 

corrected fixed fluxes.  The mean difference was then removed from the 2-second average 

corrected fixed flux.  With the flux offset removed, note how the fixed fluxes are now 

alternately above and below the stabilized fluxes seen in Fig. 9 where the fluxes have  

 

 

       Figure 9- This is the same plot of the corrected fixed and stabilized fluxes as 

       in Fig. 7 but with the flux offset removed. 

 

 

 

been normalized to cosθe.  This is also seen again in the plot of the flux percentage 

differences (Fig. 10), in which the mean difference represented by the blue line is near 
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zero.  However, removing the offset only changes the position of flux differences not their 

amplitude, as the percentage differences have migrated from ranging between  

-2% and 6% to lying between ±4%.  So the calculations of the two fluxes yielded 

differences that were still too large to be reasonable, as they were larger than the CAA 

 

 

           Figure 10- This is the same plot of the flux percentage differences as in Fig. 8 but  

           but with the flux offset removed. 

 

 

 

itself (~1% of solar insolation).  Since the solar correction is dependent on the position of 

the aircraft, the possibility existed that the recorded navigation data was offset from the 

actual navigation as a result of the deformation of the airframe.  For instance, when 

traveling towards (away from) the sun, with a pitch reading that is less than the actual pitch 

of the aircraft, the corrected flux will be under-calculated (over-calculated).  Similarly 

when flying with the sun on the left (right) wing, a roll measurement that is less than the 

actual roll produces corrected fluxes which are larger (smaller) than they ought to be.  

Indeed, plotting the flux percentage difference as a function of the apparent heading of the 

aircraft, h - φa, showed a correlation of the flux differences, with the aircraft’s position 
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relative to that of the sun (Fig. 11). Thus pitch and roll offsets were needed in addition to 

the flux offsets, to correct the navigation data. 

Since the relation between the flux and cosine of the solar zenith is known to be  

linear, performing a regression analysis and minimizing the regression coefficient’s root 

mean square (rms) by manipulating the pitch and roll (altering the heading had negligible 

effects) will yield the navigation offset.  This was done iteratively for both the fixed and 

stabilized fluxes, alternating back and forth between adjusting the roll to reduce the rms to 

its lowest value and then likewise the pitch, until no further adjustments of pitch or roll 

achieved a lower rms.  Table 1 lists the pitch and roll offsets for each day.  The corrected 

fixed flux was determined again, including the navigation offsets, but without the flux 

offset.  In addition, a new stabilized flux was computed.  Using the pitch and roll offsets, 

δp and δr, respectively (along with the unchanged heading) for the stabilized platform as 

input for the rotation matrix in (14), the corrected stabilized flux was computed in the 

same fashion as the corrected fixed flux.  A new flux offset, β, between the newly 
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ẑ

ŷ
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corrected fixed flux and the corrected stabilized flux was then determined for each flight.  

The differences between the new flux offsets and their counterparts (determined without 

the pitch and roll offsets) were less than 4 W m
-2

, except for 22 Nov 2002 where the 

difference was 17.2 W m
-2

 (Table 2).  The correction factor, incorporating the pitch and 

roll offsets, was then performed as before.  Notice how the inclusion of the pitch and roll 

offsets shifts the corrected fixed fluxes up and down closer to the stabilized fluxes more 

than it changes the shape of their distribution (Fig. 12).  Most of the fully corrected fixed 

fluxes are now within ± 1% of the stabilized fluxes (Fig. 13), which is the approximate 

magnitude of the CAA. 

Thus there are four instantaneous fluxes to average.  These included: (1) the fixed 

 flux corrected using the original navigation data, Fc; (2) the fixed flux corrected by 

navigation data altered with the fixed platform’s pitch and roll offsets, Fco; (3)  the 

stabilized flux, Fs; and (4) the stabilized flux corrected with the stabilized platform’s pitch 
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11a- 15 Nov 2002 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11b- 22 Nov 2002 

 

                 Figure 11- Note the clear concentration of large flux differences in  

                 11a and 11c for particular headings.  Though they are spread more  

                 evenly in 11b the concentrations are still noticeable. 
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Figure 11 Continued   11c- 24 Nov 2002 

                             

 

Table 1.  Pitch and Roll Offsets for the Fixed and Stabilized Platforms 

 Fixed Platform Stabilized Platform 

Date δp (radians) δr (radians) δp (radians) δr (radians) 

15 Nov 0.00752 0.0109 -0.00171 0.000442 

20 Nov 0.00391 0.0129 -0.000200 0.00933 

22 Nov 0.0121 0.00913 0.0168 -0.00622 

24 Nov 0.00622 0.0117 -0.00140 -0.00502 

 

 

Table 2.  Flux Offset Between the Fixed and Stabilized Platforms 

Date α (W m
-2

) β (W m
-2

) 

15 Nov 13.9 17.9 

20 Nov  .3 -2.1 

22 Nov -1.3 15.9 

24 Nov 19.0 21.5 

 

 

 

and roll offsets, Fsc.  All four instantaneous fluxes were averaged over a 2-second period 

centered on the desired time.  These 2-second averages were then used as the input for the 

5-, 10-, and 30-minute moving averages for each of the four fluxes.  The 5- and 10-moving 

 24



         Figure 12- This is the same plot of the corrected fixed and stabilized fluxes as 

         in Fig. 9 but with the pitch and roll offsets included in the correction factor. 

 

 

            Figure 13- This is the same plot of the flux percentage differences as in    

            Fig. 10 but with the pitch and roll offsets included in the correction factor. 
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averages were calculated at one-minute intervals and the 30-minute averages at 2-minute 

intervals.  Having calculated all the flux averages, the absorption uncertainty, γ, can finally 

be determined for the corrected fixed and stabilized fluxes.   

The amount of absorbed downwelling flux in a layer is approximated as the 

difference, ∆F
↓
, between the incoming, Ft

↓
, and outgoing, Fb

↓
, flux given in (15).  The 

error, δ(∆F
↓
), in this difference is simply the difference between δFt

↓
 and δFb

↓
 , the small 

change of the incoming and outgoing flux, respectively, as stated in equation (16).  To 

obtain the uncertainty in the absorption, the standard deviation of this error must be  
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determined.  The average of the absorption error at time ti is given in (17) with which ε is 

derived below.  Subtracting the mean absorption error, ( )↓
i

∆F , in the downwelling flux in 

(17) from the instantaneous absorption error, δ(∆Fi
↓
), in (16) yields equation (18).  

Similarly, in (18), the mean change in the incoming and outgoing fluxes, 
↓

it
F  and 

↓
ib

F , subtracted from the corresponding instantaneous flux changes,  and , 

gives the error at the top, ε

↓
it

F
↓

bi
F

ti, and bottom, εbi, of the layer, respectively in (19).  Both are 

assumed to be random instrumental errors, as the solar flux at the top of the atmosphere is 

constant.   Taking the mean of the sum of the squares of (20) produces equation (21), in  
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which the middle term on the right, Σ2εtiεbi/N, is the covariance of εti and εbi, and since the 

errors are random and thus independent of each other this term is 0.  The other two terms 

are the standard deviations, σt and σb, of the errors at the top and bottom of the layer, 

respectively, which are assumed to be equal. This yields the absorption uncertainty given 

in (23), where σ is the uncertainty of any of the four average fluxes over the entire flight. 
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CHAPTER 5 
 

RESULTS 

 
 
 Of the seven flights, four were found suitable to determine the uncertainty of the 

correction method itself, as the filtering described in the previous section reduced the 

amount of flux data available for averaging.  The data collected on 19 November were 

rejected because the stabilized platform was not working properly during most of the 

flight. The average difference between the stabilized and corrected fixed fluxes was about 

70 Wm
-2

 which is too high to be accounted for by a bias between the two pyranometers.  

On 23 November, the flight path involved a significant amount of turning which reduced 

the data set by over half.  Cloudy skies greatly limited the remaining amount of useable 

data to the point that there was not enough to conduct 5-, 10-, or 30-minute averages.  A 

similar data shortage occurred on 16 Nov, but this was due to the short duration of the 

flight.  Though there were enough post-filtered data to determine the uncertainties of the 

two-second fluxes averages, there were not enough data to determine any of the longer 

period averages.  The flights on 15 and 24 November yielded the greatest number of post-

filtered data and a large amount of longer period averages, due to their long duration and 

the relatively clear conditions.  The flights on 20 and 22 November both provided good 

data sets, but not as good as the first and last flights, suffering, like the flight on 23 

November, from cloudy sky conditions.   Flux observations taken during the latter part of 

the flight on 20 November were rejected because the stabilized platform was 

malfunctioning.  

 As was mentioned previously, it was necessary to include navigation and flux 

offsets to make an accurate comparison between the stabilized and fixed fluxes.  A plot of 

the two as a function of the cosine of the solar zenith (Fig 14) shows the extent to which 

the computed and measured fluxes follow the expected linear relation.  For 15 Nov the 

pre-corrected fixed fluxes deviate from the linear regression by as much as 100 W m
-2

 (Fig 

14a) having an explained variance of only 0.542.  In contrast, the stabilized fluxes almost 

always lie on the line, explaining 0.987 of the variance.  Also, notice that though the 

regression line is nearly parallel to that of the stabilized fluxes, there is a difference in  
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14a 

 

         Figure 14-  The fluxes from the fixed and stabilized platforms are plotted 

         as a function of cos e.  In a) note the separation between the trend lines for  

         the raw fixed and stabilized fluxes which is the flux offset between the  

         platforms.  The trend lines in b) now overlap and the dispersion of the fixed  

         flux is much reduced after the solar correction factor is applied.  With the  

         addition of the navigation offsets, the fixed flux in c) aligns along the trend  

         line a bit more.       

 

 

 

the two y-intercepts, which is the flux offset.  After the solar correction factor is applied to 

the fixed flux and the flux offset is removed, the deviations from the linear regression are 

greatly reduced and the two regression lines almost completely overlap each other (Fig. 

14b).  However, the regression coefficients for the uncorrected and corrected fixed fluxes 

were 1293.0 and 1260.7 W m
-2

, respectively, a difference of 32.7 W m
-2

, which is ~2.5 % 

of the solar flux!  With the inclusion of the navigation offsets, the corrected fixed flux’s 

deviation from the regression line is reduced even further, increasing the explained 

variance from 0.907 to 0.970.  By comparison, applying the navigation offsets to the 

stabilized flux (Fig. 14c) only increases the explained variance from 0.987 to 0.989 and the 

regression coefficient differs by only .4 W m
-2

 from 1261.7 to 1262.1 W m
-2

.   
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Figure 14 Continued   14b 

 

 

Figure 14 Continued   14c 
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 Given the higher R
2
 of the stabilized flux, their uncertainties should be lower than 

those of the fixed flux.  The flux uncertainties were determined by calculating the standard 

deviation from the average of the flux for the entire flight.  Accordingly, the flux 

uncertainties should also diminish as the period increases from two seconds to thirty 

minutes (Fig. 15), which was indeed the case, though there was only a slight reduction in 

uncertainty from the 5- to 10-minute averages (Table 3).  As expected, the uncertainty 

levels of stabilized flux, σs, were generally less than the uncertainty levels of the corrected 
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           Figure 15- A box plot of the 2-sec and 5-min flux averages, with their standard 

           deviations listed above.  The top and bottom of each box represents the 75th  

           and 25th percentiles, respectively, for each flux, with the entire range of fluxes 

           represented by the whiskers.   

 

 

 

fixed flux, σc.   The same was true of the stabilized flux uncertainties, σco, and those of the 

corrected fix fluxed determined with the inclusion of the pitch and roll offsets, σsc.  
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However, the degree to which σs < σc and σsc < σco varied with each flight and averaging 

period.  As seen in Table 3, the largest relative differences occurred for 15 and 24 Nov, as 

the ratios, σc/σs and σco/ σsc ranged from ~1.1-5.8 (most being >1.8).  On 20 and 22 Nov, 

the stabilized and corrected fixed fluxes were much closer with ratios of ~0.9-3.1 (most of 

them within a range of 1.0-1.5).  This is seen in the plots of the absolute differences 

between the fully corrected fixed and corrected stabilized fluxes (Fig. 16), which illustrates 

that the two fluxes were closer to each other over the whole flight for 20 and 22 Nov than 

they were for 15 and 24 Nov.  The comparisons of Fc to Fco and Fs to Fsc also followed the 

expected outcome as the uncertainties for both stabilized and corrected fixed fluxes 

decreased with the addition of the pitch and roll offsets, though it decreased only 

minimally for the stabilized fluxes (except for 24 Nov).  For the ratio σc/σco the greater 

reductions were again seen for 15 and 24 Nov, with values ranging ~1.5-2.2.  For the other 

pair of flights, this ratio was ~1 for every average except the 30-minute average on 20 

Nov, which was ~0.6.  The greatest decrease for the stabilized fluxes occurred on 24 Nov, 

with σs/σsc being ~ 1.8-2.5.  The next largest ratios were seen on 22 Nov, with a range of 

~1.3-1.8.  On the other flights, the two fluxes were relatively close to each other, and so 

the ratios were generally near unity, except for the ratio for the 30-minute averages on 20 

Nov which was ~.4. 

 

 

Table 3.  Uncertainties in the Flux Averages 

 

 Table 3a. Uncertainties in the 2-Second Flux Averages 

Date σc (W m
-2

) σs (W m
-2

) σco (W m
-2

) σsc (W m
-2

) 

15 Nov 19.9 6.8 11.9 6.4 

20 Nov 5.9 3.1 5.6 3.1 

22 Nov 17.6 7.5 17.2 5.6 

24 Nov 24.1 7.4 13.2 4.1 

mean 18.2 6.5 12.7 5.0 
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Table 3b. Uncertainties in the 5-minute Flux Averages 

Date σc (W m
-2

) σs (W m
-2

) σco (W m
-2

) σsc (W m
-2

) 

15 Nov 13.5 6.4 6.3 5.8 

20 Nov 3.2 2.8 3.1 2.7 

22 Nov 7.0 5.3 5.6 3.3 

24 Nov 22.3 7.3 10.5 2.9 

mean 13.6 5.7 6.9 3.9 

 

 

Table 3c. Uncertainties in the 10-minute Flux Averages 

Date σc (W m
-2

) σs (W m
-2

) σco (W m
-2

) σsc (W m
-2

) 

15 Nov 10.8 6.2 6.3 5.7 

20 Nov 2.4 2.6 2.7 2.4 

22 Nov 3.8 3.4 2.9 2.0 

24 Nov 21.7 6.7 10.9 3.0 

mean 12.3 5.0 6.6 3.6 

 

Table 3d. Uncertainties in the 30-minute Flux Averages 

Date σc (W m
-2

) σs (W m
-2

) σco (W m
-2

) σsc (W m
-2

) 

15 Nov 5.6 3.0 5.6 3.1 

20 Nov 0.3 0.8 0.8 0.7 

22 Nov 1.6 1.1 1.4 .6 

24 Nov 14.9 4.4 10.0 1.7 

mean 8.0 2.7 5.8 1.8 
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16a- 15 Nov 2002 

 

 

 

16b- 20 Nov 2002 

 

  Figure 16-  The flux differences are shown in a-d with the blue line as the mean. 
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    Figure 16 Continued   16c- 22 Nov  2002 

 
 
 

Figure 16 Continued   16d- 24 Nov 2002 
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CHAPTER 6 

 

CONCLUSION 

 
  

 As expected, the absorption uncertainty estimated from the stabilize platform was 

considerably less than that of the fixed platform following the corrections.   Even with the 

inclusion of navigation corrections to the original telemetry, while significantly decreasing 

the differences between the two fluxes, the fixed flux uncertainties were still a factor ~1.8 

greater than stabilized flux uncertainty on average.  The uncertainties of the corrected 

fixed flux were 3.1-10.5 W m
-2

 for the 5-minute averages, which when multiplied by √2 

yields an absorption uncertainty of 4.4-14.8 W m
-2

.  Though this is not negligible it is not 

enough to account for the excess absorption found in pre-ARESE and ARESE data.  

Nevertheless, the uncertainty is significant enough to require a large number of flight 

observations to ensure the accuracy of the flux measurements, which increases the cost of 

the experiment, and the corrections require a significant amount of analyst time.  

Moreover, the offset between the flux regression coefficients of the uncorrected and 

corrected fixed fluxes is quite large amounting up to 2.5% of the flux coefficient!  In 

contrast, the uncertainty of the stabilized flux measurements and its resulting absorption 

were 2.7-5.8 Wm
-2

 and 3.8-8.2 Wm
-2

, respectively.  In addition, the offset between the flux 

coefficients for both stabilized fluxes was just .4 Wm
-2

.  So by using the stabilized 

platform to measure solar insolation both the large number of sorties and the mathematical 

corrections, required of the fixed pyranometer, can be avoided.  Note, however, that this 

study assumed that the diffuse flux was negligible.  For future work, situations where the 

diffuse is large and must be corrected should be studied (i.e. below a cloud.  Such a 

correction could quite possibly lead to another 10 W m
-2

 of uncertainty in the cloud 

absorptance.   

 

 

 
 

 

 

 

 

 36



REFERENCES 
 

 

Ackerman, T., D. M. Flynn, and R. T. Marchand, 2003: Quantifying the magnitude of  

anomalous solar absorption, J. Geophys. Res., 108, No. D9, AAC 4-1 - AAC 4-16 

 

Asano, S., A. Uchiyama, Y. Mano, M. Murakami, and Y. Takayama, 2000: No evidence  

for solar absorption anomaly by marine water clouds through collocated aircraft  

radiation measurements, J. Geophys. Res., 105, 14761-14775 

 

Byrne R. N., R. C. J. Somerville, B. Subasilar, 1996: Broken-cloud enhancement of solar  

radiation absorption, J. Atmos. Sci., 53, No. 6, 878-886 

 

Cess R.D. et al., 1995: Absorption of solar radiation by clouds: observations versus  

Models, Science, 496 

 

Cess, R. D., M. H. Zhang, F. P. J. Valero, S. K. Pope, A. Bucholtz, B. Bush, C. S.  

Zender, and J. Vitko, 1999: Absorption of solar radiation by the cloudy  

atmosphere: Further interpretation of collocated aircraft measurements, J.  

Geophys. Res., 104, 2059-2066 

 

Drummond, A. J., and J. R. Hickey, 1971: Large-scale reflection and absorption of solar  

radiation by clouds as influencing Earth radiation budgets: new aircraft  

measurements, Preprints Int. Conf. on Weather Modification, Canberra, Amer. 

Meteor. Soc. 

 

Francis, P. N., J. P. Taylor, P. Hignett, and A. Slingo, 1997: On the question of enhanced  

absorption of solar radiation by clouds, Q. J. R. Meteor. Soc., 123, 419-434 

 

Hammer, P. D. et al., 1991: The 27-28 October 1986 FIRE Cirrus Case Study: Retrieval of  

Cloud Particle Sizes and Optical Depths from Comparative Analyses of Aircraft 

and Satellite-based Infrared Measurements, Monthly Weather Review, 119, 15 July, 

1673-1692  

 

Herman, G. F., 1977: Solar radiation in summertime Arctic stratus clouds, J. Atmos. Sci,  

34, 1423-1432 

 

Imre, D.G., E. H. Abramson, and P. H. Daum, 1996: Quantifying cloud-induced  

shortwave absorption: an examination of uncertainties and of recent arguments for  

large excess absorption, J. App. Meteor., 35, 1991-2010 

 

Li, Zhanqing, 2004: Have clouds darkened since 1995?, Science, 302, 14 Nov, 1151-1152 

 

Liou, K., 1976: On the absorption, reflection, and transmission of solar radiation in  

cloudy atmospheres, J. Atmos. Sci., 33, 798-805 

 

 37



O’Hirok, W. and C. Gautier, 2003: Absorption of shortwave radiation in a cloudy  

atmosphere: Observed and theoretical estimates during ARESE II, J. Geophys.  

Res., 108, D14, AAC 6-1 - AAC 6-14 

 

Pilewskie, P. and F. P. J. Valero, 1995: Direct observations of excess solar absorption by  

clouds, Science, 262, 17 Mar, 1626-1629 

 

Ramanathan, V., B. Subasilar, G. Zhang, W. Conant, R. D. Cess, J. T. Kiehl, H. Grassl,  

L. Shi, 1995: Warm pool heat budget and shortwave cloud forcing: A missing  

physics?, Science, 267, 499-502 

 

Reynolds et al., Reynolds, D. W., T. H.V. Haar and S. K. Cox,1975: The effect of solar  

radiation absorption in the tropical troposphere, J. App. Meteor., 14, No. 4, 433- 

443  

 

Robinson, G., 1958: Some observations from aircraft of surface albedo and the albedo  

and absorption of cloud, Arch. Meteor. Geophys, Bioklim, B9, 28-41 

 

Rozenberg, G., M. Malkevich, V. Malkova and V. Syachinov, 1974: Determination of the  

optical characteristics of clouds from measurements of reflected solar radiation by  

KOSMOS 320, Izv. Acad. Sci. USSR, Atmos. Ocean. Phys., 10, 14-24 

 

Stephens, G., 1978: Radiation profiles in extended water clouds. I: Theory, J. Atmos. Sci.,  

35, 2111-2122 

 

Stephens, G., G. Paltridge and C. Plat, 1978: Radiation profiles in extended water clouds.  

III: Observations. J. Atmos. Sci., 35, 2133-2141.  

 

Stephens, G.L. and S. Tsay, 1990: On the cloud absorption anomaly, Q. J. R.  

Meteorological Society, 116, 671-704 

 

Twomey, S., 1976: Computations of the absorption of solar radiation in clouds, J. Atmos.  

Sci., 33, 1087-1091 

 

Twomey S., and T. Cocks, 1982: Spectral reflectance of clouds in the near-infrared  

comparison of measurements and calculations, J. Meteor. Soc. Japan, 60, No.1,  

583-592 

 

Valero, F. P. J., R. D. Cess, M. Zhang, S. K. Pope, A. Bucholtz, B. Bush, and J. Vitko  

Jr.,1997: Absorption of solar radiation by clouds: Interpretations of collocated  

aircraft measurements, J. Geophys. Res., 102, 29,917-29,927. 

 

Wiscombe, et al., 1984: The effects of very large drops on cloud absorption. Part I: parcel  

models, J. Atmos. Sci., 41, 1336-1355.  

 

Wiscombe, W., 1975: Solar radiation calculations for arctic summer stratus conditions.  

 38



Climate of the Arctic. G. Weller and S. Bowling, Eds., University of Alaska  

Press, 245-254 

 39



BIOGRAPHICAL SKETCH 

 

 

Gregory McDowall was born on September 6, 1978 in Lake Wales, Florida, the 

last of four children.  He attended a private school in Avon Park until his junior year of 

high school, and graduated in 1997 from Forest Lake Academy in Apopka, Florida. 

Since the time he was seven he had his heart set on becoming a scientist, but 

having a passion for music he decided to pursue both interests in college.  He graduated 

from Rollins College in May 2001 with a Bachelor’s Degree in physics and music and a 

minor in mathematics.  Though he initially wanted to pursue a career in astrophysics, that 

interest waned, and so he decided to try meteorology.  He enrolled in the graduate 

meteorology program at Florida State University in August 2001, began working under Dr. 

Robert Ellingson in the summer of 2002, and will graduate in the Fall of 2005.   

 40


	The Florida State University
	DigiNole Commons
	12-5-2005

	Broadband Solar Irradiances Measured on Fixed and Stabilized Platforms: Comparison of Observations and Their Uncertainties
	Gregory David McDowall
	Recommended Citation


	CHAPTER 2
	DETERMINING OF THE SOLAR CORRECTION FACTOR
	CHAPTER 5
	RESULTS

