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Abstract—A cross-sensor calibration technique is developed and
applied to improve upon the prelaunch radiance calibration and
characterization for the Total Ozone Unit (TOU) onboard the
FengYun-3/A satellite. The Level 3 products from the National
Aeronautics and Space Administration Ozone Monitoring In-
strument (OMI) onboard the Earth Observing System Aura are
used as input to a radiative transfer model to predict the TOU
radiances and characterize the biases for the measurements over
the Pacific Ocean in low- and midlatitudes. The coefficients are
derived from a regression algorithm to adjust the TOU radiances.
It is shown that, after the measurement bias correction, the biases
between the retrieved total column ozone products from the TOU
with those from the OMI Total Ozone Mapping Spectrometer
(TOMS)-Version 8 products and those from a set of ground-based
station measurements are 3% and 5%, respectively. The variations
in the estimated total ozone amounts from the TOU are consistent
with those derived from Solar Backscatter Ultraviolet Radiometer
instruments and OMI for a period from January 2010 to February
2011.

Index Terms—Calibration, ozone, remote sensing, ultraviolet
radiometry.
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TABLE I
SPECTRAL PROPERTIES OF TOU

I. INTRODUCTION

S IGNIFICANT changes in the stratospheric ozone, partic-
ularly over the polar regions, have been observed since

the 1970s [1], [2]. These changes have strong impacts on
the Earth’s climate and environment [3]. Spaceborne instru-
ments are important in monitoring the change of atmospheric
ozone because they have an advantage of global coverage over
ground-based instruments. The amount of atmospheric ozone
can be derived from the backscattered ultraviolet (BUV) solar
radiation or from the thermal infrared (IR) radiance, but for
nadir viewing instruments, the BUV instruments have better ac-
curacy than the IR instruments [4]. The concept for deriving the
atmospheric ozone from the BUV radiance was first suggested
by Dave and Mateer in the mid-1960s [5]. Since then, many
spaceborne BUV instruments such as the Total Ozone Mapping
Spectrometers (TOMSs) have been developed and deployed on
various space platforms [6]. In May 2008, China launched its
first BUV instrument, the Total Ozone Unit (TOU), flying on
the polar-orbiting satellite FengYun (FY)-3/A (FY-3A) [7], [8].
The main scientific purpose of TOU is to map the total column
ozone in the Earth’s atmosphere. TOU has six discrete channels.
(See Table I for the specific UV wavelengths and bandpasses for
these channels.) The retrieval algorithm estimates the amount of
total ozone by using a pair of wavelengths in the Huggins bands
selected so that ozone has a relatively stronger absorption at one
wavelength but a weaker absorption at the other. The TOU total
column ozone retrieval algorithm is based on TOMS algorithm
version 7 [9].

The first measurements by TOU showed a large difference
in solar irradiance compared with the results from the So-
lar Backscatter Ultraviolet Radiometer (SBUV/2) on the Na-
tional Oceanic and Atmospheric Administration (NOAA)-16.
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Fig. 1. Solar irradiance comparison between FY-3A/TOU and NOAA-16/
SBUV/2.

Fig. 2. Comparison between retrievals of total column ozone from
(a) FY-3A/TOU and (b) AURA/OMI.

The solar irradiances at channels 5 and 6 (331 and 360 nm,
respectively) were approximately 17% and 20% higher than
the measurements made by the SBUV/2, while the other four
channels (308, 313, 318, and 322 nm) have good agreement
(see Fig. 1). Retrievals of total column ozone from TOU using
the solar irradiance from the SBUV/2 showed a large difference
when compared with the Level 3 ozone products for the Ozone
Monitoring Instrument (OMI), particularly in the southern
hemisphere (see Fig. 2). A preliminary conclusion drawn from

TABLE II
SIMULATION OF MAXIMUM RADIANCE FOR TOU CHANNELS

comparing the differences of total ozone between TOU and
OMI with the backscattered radiances of TOU (see Fig. 3) is
that TOU has a large radiance bias. In order to evaluate the per-
formance of TOU radiance measurements, the maximum value
of radiance at each TOU channel was simulated from a radiative
transfer model (RTM) (the MODerate resolution atmospheric
TRANsmission model—MODTRAN) with a maximum cloud
fraction and a minimum solar zenith angle (see Table II) [10]. It
is shown that the TOU radiances at channels 5 and 6 exceed the
maximum radiances simulated by MODTRAN. Fig. 4 shows
that the bias between the total column ozone of TOU and
OMI has a sudden change in behavior when plotted versus the
radiance measured in channel 6. The biases versus the radiances
of other channels have similar patterns as that of channel 6 with
the location of the jump occurring in the [1, 6] μW/cm2/sr/nm
range. In this paper, the OMI global products for total column
ozone are used as inputs into an RTM to simulate TOU “truth”
radiances. Calibration adjustment coefficients to apply to the
relative radiance/irradiance ratios to correct the TOU observa-
tional biases are then determined by a regression procedure.

II. INSTRUMENT, PRELAUNCH,
AND ONBOARD CALIBRATION

The TOU has a single fixed Ebert–Fastie monochromator
with a fixed grating and an array of exit slits [11]. The
slit functions for the six channels were close to triangular
with full-width half-maximum values ranging from 1.0 to
1.3 nm. The TOU uses a photomultiplier-tube detector al-
ternately measuring the UV signals and dark currents of six
channels through a wavelength selector. The instrument’s in-
stantaneous field of view (FOV) is 3.6◦ × 3.6◦. The spatial
resolution is approximately 50 km × 50 km at nadir. The scan
mirror scans perpendicularly to the orbital plane in 3.6◦ steps
from 54◦ on the right side of the satellite nadir to 54◦ on the left
(relative to the direction of flight). A total of 31 samples for all
bands are obtained per scan, and the swath width is 2908 km on
the Earth. At the end of the scan, the mirror quickly returns
to the first position. Without making measurements on the
retrace, the scan interval is 8.16 s. The TOU has three operation
modes: 1) normal scan mode; 2) wavelength calibration mode;
and 3) radiometric calibration mode.

The TOU calibration included prelaunch calibration and
onboard calibration measurements. The prelaunch calibration
determined the response functions of radiance and irradiance,
radiance and irradiance interrange ratios, linearity, central
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Fig. 3. Backscattered radiances of FY-3A/TOU. (a) Channel 1. (b) Channel 2. (c) Channel 3. (d) Channel 4. (e) Channel 5. (f) Channel 6.
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Fig. 4. Variation of the difference of total column ozone retrieved from TOU
and OMI with the TOU radiance of channel 6. The retrieval of TOU was made
at nadir from 14 orbits of measurements on November 4, 2008.

wavelengths, radiometric sensitivity, goniometric functions of
the diffusers, slit functions, and the temperature dependence
function of the radiometric response functions [12].

The solar irradiance detected by channel i of the TOU is
determined by

F (i) = k(i) [cF (i)− cF0
(i)] grF (i)BRDF (α, β) (1)

where
F derived solar irradiance;
k constant for converting digital counts to voltage;
cF digital counts;
cF0 dark current;
g interrange ratio;
rF irradiance response function;
BRDF goniometric correction factor of the diffuser;
α solar elevation angle;
β angle between the Sun–Earth vector and the satellite

orbital plane.
The backscatter radiance detected by channel i of the TOU

is determined by

I(i) = k(i) [cI(i)− cI0(i)] grI(i) (2)

where
I derived radiance;
k constant for converting digital counts to voltage;
cI digital counts;
cI0 dark current;
g interrange ratio.

The TOU observes signals that span four orders of mag-
nitude; discretization errors are reduced by using three gain
ranges. The gain mode is selected automatically according to
the voltage observed. For both solar irradiance and radiance,
the instrument is radiometrically calibrated by using the Na-
tional Institute of Standards and Technology traceable lamp to
determine the response function under a certain gain range.
The gain range is determined by the output voltage at each
channel. For the radiance calibration, the diffuser made by Lab-
sphere, Inc., is employed. The digital counts are converted to
radiance or irradiance by using different interrange ratios. The
basic requirements of prelaunch calibration for TOU are shown
in Table III.

TABLE III
REQUIREMENTS OF PRELAUNCH CALIBRATION OF TOU

The onboard calibration includes wavelength drift monitor-
ing, solar calibration, and dark current monitoring. In the wave-
length calibration mode, the scanner stops to view UV light
from a mercury lamp incident on the diffuser plate. Wavelength
drift is monitored by measuring the change of mercury line
intensity at 296.8 nm. The wavelength calibration mode is
enabled once every two days in the dark portion of the orbit.
The wavelength drift for FY-3A/TOU was less than 0.09 nm
over a 32-month period from May 27, 2008 to January 31, 2011.
In order to monitor the change of instrument sensitivity, any
of three diffuser plates can be deployed to reflect sunlight into
the instrument in the solar calibration mode. The instrument
degradation is monitored by comparing the measured solar
irradiance with that taken at the start of the mission. The
three wet-blasted aluminum diffusers are designated as the
cover diffuser, the working diffuser, and the reference diffuser.
They are arranged as the faces of an equilateral triangular
prism and mounted on a carousel so that a given diffuser
can be rotated into view on demand. The reference diffuser
is normally exposed for one sequence of solar measurements
every 15 weeks, the working diffuser measurement is made
every week, and the cover diffuser measurement is made
once every orbit. The solar irradiance is measured over the
northern part of an orbit when the satellite crosses the ter-
minator. The working diffuser and reference diffuser are not
exposed to the sunlight unless they are used for solar irradiance
measurements, but the cover diffuser has been exposed to the
sunlight since the satellite was launched into its orbit.

III. INTERCALIBRATION METHOD

It can be seen clearly from Fig. 3 and Table II that the highest
radiances observed for channels 3 and 4 are close to the max-
imum values simulated by MODTRAN. For channels 5 and 6,
the observed radiances of TOU exceed the simulated maximum
values. It is also found that these two channels become saturated
for the brightest scenes at low solar zenith angles, i.e., at the
highest signal levels. Fig. 4 shows that, for the lower range
of radiance, the TOU has a better agreement with OMI in
total column ozone but has much larger differences when the
radiances for channel 6 are greater than 6.6 μW/cm2/sr/nm.
After examining the prelaunch calibration, it was found that the
TOU response function for each channel was only measured in
the lower range of radiances with a gain range ratio determined
by the output voltage of each channel, the gain range ratio was
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also measured over the same range of radiances, and the lin-
earity was derived from all radiance ranges. Although the TOU
detector is highly linear in all radiance ranges, it is possible
that it has a different response function for different radiance
ranges. Unfortunately, the response function was not measured
for all ranges of radiance in the prelaunch calibration, and the
limited characterizations are applied to all measurements in
the on-orbit calibration processing. The oversight may have
contributed to the choice of gain settings that result in the
radiance saturation at channels 5 and 6 when the FOV is full
of clouds, the maximum radiance values observed by channels
5 and 6 are approximately 34 μW/cm2/sr/nm.

The TOU intercalibration procedure follows several steps.
The first step is to determine the radiance correction coefficients
for the radiance below 6.6 μW/cm2/sr/nm in channel 6. It is
impossible to predict the radiance for the TOU pixel because the
radiometrically equivalent cloud fraction is unknown. However,
if there is a clear-sky FOV and the surface reflectivity and the
total column ozone of this FOV are known, the backscattered
radiance from this FOV can be predicted by the RTM. Clear-sky
pixels over the Pacific Ocean were selected, and the radiance
for channel 6 is predicted using the radiative transfer algorithm
based on the successive iteration of the auxiliary equation of
radiative transfer [13]. In the radiance simulation for channel 6,
the reflectivity of the ocean surface is assumed to be 0.05
according to satellite observations [14], [15]. The backscattered
radiance at the top of the atmosphere from the pixel with
the given viewing geometry and total column ozone can be
simulated with (3) [9]

I(λ, θ, θ0,Ω, P0, R) = Ia(λ, θ, θ0, φ,Ω, P0)

+Is(λ, θ, θ0, φ,Ω, P0, R) (3)

where
Ia purely backscattered radiance from the atmosphere;
Is reflection of the incident radiation from the reflecting

surface;
λ wavelength;
θ viewing zenith angle;
θ0 solar zenith angle;
Φ azimuth angle between the solar beam and the viewing

direction;
Ω total column ozone over the pixel;
P0 surface pressure;
R surface reflectivity.
Is can be written in

Is(λ, θ, θ0,Ω, P0, R) =
RT (λ, θ, θ0,Ω, P0)

1−RSb(λ,Ω, P0)
(4)

where

T (λ, θ, θ0,Ω, P0) = Id(λ, θ, θ0,Ω, P0)f(λ, θ,Ω, P0). (5)

Sb is the fraction of radiation reflected from the surface
that the atmosphere reflects back to the surface, Id is the total
amount of direct and diffuse radiation reaching the surface
at P0, and f is the fraction of radiation reflected toward the
satellite in the direction that reaches the satellite.

Fig. 5. Variations in the radiance correction coefficients for channel 6 in lower
range of radiance versus scan angle.

Six months of Level 1 data from the TOU over the Pacific
Ocean between latitudes of 70◦S and 70◦N were collected. The
clear-sky pixels for each view angle are identified by selecting
the pixels having the lowest radiance over each 5◦ latitude
zone. This selection removes approximately 89% of the scenes,
leaving 11% identified as clear-sky FOVs, which is consistent
with other satellite measurements [16]. The radiances of the
clear-sky pixels at channel 6 for all 31 scan angles are simulated
by using an RTM [13] with the surface reflectivity set to 0.05.
Radiance correction coefficients for channel 6 for the lower
range of radiances (below 6.6 μW/cm2/sr/nm) are determined
by a regression procedure defined by (6). Fig. 5 shows the
results of radiance correction at channel 6 in the lower radiance
range for all 31 scan angles. Position 1 is 54◦ right, position 16
is nadir, and position 31 is 54◦ left. Scan angle dependences
similar to that shown in Fig. 5 were found in the prelaunch
calibration for all channels of the flight model of FY-3B/TOU

Icorrected = c0 + c1 × Imeasured (6)

where

Icorrected corrected radiance of channel 6;
c0 and c1 linear regression coefficients;
Imeasured radiance of channel 6.

Fig. 5 shows that the radiance correction coefficients c1 (c0
is close to 0) at channel 6 for the near-nadir views (scanning
position numbers 15 to 19) are close to 1. This is because the
response function was only measured for the nadir direction
in the lower range of radiance. The scan angle dependence at
channel 6 is smoothed using a sixth-order polynomial fitting
function. The only difference in optical path among the views
in all 31 directions is in the orientation of the scan mirror;
the difference in the optical path between the solar irradiance
and the Earth’s radiance is that the solar irradiance is measured
by using the diffuser plate. The solar irradiance measurements
are made at a single view angle corresponding to the nadir
direction.

The second step of the TOU intercalibration is to derive
the radiance correction coefficients for channel 4 in the range
below 6.6 μW/cm2/sr/nm. The OMI version 8 ozone products
were used as the input of (3) [17], the corrected radiance at
channel 6 in the lower range is used to calculate the radio-
metrically equivalent cloud fraction for each pixel using (7),
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Fig. 6. Changes of radiance correction coefficient of channel 4 in lower range
of radiance with scan angle.

and the algorithm is based on the version-7 retrieval model of
TOMS [9]

fc =
(Im − Is)

(Ic − Is)
(7)

where
fc radiometrically equivalent cloud fraction derived from

corrected radiance in lower range of channel 6;
Im corrected radiance of channel 6;
Ic simulated radiance of channel 6 over pure cloud using (3);
Is simulated radiance of channel 6 over ocean surface using

(3).
The radiance of channel 4 is calculated by using

I = Is(Rs, Ps)(1− fc) + Ic(Rc, Pc)fc (8)

where
I predicted radiance of channel 4;
Rs reflectivity of ocean surface;
Ps air pressure at the ocean surface;
Rc reflectivity of cloud top;
Pc air pressure at the cloud top.

The cloud height climatology used for calculating cloud top
pressure was from the most recent data of the International
Satellite Cloud Climatology Project [18].

The radiance correction coefficients are derived by a re-
gression procedure similar to that used in (6). The radiance
correction coefficients are valid when the radiance values for
channel 4 lie between 0 and 6.6 μW/cm2/sr/nm. The valid
range of radiance correction coefficients at channel 4 is ex-
panded to 0 to 6.6 μW/cm2/sr/nm based on the assumption
that the radiance measurements for all channels have the same
behavior as that of channel 6. From analyzing the Level Zero
(L0, raw instrument counts) data of FY-3A/TOU, it is found
that all channels have close to the same output voltage or digital
count for the same radiance.

The reason for selecting channel 4 instead of channel 5 for
radiance correction is that the dynamic range at channel 5 is
very close to that of channel 6. Fig. 6 shows the results of
radiance correction at channel 4 in the lower radiance range.

The third step of intercalibration is to derive the radiance
correction coefficients for Channel 2 using corrected radiances
at channels 4 and 6. For a given pixel, the cloud fraction
is calculated using the corrected radiance at channel 6 if

Fig. 7. Scatter plots of observed radiance against simulated radiance of
channel 2 for nadir measurements using corrected radiances of channels 4 and
6 to calculate the cloud fraction.

the observed radiance is below 6.6 μW/cm2/sr/nm, and the
cloud fraction is calculated using the corrected radiance of
channel 4 if the observed radiance of channel 6 is above
6.6 μW/cm2/sr/nm and the observed radiance of channel 4
is below 6.6 μW/cm2/sr/nm. The input to the RTM for the
total column ozone is taken from the OMI product, and the
radiance correction is made for all 31 scan angles. The cloud
fraction algorithm is the same as that expressed in (7). The
radiance correction coefficients for channel 2 are derived using
a regression procedure with the relationship defined in (6), and
its valid range is expanded to the range of 0–6.6 μW/cm2/sr/nm
which covers almost the whole dynamic range of channel 2 [see
Fig. 3(a)]. Fig. 7 shows observed radiances against predicted
radiances at channel 2 for nadir pixels; there is a good linear
correlation.

The last step for intercalibration is to derive the radiance
correction coefficients for the remaining channels and radiance
ranges. The radiometrically equivalent cloud fraction for each
pixel is calculated using corrected radiances of channel 6 if the
observed radiance of channel 6 is below 6.6 μW/cm2/sr/nm,
using the corrected radiance of channel 4 if the observed radi-
ance of channel 6 is above 6.6 μW/cm2/sr/nm and the observed
radiance at channel 4 is below 6.6 μW/cm2/sr/nm, and using
the corrected radiance at channel 2 if the observed radiance
of channel 4 is above 6.6 μW/cm2/sr/nm. Fig. 8 shows the
observed radiance against simulated radiance for all channels
except channel 2. The solid lines in Fig. 8(c) and (e) represent
the radiance of the channel simulated by using the corrected
radiance of the same channel. Fig. 8 also shows that, for each
channel with the maximum observed radiances greater than
6.6 μW/cm2/sr/nm, a change in the slope of the radiance cor-
rection occurs at approximately 7.0 μW/cm2/sr/nm. The final
radiance correction coefficients for each channel are derived
from the regression procedure. For the lower range of radiance
at channels 2, 4, and 6, the regression relationship is defined
from (6). For the radiance greater than 7.0 μW/cm2/sr/nm, the
regression equation is defined as

Icorrected = c0 + c1 × Imeasured

+c2 × I2measured + c3 × I3measured. (9)

Parameters c0, c1, c2, and c3 are regression coefficients.
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Fig. 8. Observed radiance against simulated radiance for nadir measurements
using corrected radiances at channels 2, 4, and 6 to calculate the cloud fraction.
(a) Channel 1. (b) Channel 3. (c) Channel 4. (d) Channel 5. (e) Channel 6.

Fig. 9. Variation of the difference of total column ozone retrieved from TOU
and OMI with the TOU radiance of channel 6 after the TOU radiances for all
channels were corrected by intercalibration method. The retrieval of TOU was
made at nadir from 14 orbits of measurements on November 4, 2008.

The retrieval was then made using the same Level 1 (cali-
brated radiances) data used in Fig. 4 with the radiance correc-
tion coefficients derived from the aforementioned procedure. It
is now found that the average difference between the retrieved
total ozone amounts for TOU with those from OMI is 0.65%
(see Fig. 9).

It is clearly shown that the intercalibration produces a good
linear relationship for TOU observed versus simulated radi-
ances, but the original slopes had a sudden change at radiance
values equal to approximately 7 μW/cm2/sr/nm. This may be
caused by a sudden jump in the radiance response function
around this value. This jump was, however, not captured during
the prelaunch calibration. The preliminary retrieval test shows
that the intercalibration technique works very well for the whole
dynamic range of radiance. The Appendix gives an internal
derivation of a correction for channels 3, 4, and 5 that lead to
similar adjustments as those derived in the main text.

IV. OZONE PRODUCT VALIDATION

The retrieval algorithm is slightly modified from TOMS
version 7 [9]. The only modification is that, for tropical areas,
the TOU algorithm uses a different triplet of channels from
TOMS version 7 [7]. The TOU algorithm uses channels 2, 4,
and 6 to retrieve the total column ozone in the tropical area.
In the retrieval test, when compared with AURA/OMI data,
the wavelength pair using channels 3/5 produced larger bias in
tropical regions than the wavelength pair using channels 2/4,
and the reason for this was unknown.

Fig. 10 is the global distribution of total column ozone
retrieved from radiance-corrected TOU data of the same date
in Fig. 2(a). The retrieval result of TOU now shows good
agreement with OMI gridded data.

The data of FY-3A/TOU for the first year after the launch
in May 2008 were reprocessed using the radiance correction
coefficients, and the data have been processed operationally
with these corrections after July 2009. The TOU ozone product
has been used to monitor the global ozone change and Antarctic
ozone hole since 2008 [7]. In the spring of 2011, the total ozone
over the Arctic decreased dramatically, and the TOU data have
successively monitored the whole process. Fig. 11 is a compos-
ite of total column ozone retrieved from TOU and contour lines
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Fig. 10. Global distribution of total column ozone of November 14, 2008,
retrieved from corrected radiance of FY-3A/TOU.

Fig. 11. Composite of total column ozone and contour line of temperature at
50 hPa over the Arctic in March 26, 2011.

of temperature at 50 hPa over the Arctic. The ozone depletion
was severe in the spring of 2011 in the Arctic [19].

The solar irradiance observed by the cover diffuser has
decreased more than 50% since the launch. The working and
reference diffusers also show some degradation, but because the
irradiance measurements are affected by stray light from other
instruments’ surfaces, the degradation rate is difficult to esti-
mate accurately, and uncertainty in the goniometric response of
the diffuser is another source of variations in solar irradiances
(see Figs. 12–14). The degradation rates for the working and
reference diffusers are estimated to be less than 5%. The solar
irradiances for channels 5 and 6 are not displayed because some
solar measurements were saturated.

In order to validate the TOU total ozone product, a collec-
tion of ground-based ozone data and the OMI daily product
generated by the TOMS version 8 algorithm were compared
to the global gridded TOU data [11]. Ground-based data for

Fig. 12. Variation of solar irradiance from June of 2008 to February of 2011
observed with the cover diffuser. The cover diffuser degraded very fast during
the first six months after the launch date, and channels 1 to 4 had degraded by
57% to 61% by March 23, 2011.

Fig. 13. Variation of solar irradiance from June of 2008 to February of 2011
observed with the working diffuser. Channels 1 to 4 of the working diffuser had
degraded by 6% to 12% by March 31, 2011, and the solar irradiances observed
by the working diffuser show strong variation.

Fig. 14. Variation of solar irradiance from June of 2008 to February of 2011
observed with the reference diffuser. The reference diffuser is stable, and the
degradations for channels 1 to 4 were less than 2% over a 34-month period
from May 27, 2008 to March 25, 2011.

one year from July 2008 to August 2009 from 74 stations were
collected and compared to the TOU and OMI data. The ground-
based data were retrieved from the World Ozone and Ultraviolet
Radiation Data Center [20]. Fig. 15 displays a map of the
ground stations used for validation. The ground measurements
are made by Dobson and Brewer instruments.

Fig. 16 shows the variations of the average bias and root
mean square (rms) errors (rmse) of the daily ozone differences
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Fig. 15. Map of ground-based stations used for validation.

Fig. 16. (a) Average bias and (b) rmse of daily total column ozone over
74 ground-based stations between TOU, AURA/OMI, and ground-based
measurements.

between the TOU, OMI, and the ground-based stations versus
latitude [11]. The average biases of daily ozone were −0.18%,
−0.38%, and −0.59% between TOU and OMI, TOU and
the ground-based measurements, and OMI and the ground-
based measurements, respectively. The biases between the two
satellite instruments’ ozone estimates were smaller than those
between the satellites and ground-based stations at most lati-
tudes. TOU had a slightly smaller average bias with the ground-
based stations than the OMI with the ground-based stations.
The variation of rms differences versus latitude shows similar
magnitudes to the biases except for the rms differences between
TOU and the ground-based stations, which are larger than
those between OMI and the ground-based stations. The rms
differences for daily ozone were 3.1%, 4.3%, and 3.6% between
TOU and OMI, TOU and the ground-based measurements, and
OMI and the ground-based measurements, respectively. The
measurements of TOU, OMI, and the ground-based stations
were consistent over all latitudes with few exceptions.

Daily and monthly zonal means (averages of all data within
a given time period and over a latitude/longitude box) of total

Fig. 17. Daily zonal mean total column ozone in tropical area by TOU,
GOME-2, and SBUV/2 from January of 2010 to September of 2011.

Fig. 18. Variation of monthly zonal mean total column ozone with latitude for
TOU, GOME-2, and SBUV/2 for March and September of 2010.

ozone among TOU, Global Ozone Monitoring Experiment-2
(GOME-2), and SBUV/2 are also compared. Fig. 17 shows
the time series of daily zonal mean total column ozone in the
tropical Pacific area (20◦ S to 20◦ N and 100◦ W to 180◦ W)
measured by TOU, GOME-2, and SBUV/2 from January 2010
to February 2011. The products from the three instruments are
consistent. The TOU product is about 3% higher than that of
GOME-2 and SBUV-2. Fig. 18 shows the variation of monthly
zonal mean (10◦-latitude bands) total column ozone in March
and September of 2010 with latitude for TOU, GOME-2, and
SBUV/2; all instruments are in good agreement for all latitudes.
Fig. 19 shows the variation of difference of monthly zonal mean
total column ozone in September of 2010 with latitude for TOU,
GOME-2, and SBUV/2; all instruments are in good agreement
for all latitudes.

V. CONCLUSION

The TOU intercalibration studies found that the radiances
derived from the prelaunch calibration were not consistent with
the predicted values. This is possibly caused by the differences
in the prelaunch response function in different radiance gain
ranges. Differences in the solar irradiance between TOU and
SBUV/2 at channels 5 and 6 are also caused by the uncertainty
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Fig. 19. Variation of difference of monthly zonal mean total column ozone
with latitude for TOU, GOME-2, and SBUV/2 for September of 2010.

in the response function. The intercalibration results and re-
trieval result indicate that the instrument bias had a strong de-
pendence on the scan angle. A mathematical model to estimate
corrections for the radiometric calibration for each channel
was developed and applied. The radiance corrections give a
good result for the global retrieval of total column from TOU
compared to other ozone records.

APPENDIX

Initial investigations suggested that the radiance values from
the TOU had different behavior for larger values than for
smaller values. It was also noticed that the longer wavelength
channels usually have larger radiances and that the longer
wavelength channels saturate more often over cloudy condi-
tions. This appendix presents an internal consistency analysis
to correct the radiance measurements for higher values relative
to those for lower values for channels 3, 4, and 5.

The radiances measured at channels 3, 4, and 5 (318-, 323-,
and 331-nm channels, respectively) respond primarily to the
scene reflectivity and total column ozone and are highly inter-
channel dependent. One can fit the radiances at one channel
(e.g., 323 nm) very well with a simple function of the radiances
at the other two. For the GOME-2 measurements, the following
functional form was found to give a good approximation over a
large range of viewing conditions:

log I323 ∼ C4 + C5 log I318 + C6 log I331. (A1)

A multiple linear regression was used to calculate the es-
timates for C4, C5, and C6 using only low radiance level
measurements for the TOU. This approximation gives a good
fit for two orbits of TOU measurements with I331 in the range
[1, 6] μW/cm2/sr/nm. The residuals in this approximation are
given by the following difference:

D=I323−C4I
C5
318I

C6
331(C4=0.817, C5=0.5288, C6=0.4705).

(A2)

These differences are computed and studied as a function of
the three radiances. Fig. 20 shows the differences, D, versus
the I331 measurements for all values of I331. One can see that
there are at least three regimes as follows: In the first regime,

Fig. 20. Plot of the differences, D, in A2 (using the original radiances) versus
the radiances for channel 5, I331, for two orbits of TOU data.

Fig. 21. Plot of the differences, D, in A2 (using the original radiances for I318
and I323 and the adjusted values for AI331) versus the radiances for channel
4, I323, for two orbits of TOU data.

with the radiances ranging from 0 to 6, the D values are close to
zero. In the second regime, from 8 to 20, the differences become
increasingly negative. In the third regime, for the radiances
from 20 to 30, the D values become less negative.

A linear regression was used to estimate the slope and offset
for a linear adjustment between 8 and 18 to reduce the D values.
The adjustment can be written in the form

AI331 = I331 (for I331 < 6.55) (A3)
AI331 =6.55 + C7(I331 − 6.55)

(for I331 > 6.55, C7 = 0.569) (A4)

with the interval expanded from 8 down to 6.55 based on
computing the point where the linear adjustment to I331 would
be zero.

Fig. 21 shows the recomputed D values obtained by using
the adjusted values for channel 5, AI331, plotted versus the I323
radiances. The adjustment procedure to minimize D is repeated
for I323 values between [8, 10] yielding the following fit:

AI323 = I323 (for I323 < 7.54) (A5)
AI323 =7.2 + C8(I323 − 7.54)

(for I323 > 7.54, C8 = 0.605) (A6)

with the interval expanded from 8 down to 7.54 based on
computing the point where the linear adjustment to I323 would
be zero.
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Fig. 22. Plot of the differences, D, in A2 (using the original radiances for
I318 and the adjusted values for AI323 and AI331) versus the radiances for
channel 3, I318, for two orbits of TOU data.

Fig. 23. Plot of the differences, D, in A2 (using the adjusted radiances for
AI318, AI323, and AI331) versus the adjusted radiances for channel 5, AI331,
for two orbits of TOU data.

Recomputing the D values using both AI331 and AI323, and
plotting the result versus I318, gives Fig. 22. Estimating a linear
adjustment to the I318 values between [8, 12] to minimize the
D values gives

AI318 = I338 (for I318 < 7.76) (A7)
AI318 =7.76 + C9(I318 − 7.76)

(for I318 > 7.54, C9 = 0.592) (A8)

with the interval expanded from 8 down to 7.76 based on
computing the point where the linear adjustment to I331 would
be zero. Fig. 23 shows the final differences with all three
adjustments versus the adjusted radiances at channel 5. Notice
that the values where the linear adjustments turn on are at 6.6,
7.5, and 7.8 μW/cm2/sr/nm and the linear scaling factors are
0.57, 0.61, and 0.59 for channels 6, 5, and 4, respectively.
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