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ABSTRACT 
 
Solar occultation measurements of balloonborne 
LPMA and DOAS spectrometers are used for SCIA-
MACHY validation. The SCIAMACHY level-1 pro-
duct solar irradiance is validated by extrapolation of 
measured spectra at different solar zenith angles. To 
achieve this, a radiometric calibration is performed 
before and after each balloon flight. To correct for 
atmospheric effects, the Langley-plot method will be 
used to calculate the TOA (top of atmosphere) inco-
ming solar irradiation. It is a standard procedure that 
has been applied for a number of satellite sensors like 
SeaWiFS [1], SBUV [2] (Nimbus 7) and many ground 
– based sensors [3-5]. As the campaign work will start 
in 2002, this paper concentrates on general theoretical 
and technical aspects of the solar irradiance validation. 
 
 
1. SCIAMACHY ON ENVISAT 
 
The sensor to be validated by the procedures described 
here is SCIAMACHY on ENVISAT-1, a spaceborne 
atmospheric chemistry instrument. SCIAMACHY is a 
passive optical remote sensing instrument that meas-
ures the absorption, reflection and scattering charac-
teristics of the atmosphere between 240 and 2380 nm 
wavelength. Measurements are made using scattered 
sunlight in nadir and limb geometry, transmitted solar 
and lunar radiation in occultation geometry, and solar 
and lunar irradiance. For each orbit solar occultation 
measurements, including measurements of the solar 
irradiance, will be performed during sunrise. All 
measurements will be converted to provide informa-
tion about the amounts and distributions of selected 
atmospheric constituents (O3, BrO, OCLO, SO2, NO, 
NO2, H2O, CO, CO2, CH4, N2O among others), as well 
as information about aerosol, pressure, temperature, 
radiation field, cloud cover, cloud top height and sur-
face reflectance. ENVISAT-1 is scheduled to be 
launched to a sun-synchronous orbit in October 2001. 
Global coverage will be obtained each time after 3 
days equaling 42 orbits. 
 
2. PRODUCT: SOLAR IRRADIANCE 
 
The solar irradiance is a level 1 product of SCIA-
MACHY. It is an input quantity for retrieval algo-
rithms like FURM (FULL Retrieval Method) which  

 was already used for the retrieval of GOME O3 pro-
files. Solar irradiance data also play a major role in the 
development of the data retrieval in limb -geometry 
and as an input parameter for chemical models (i.e. 
Ring). Solar irradiance measurements are useful for 
long-term instrument performance monitoring and 
their validation will help to maintain the calibration of 
SCIAMACHY during its lifetime. Instrument aging is 
known to be a large source of uncertainty. Experience 
with the GOME sensor [6] shows that the calibration 
may vary significantly after launch as a result of de-
gradation in orbit. Further interest arises from the field 
of solar physics. The influence of the solar UV-light 
on the upper atmosphere and on earth´s climate has 
already been subject of dedicated satellite measure-
ments. Spectrally resolved UV-irradiance with empha-
sis on the 27-day solar rotation and the 11-year solar 
cycle has been monitored by the satellite instruments 
SOLSTICE [7] (calibrated against stellar targets) and 
SUSIM [8]. Calibration concepts of these instruments 
had to take into account the strong degradation in 
orbit. In the case of SUSIM an independent backup 
instrument carried by Space-Shuttle was included, 
which could be repeatedly calibrated pre- and post-
flight. The solar irradiance validation of SCIA-
MACHY described here also relies on repeated cali-
brations of the balloonborne spectrometers used.  
 
3. GENERAL CONCEPT 
 
The LPMA (Limb Profile Monitor of the Atmosphere, 
an IR Fourier-transform spectrometer) and DOAS [9] 
(Differential Optical Absorption Spectrometer, a UV / 
visible grating spectrometer) are used together as a 
combined balloon payload. During regular flights of 
the payload scheduled for the validation of SCIAMA-
CHY level-2 products within the framwork of the 
ESABC (Envistat Stratospheric Aircraft & Balloon 
Campaign), additional solar irradiance measurements 
will be made. Both the LPMA and the DOAS instru-
ment use solar occultation for the determination of 
trace-gas profiles. The combined wavelength range of 
the instruments (320 – 2400 nm) covers most of the 
SCIAMACHY spectral range at a comparable resolu-
tion, and thus offers the unique opportunity for a vali-
dation of the level-1 product solar irradiance. SCIA-
MACHY channels 2 and 3 are covered by DOAS, 
while channels 5, 7, 8 and possibly 4 and 6 are acces-
sible by the LPMA depending on its configuration. 



Prerequisite for the validation is a radiometric calibra-
tion of the LPMA and DOAS instruments. The possi-
bility to recalibrate the two instruments in the field 
prior and after each flight of the balloon is an advan-
tage over satellite measurements that can increase 
overall accuracy. Radiation from a QTH (quarz tung-
sten halogen) calibration source will then be coupled 
into the optical inlet port of the LPMA / DOAS pay-
load. The irradiance of the QTH lamp depends upon 
the distance between lamp and target, the orientation 
of the lamp, and the directional nature of the lamp´s 
output. A custom-designed field calibration unit con-
taining the QTH source and an optomechanical ar-
rangement to assure defined optical coupling will be 
used. As this will have to be done in the field prior to 
each balloon launch, evacuation of the calibration unit 
will be difficult to achive. Thus, atmospheric absorp-
tions (mainly water vapor) on the path between QTH 
source and balloon instruments have to be considered 
as an error source. These lines will be visible in the 
recorded spectra and correction should be possible by 
a procedure described below. From the known spectral 
input to the instruments Ical, and the instruments re-
sponse I2, the spectral response function Iins of the 
balloon spectrometer can then be calculated as the 
ratio Iins = I2/Ical . The desired solar spectrum Isun for 
the given solar zenith angle (SZA) can be calculated 
by dividing the solar spectrum seen by the instrument 
Imeas by the instrument´s response function Iins as Isun = 
Imeas/Iins. From these spectra, recorded as a function of 
SZA, the extraterrestrial solar irradiance is extrapo-
lated. 
 
Ballon lauches will be scheduled as to enable occulta-
tion measurements during sunrise or sunset from the 
float position at an altitude of 30-35 Km. Measure-
ments can then be made at different solar zenith angles 
ranging from 83 to 95 degrees in a relatively short 
time interval. Airmass factor is a function of the SZA. 
As a result of the stratospheric observational position 
the airmass-factor is relatively small and the effects of 
the planetary boundary layer reported in [3] will be 
eliminated. Extrapolation of the spectra measured at 
different SZA to zero-airmass then yields the desired 
extraterrestrial solar irradiance using the Langley-plot 
method. It is important, that while the solar disk is 
monitored under different zenith angles, the atmo s-
phere can be considered constant. The SZA should be 
the only variable parameter during the measurement. 
From the solar irradiance data acquired in strato-
spheric float and the instruments transmission function 
acquired using the calibration source, the solar spec-
trum can be calculated and plotted as a function of the 
airmass-factor. The zero-intercept (zero airmass) is the 
solar irradiation above the atmosphere. 
 
The SCIAMACHY solar irradiance validation will be 
performed as an additional measurement using the 
two-instrument balloon-payload already included in 
the validation programme. There is no need for in-
strument modification or additional balloon launches.  

3.1 Calibration Sources and Procedures 
 
The balloon-instruments LPMA and DOAS used as 
transfer devices have to be radiometrically calibrated. 
This can be done using a light source of adequate and 
precisely known radiation. QTH sources similar to the 
lamps used in imaging systems like slide projectors 
can be used for this purpose. Selected lamps of high 
quality and temporal stability are individually calibra-
ted by a (small) number of institutions like the NIST 
(National Institute of Standards and Technology) in 
the USA or the PTB (Physikalisch-Technische Bun-
desanstalt) in Germany. Both institutions realise the 
spectral radiation scale using a gold point blackbody 
and the Planck radiation law. Details of the procedure 
and the transfer standards involved can be found in 
[10]. As a spectral irradiance standard, NIST issues a 
1000-watts QTH lamp which is used by a number of 
commercial vendors to produce secondary standards. 
All these lamps emit radiation in the spectral range 
between 240 and 2400 nm. Thus, a single source can 
be used to cover the entire range of interest in the 
calibration described here. 
 
From a theoretical point of view, the spectral radiation 
for a given lamp could be calculated with formalism 
derived from the Planck blackbody radiation, if a 
number of lamp parameters were known precisely. 
The complete radiance then depends on one single 
parameter, the filament temperature as an analogy to 
the blackbody temperature. From that point of view, 
the spectral radiance for a given electrical power input 
could quite easily be calculated. However, the practi-
cal error budget of the QTH lamp´s radiation contains 
uncertainty from parameters like composition of fila-
ment, composition of glass envelope and difficulties to 
measure the precise color temperature. These data are 
hard to acquire by measurements, and are not avail-
able from the makers of the lamps. A mathematical 
model for QTH sources is under development, but for 
the work described here, a set of NIST (or NIST-
traceable) QTH sources will be used. This is the most 
practical and safe way to transfer a certified calibra-
tion to the instruments. 
 
For the radiometric calibration of a spectrometer ai-
ming at solar irradiance measurements, one desires the 
calibration source (QTH lamp) to be as similar as 
possible to the source to be analysed (sun) in three 
aspects. These aspects are 1) similar irradiance, 2) 
similar spectral distribution (color temperature), and 
3) similar imaging properties (geometry of rays, e.g. 
focused, divergent or collimated).  
 
3.2 Irradiance 
 
A similar irradiance (radiometric flux per unit area) of 
calibration source (QTH) and unknown source (sun) is 
preferable in order to stay well within the dynamic 
range of the optical sensors of the instrument to be 
radiometrically calibrated. If the intensites of the two  



sources to be compared differ by several orders of 
magnitude, dynamic limitations and nonlinearities of 
the sensors can introduce additional uncertainty. Total 
solar irradiance is in the order of 0.1 watts per cm2 for 
small zenith angles and clear sky conditions. This 
power per area can be obtained from a 1000-watts 
lamp at an operating distance of approximately 28 cm 
(inverse square law), assuming uniform light distribu-
tion. 
 
 
3.3 Spectrum (Color Temperature) 
 
A similar color temperature (spectral distribution of 
the total irradiance) of the two sources is desired for 
very similar reasons: to assure sensor linearity by 
using similar intensities of calibration source and 
unknown source in each part of the spectrum. Unfor-
tunately, this demand can only be fulfilled in part. As 
an approximation, the sun can be considered as a 
blackbody with a color temperature of 5800 K, with 
the UV radiation deviating somewhat from the Planck 
blackbody. An artifical calibration source of similar 
color temperature cannot be realised. The emission of 
a QTH lamp is also similar to a blackbody, but color 
temperature is typical around 3000 K, and in compari-
son to the sun significantly less UV-radiation is pro-
duced. As a result of the relatively low UV-power of 
the QTH lamp, uncertainty of the radiometric calibra-
tion below 350 nm is expected to be slightly larger 
than in the visible. Blackbody radiation at several 
color temperatures is shown in fig. 1 [11]. The extra-
terrestrial solar irradiance compared to a blackbody at 
5800 K can be seen in fig. 2 [11].  
 

 
 

Fig. 1. Blackbody Radiation [11] 
 
3.4 Geometry 
 
The sunlight reaching the instrument´s optical aperture 
can be considered a parallel, collimated beam as a 
result of the large distance between source and target. 
This is not true for a calibration source illuminating 
the entrance aperture of a spectrometer from a di-
stance of typically 0.2 to 5 meters. Of the two instru-
ments to be radiometrically calibrated in this work 
(LPMA and DOAS), especially the Fourier-transform 

 

 
 

Fig. 2. Extraterrestrial Solar Irradiance [11] 
 
meter LPMA relies on a collimated beam as a conse-
quence of its interferometric working principle. From 
the imaging point of view, of course a collimating 
system, composed of a mirror or a lens, might be used. 
These components however will introduce spectral 
transmission (lens) or reflection (mirror) functions that 
will modulate the lamp´s spectral output. While one 
solution to the problem might be to have the lightsour-
ce (lamp and collimator) calibrated as a whole, in this 
work it is intended to use the bare lamp without any 
collimating system.  
 
The experience gained during the radiometric calibra-
tion of SCIAMACHY in limb -mode using different 
geometries with the same light source is used here: In 
order to get an illumination independently of the di-
stance between the source (1000 watts QTH) and the 
target (SCIAMACHY), a sperical mirror was used to 
produce a collimated beam. In practice the distance 
between source and target turned out to be an impor-
tant parameter because filament imaging in the beam 
depended strongly on this distance [12]. Also, the 
reflectance properties of the spherical mirror may 
depend on the angle of incidence of the rays emitted 
by the lamp. This increases the risk that the spectral 
composition of the parallel beam may not be uniform 
throughout its cross-section. Finally, the beam may 
become partly polarised as a result of the reflection on 
the mirror´s surface.  
 
If the bare lamp is used without any collimating sy-
stem, a divergent beam will reach the entrance apertu-
re of the LPMA / DOAS System. When the 60-mm 
aperture of the LPMA is illuminated by the bare lamp 
from a distance of one meter, the path difference bet-
ween a ray on the optical axis reaching the center of 
the aperture, and a peripheral ray reaching the edge of 
the aperture is 450 micrometer. Instead of being planar 
like with a collimated beam, the divergent beam will 
produce a slightly sperical interferogram inside the 
FTIR spectrometer. Depending on instrumental para-
meters, this will cause some reduction of the spectral 
resolution. The DOAS uses an aperture of 10 mm  



spectro- 
diameter followed by light-fibres, and path difference 
will be around 130 micrometers for the same conditi-
on. Lab experiments to clarify the imaging aspects 
will be made with LPMA and DOAS in order to opti-
mise the final design of the calibration source. 
 
4. ERROR BUDGET  
 
The accuracy of the SCIAMACHY level-1 product 
solar irradiance is specified with 3-5 % [14], but the 
value is not given as a function of wavelength. For the 
1990 NIST Scales of Spectral Radiance and Spectral 
Irradiance, Planck´s radiation law is used with a gold 
point blackbody as a reference standard. Calibration 
uncertainty of NIST lamps [10] (two standard devia-
tion estimate) is specified with 1.8% at 240 nm, 0.9 % 
at 655 nm, 1.4% at 1600 nm and 4.4% at 2400 nm. 
The use of a secondary standard (NIST-traceable) 
adds another 1% of uncertainty. However, the use of 
more than a single lamp seems highly recommendable 
to improve the statistical significance. Sometimes 
even NIST-lamps fail to comply to their specification 
as found in a comparison study [4]. For the transfer of 
the radiometric calibration from the QTH source to the 
balloon instruments, as an estimation a total additional 
error of 2% can be expected [4] for the VIS and NIR 
part of the spectrum. These estimated 2% include 
uncertainties from optomechanical positioning (0.5 
%), effects of lamp current uncertainty (0.1 %), at-
mospheric absorptions during calibration (0.8%) and 
spectrometer output uncertainty (0.5%).  
 
As the pre- and postflight calibrations will be made in 
the field at ambient pressure, atmospheric absorbers 
(mainly water vapor) on the lightpath between calibra-
tion source and LPMA/DOAS optical inlet will in-
crease uncertainty in some spectral regions. A calcu-
lated blackbody emission for these spectral regions 
can be used as a fit function to correct for the atmo s-
pheric absorbers. This approach is similar to the inter-
polation method recommended by NIST for wave-
lengths between the calibration points of the QTH-
sources. 
 
The precision limits (repeatability) of the balloon 
spectrometers used as transfer devices are another 
source of uncertainty, as some parameters of their 
optical detectors depend on temperature, which can 
only be kept constant with a limited accuracy during 
the balloon flight. For the LPMA, output has known to 
vary by several percents as a function of temperature 
fluctuations [private communication LPMA] depend-
ing on the configuration used. Error studies using the 
original balloon-instruments in the lab are currently 
under preparation and will be finalised well before the 
launch of ENVISAT. 
 
Extrapolation of the stratospheric solar irradiance 
measured under various solar zenith angles to the top 
of atmosphere irradiance with the Langley-plot also 

the measurements under clean-air conditions at small 
airmass factors (high altitude) or small solar zenith 
angles (transmission uncertainty reduced). The high 
altitude of the ballon measurements provide small 
airmass, and stratospheric variability also can be con-
sidered small. In order to reach the overall target accu-
racy of 3%, the error produced by extrapolation of the 
solar irradiance measured under different SZAs should 
be no greater than 1%. In ground-based high-altitude 
applications of the method, total errors in the radio-
metric calibration using Langley-plot between 0.6 to 
1.6% depending on spectral region [3] were reported. 
Measurement precision of the standard Dobson spec-
trophotometer is known to an uncertainty of 0.5% 
using Langley-plot method [13] over 25 years. 
 
5. LABORATORY BACK-UP 
 
The use of a single calibration source involves the risk 
of a change of the lamp´s radiation over time as a 
result of aging or degradation. Also, even the quite 
costly lamps issued by NIST have been found some-
times to contain outliers [4] and to not always comply 
with their specification. With a single lamp, there is a 
hardly any chance to detect these errors. For this rea-
son, a set of three lamps will be purchased for inter-
comparison in the lab. This method of working with a 
"family" of calibration sources of the same type has 
proven to produce the best precisions (0.5%) over 
extended periods of time  [13]. The sources can be 
compared to each other using a BRUKER 120 HR 
FTIR spectrometer available at the IUP lab as a trans-
fer device. 
 
6. TECHNICAL ADVANCES 
 
QTH sources exhibit excellent stability in the labora-
tory. In order to maintain this stability in field cam-
paigns where warm-up times and ambient temperature 
cannot always be kept constant, an active feedback 
and stabilisation scheme for the calibration unit has 
been developed. In addition to the constant-current 
drive normally used for QTH-lamps, a constant power 
drive using realtime power calculation for electronic 
feedback has been installed. Further, the lamp´s color 
temperature can be actively monitored using optical 
bandpass filters and feedback to correct the lamp´s 
operating parameters. This will compensate the nega-
tive effects of lamp degradation, ambient temperature 
fluctuations or necessary lamp changes and maintain a 
constant color temperature of the radiation. 
 
7. SUMMARY 
 
The balloonborne spectrometers DOAS and LPMA 
already forming part of the ESABC will be addition-
ally used to validate the SCIAMACHY level-1 pro-
duct solar irradiance. To assure valid measurements, 
these spectrometers will be radiometrically calibrated 
before and after each flight using stabilised QTH cali-
bration lamps. Solar occultation measurements made  



can produce errors. In general it is preferable to make  
at the float altitude at different solar zenith angles can 
be extrapolated to calculate the extraterrestrial solar 
irradiance using the Langley-plot method. Almost the 
entire spectral range of SCIAMACHY will be cov-
ered. ENVISAT with SCIAMACHY is scheduled for 
launch in october 2001, the validation campaigns with 
stratospheric balloons are planned for 2002 and 2003.  
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