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ABSTRACT
The potential for using Geostationary Operational Environmental Satellite (GOES) Sounder radiance measurements to monitor total atmospheric ozone is examined. A statistical regression using GOES Sounder spectral
bands 1–15 radiances allows estimation of total atmospheric ozone. Hourly GOES ozone products have been
generated since May 1998. GOES ozone estimates are compared with Total Ozone Mapping Spectrometer
(TOMS) ozone measurements from the Earth Probe satellite and ground-based Dobson spectrometer ozone
observations. Results show that the percentage root-mean-square (rms) difference between instantaneous TOMS
and GOES ozone estimates ranges from 4% to 7%. Also, daily comparisons for 1998 between GOES ozone
values and ground-based observations at Bismarck, North Dakota; Wallops Island, Virginia; and Nashville,
Tennessee, show that the rms difference is approximately 21 Dobson units. Given the hourly measurements and
high-spatial density provided by the GOES Sounder, GOES ozone estimates and associated products show
promise.

1. Introduction
There has been much interest in atmospheric ozone
in recent decades, due primarily to its role in complex
mid-atmospheric photochemistry and the critical ecological effects associated with ozone depletion induced
by anthropogenic impacts and natural processes. The
evolution of the ‘‘ozone hole’’ and its interannual variability can be detected and even predicted by means of
satellite observations. The main satellite instruments
used for monitoring ozone are the Total Ozone Mapping
Spectrometer (TOMS; Bowman and Krueger 1985;
McPeters et al. 1996, 1998) and the Solar Backscatter
Ultraviolet (SBUV) spectrometer (Heath et al. 1975,
1978). In order to predict the evolution of ozone on
timescales of a few days to a week, reliable measurements of the three-dimensional distribution of ozone are
needed. However, neither the TOMS nor the SBUV,
which measure backscattered ultraviolet solar radiation,
can provide measurements at night. Infrared (IR) radiance measurements, since they do not depend on back-
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scattered solar energy, allow ozone estimates in regions
of darkness. Other satellite instruments, such as the
Global Ozone Monitoring Experiment (GOME; Burrows et al. 1999), the Microwave Limb Sounder (MLS;
Waters et al. 1999), the Stratospheric Aerosol and Gas
Experiment (SAGE; McCormick 1991), the Polar
Ozone and Aerosol Measurement (POAM; Bevilacqua
1997), and the Halogen Occultation Experiment (HALOE; Russell et al. 1993) can also provide useful atmospheric ozone information.
Satellite-observed infrared radiances at 9.6 mm can
be used to determine the global distribution of atmospheric ozone. Previous efforts in this area of research
have used Television Infrared Observational Satellite
(TlROS-N) Operational Vertical Sounder (TOVS; Smith
et al. 1979) 9.6-mm radiances to retrieve total column
ozone. Neuendorffer (1996) investigated TOVS ozone
monitoring and applied TOVS ozone data to ozone hole
detection. Engelen and Stephens (1997) compared their
TOVS ozone retrievals with TOMS total ozone estimates and obtained agreement to within 10% rms for
global-gridded TOVS measurements. Since April 1994,
the new generation of Geostationary Operational Environmental Satellite (GOES; Menzel and Purdom
1994) Sounders have provided higher spatial and tem-
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TABLE 1. GOES-8 Sounder noise performance. NEDR is the in-flight
measured noise equivalent radiation in mW m22 sr21 cm21 .
Wavelength
(mm)
14.7
14.4
14.1
13.9
13.4
12.7
12.0
11.0
9.7
7.5
7.0
6.5
4.57
4.52
4.45
4.13
3.98
3.7

Band

NEDR
(mW m22 sr21 cm21 )

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

1.63
1.41
0.94
0.65
0.74
0.32
0.21
0.15
0.20
0.091
0.091
0.119
0.012
0.011
0.012
0.004
0.005
0.002
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2. Analysis of ozone information contained in the
GOES ozone band radiance
GOES ozone band radiances contain atmospheric absorption, atmospheric radiation, and surface radiation
information. The GOES ozone band also has high sensitivity to both atmospheric and surface skin temperatures as well as some sensitivity to absorption due to
atmospheric moisture. Most importantly, the GOES
ozone band exhibits moderate ozone absorption. In order to motivate the physical basis for ozone estimation
from GOES Sounder measurements, the ozone information content of the GOES ozone band is examined
through simulations.
If we neglect scattering by the atmosphere, the clearsky radiance measured by the GOES satellite for a specific IR band within a field of view (FOV) is given by
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where R i is the clear-sky radiance for the ith spectral
band as seen by the satellite sensor, B[T( p)] is the Planck
radiance, which is a function of the atmospheric temperature profile T( p), and t is the atmospheric transmittance, also a function of T( p). The water vapor mixing ratio profile is denoted by q( p) and the ozone mixing
ratio profile by O 3 (p). The subscript s denotes surface
values, t * is defined as t * 5 (t s2/t ), « s is the surface
emissivity, Ts is the surface skin temperature, and p s is
the surface pressure.
To linearize Eq. (1) the first-order variations dB 5
(]B/]T)]T and ]R 5 (]R/]Tb)]Tb are used, the surface
skin temperature and surface emissivity are assumed to
be predetermined (Hayden 1988), and b is set to b( p)
5 (]B/]T)/(]R/]Tb). The linearized form of Eq. (1) (Li
1994; Li et al. 2000) is

poral resolution radiance measurements for deriving atmospheric parameters such as temperature and moisture
(Menzel et al. 1998). Table 1 lists the GOES-8 Sounder
noise performance. NEDR is the in-flight measured
noise equivalent radiation in mW m22 sr21 cm21 . Included in its suite of 18 thermal infrared bands, all with
approximately 10-km resolution, is a band sensitive to
radiation near 9.7 mm (band 9). With GOES-8, GOES-9,
and GOES-10 9.7-mm radiance measurements, ozone
can be estimated on an hourly basis over virtually all
of the continental United States and large portions of
adjacent oceanic regions. As a result, GOES offers the
first opportunity to investigate short timescale variations
in the ozone distribution at the midlatitudes.
In this paper, an algorithm for estimating total atmospheric ozone and ozone profiles from GOES Sounder radiances is described. Ozone values derived from
GOES-8 radiance measurements between May 1998 and
September 1999 are compared with time- and spacecollocated TOMS ozone estimates and ground-based
ozone observations from Bismarck, North Dakota; Wallops Island, Virginia; and Nashville, Tennessee.
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ozone band, a simple regression relationship is generated for total ozone estimation:
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FIG. 1. The atmospheric temperature, water vapor and ozone mixing
ratio (water vapor and ozone are expressed as the logarithm of the
mixing ratio) component weighting functions for GOES-8 ozone
band.

Here Tb i is the brightness temperature for the ith GOES
Sounder band; t q and t O 3 are the water vapor and ozone
component transmittance functions, respectively; WT ,
Wq , and WO 3 are the weighting functions (sensitivity
functions) of the atmospheric temperature profile, water
vapor mixing ratio profile, and ozone mixing ratio profile, respectively.
Figure 1 shows normalized weighting functions for
the GOES-8 ozone band with respect to atmospheric
temperature, water vapor mixing ratio, and ozone mixing ratio for the U.S. Standard Atmosphere. Significant
sensitivity to ozone is seen in the lower stratosphere and
upper troposphere. Although the lower stratosphere contains only half of the total column ozone, it is responsible for the bulk of the ozone variability. Much of this
variability is caused by a drop in the height of the tropopause or by stratospheric intrusions within a tropopause fold (Neuendorffer 1996). Since the GOES ozone
band has less ozone sensitivity in the mid- and upper
stratosphere, it is less capable of detecting the ozone
variability in this region. The GOES ozone band is also
sensitive to both surface and stratospheric temperatures,
thus knowledge of atmospheric temperature is important
so that the ozone information can be sorted out. The
GOES ozone band is also affected by water vapor absorption with a moisture sensitivity peak at approximately 700 hPa.
To analyze the influence of atmospheric temperature
and moisture on the ozone estimation from the GOES

where TOZ is the total ozone value in Dobson units
(DU); Ti and q i are the atmospheric temperature and
water vapor mixing ratio at pressure level p si , L s denotes
the surface level; and D, E, and F are the regression
coefficients. Equation (4) quantifies the total ozone information available from the GOES ozone band radiance as well as accounting for additional atmospheric
temperature, atmospheric moisture, and surface skin
temperature information. The quadratic term approximates the nonlinear relationship between atmospheric
ozone and GOES Sounder radiances. GOES-8 ozone
band radiances were simulated using Eq. (1) and 2631
global radiosonde profiles located between 108 and
608N. Time- and space-collocated ground-based ozonesonde observations or satellite-based SBUV measurements are incorporated into these radiosonde profiles so that they contain atmospheric temperature, moisture, and ozone profiles. A fast atmospheric transmittance model, Pressure Layer Optical Depth (PLOD;
Hannon et al. 1996), is used for the radiative transfer
calculations. PLOD uses 42 vertical pressure level coordinates ranging from 0.1 to 1050 hPa. The GOES-8
instrument noise of 0.20 mW m22 sr21 cm21 (see Table
1) plus an assumed 0.2-K forward model error were
added into the simulated GOES-8 ozone band radiance.
The regression coefficients were generated using 90%
of the 2631 profiles (dependent samples). These coefficients were then applied to the remaining 10% of the
profiles (independent samples) to get the percentage rms
error (%rmse) of the total ozone estimate. Note that rmse
is always used to indicate the error in simulation analysis
since the retrieval can be evaluated against ‘‘truth,’’
while rms difference (rmsd) is used in real data validation.
The simulation study focused on the following three
configurations [note that the regression coefficients in
Eq. (4) are recomputed for each configuration].
1) The atmospheric temperature profile, surface skin
temperature, and atmospheric moisture profile are
assumed unknown in the regression by setting the
regression coefficients E and F to zero in Eq. (4).
Only the GOES-8 ozone band radiance is used as
predictor.
2) The atmospheric temperature profile and surface skin
temperature are assumed unknown by setting the regression coefficient E to zero in Eq. (4), but the
atmospheric moisture profile is assumed to be
known. The water vapor mixing ratios are used as
additional predictors in Eq. (4), and it is assumed
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TABLE 2. The %rmse of total ozone estimates from simulated GOES
ozone band radiances with water vapor error varies from 30% to 5%.
The 245 independent samples are used in ozone %rmse calculation.
Atmospheric prior information
T
T
T
T
T
T
T

unknown;
unknown;
unknown;
unknown;
unknown;
unknown;
unknown;

q
q
q
q
q
q
q

unknown
known with
known with
known with
known with
known with
known with

30% error
25% error
20% error
15% error
10% error
5% error

TABLE 3. The %rmse of total ozone estimates from simulated GOES
ozone band radiances with temperature error varies from 3.5 to 0.5
K. The 245 independent samples are used in ozone %rmse calculation.

%rmse
11.26
10.99
10.89
10.87
10.73
10.65
10.05

that the error for water vapor mixing ratios is constant at each pressure level. This configuration studies the impact of atmospheric moisture on the total
ozone estimates by varying the moisture error from
5% to 30%.
3) The atmospheric temperature profile and surface skin
temperature are assumed to be known, but the atmospheric moisture profile is assumed unknown by
setting the regression coefficient F to zero in Eq. (4).
The atmospheric and surface skin temperatures are
used as additional predictors in Eq. (4), and it is
assumed that the error for temperatures is also constant at each pressure level and for the surface skin.
This configuration studies the impact of the atmospheric and surface skin temperatures on the total
ozone estimation by varying the temperature error
from 0.5 to 3.5 K.
Table 2 lists the %rmse of total ozone estimates from
configurations 1 and 2. There is little sensitivity to moisture in the ozone estimation. The %rmse exhibits little
change as water vapor error is reduced from 30% to
5%. The %rmse of ozone estimates from configuration
2 (with water vapor information available) is very close
to that from configuration 1; it can be inferred that only
a general a priori moisture profile is needed for GOES
ozone estimates. Table 3 lists the %rmse of total ozone
estimates from configuration 3 and those from configuration 1. There are large sensitivities to temperature in
the ozone estimation. The %rmse decreases ;1.0% as
the temperature error decreases from 3.5 to 1.5 K. The
%rmse of total ozone estimates from configuration 3 is
reduced significantly from that of configuration 1. Table
3 indicates that the %rmse of configuration 1 estimates
can be as large as 11%, while the %rmse of configuration 3 estimates is 5%–6%. This strong correlation
between atmospheric temperature and ozone estimates
implies that a precise knowledge of atmospheric temperature improves the ozone rmse by approximately a
factor of 2. This conclusion is also consistent with previous IR ozone retrieval studies summarized by Neuendorffer (1996) and other recent studies (Ravetta et al.
1999).
In order to investigate the influence of the GOES
instrument noise on the ozone estimation, additional
simulations for configuration 3 with the GOES-8 nom-
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Atmospheric prior information
T
T
T
T
T
T
T

unknown; q
known with
known with
known with
known with
known with
known with

unknown
3.5-K error ;
2.5-K error ;
2.0-K error ;
1.5-K error ;
1.0-K error ;
0.5-K error ;

q
q
q
q
q
q

%rmse
11.26
6.73
6.26
6.02
5.78
5.58
5.33

unknown
unknown
unknown
unknown
unknown
unknown

inal instrument noise adjusted by a noise factor (NF)
were carried out. The NF was set to 2.0, 1.5, 1.0, 0.5,
and 0.33, respectively. An error of 2.0 K was assumed
for atmospheric and surface skin temperatures in the
simulations. Table 4 lists the %rmse of total ozone estimates from simulated GOES ozone band radiances
with different instrument noise factors. Overall, the instrument noise has some influence on the accuracy.
Lower instrument noise could result in better ozone estimates.
3. Algorithm for ozone estimation from GOES
spectral band radiances
Temperature and moisture profiles as well as the surface temperature can be inferred from a combination of
GOES CO 2 spectral bands and water vapor bands. To
account for the atmospheric temperature, moisture, and
surface skin temperature effects, an empirical regression
of GOES sounder radiances against ozone mixing ratio
profiles is used. The current GOES ozone algorithm
consists of the following expression:

O A Tb 1 O A9Tb 1 C p
15

ln[O3 ( p)] 5 A 0 1

15

j

j

j51

j

2
j

1

s

j51

1

1 C2 secu 1 C3 cos

M26
p
12

2

1 C4 cos(LAT),

(5)

where A, A9, and C are the regression coefficients; u is
the local zenith angle of GOES FOV; M is the month
from 1 to 12; LAT is the latitude of the GOES FOV;
and j is the GOES band index. Since the logarithm of
the water vapor mixing ratio or ozone mixing ratio
shares a closer linear relation to the radiance than the
TABLE 4. The %rmse of total ozone estimates from simulated GOES
ozone band radiances with differernt instrument noise factors.
Noise factor

%rmse

2.0
1.5
1.0
0.5
0.33

6.35
6.25
6.02
5.78
5.51
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FIG. 2. The regression coefficients as a function of pressure for channels 2, 8, 9, 12, and 15, and additional predictors of zenith angle,
latitude, month, and surface pressure.

mixing ratio does in the radiative transfer equation (Li
et al. 2000), ln[O 3 (p)] is used as the predictand in the
regression. Fifteen GOES Sounder spectral band radiances are used as the primary predictors in the regression. Previous studies have shown that the accuracy of
ozone estimates using 15 IR spectral bands is better than
when using fewer spectral bands (Schmidt 2000). Month
and latitude are included as additional predictors in the
regression because midstratospheric ozone is a complex
function of latitude, season, and temperature.
The 2631 profiles mentioned in section 2 were used
to determine the regression coefficients. The radiative
transfer calculation of GOES-8 spectral band radiances
using Eq. (1) is performed for each profile from the
training dataset to provide an ozone profile/GOES-8 radiance pair for use in the statistical regression analysis.
The emissivity for the window band (GOES-8 11.03mm spectral band) in the forward model calculation is
assumed to be 0.98. The GOES-8 Sounder instrument
noise (Table 1) plus assumed 0.2-K forward model error
is added into the calculated spectral band radiances. The
regression equation [Eq. (5)] is then generated based on
these calculated radiances and the matching ozone profile. To complete the regression, Eq. (5) can be applied
to the GOES real-time measurements to obtain the es-

timated ozone profile, integration of which yields the
total column ozone.
The regression coefficients reflect the relative contributions to the estimated ozone profile by the selected
predictors. Figure 2 illustrates the regression coefficients
as a function of pressure for bands 2, 8, 9, 12, and 15,
and the additional predictors of zenith angle, latitude,
month, and surface pressure. Each band has a distinct
set of peaks indicating where it provides information
about the ozone profile. Notably, the ozone band (9),
has a single peak located near 200 hPa, a location consistent with providing information about the lower
stratosphere and upper troposphere. All of these bands
have some sensitivity to surface emissions. Relative to
the other bands, band 15 does not contribute much information and therefore has little impact on the profile.
Except for the zenith angle, the non-GOES Sounder
predictors provide little additional ozone information
(note that the scales for the last three predictors in Fig.
2 are very small).
Ozone estimation involves several steps, some of
which are the same as those for temperature/moisture
profile retrievals (Menzel et al. 1998): (a) identify clear
versus cloudy FOVs by intercomparing brightness temperatures in adjacent CO 2 bands (Hayden 1988), (b)
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FIG. 3. The ozone map for 1600 UTC 29 Sep 1999. The units are in Dobson Units. The background image reflects the GOES-8 and
GOES-10 window band brightness temperatures. Only GOES-8 ozone estimates are shown.

average radiances for the clear-sky FOVs within a 3 by
3 FOV area (approximately 30 km on one side), and (c)
apply a radiance bias adjustment (except to the ozone
band). The 3 by 3 averaging reduces the radiance instrument noise and thus improves the accuracy of the
product (see Table 4).
Figure 3 illustrates the coverage achieved on a randomly selected day and hour: 1600 UTC on 29 September 1999. Since the current retrievals are only done
in regions determined to be cloud-free by a cloud-detection algorithm (Hayden 1988), the ozone retrievals
only cover part of the sounder viewing area in this specific case. A large frontal system swept across the country during the previous 24 h and was associated with a
lobe of enhanced ozone trailing behind the front.
4. Validation of GOES ozone estimates
Routine hourly GOES total ozone estimates have been
generated since May 1998 at the Cooperative Institute
for Meteorological Satellite Studies. TOMS level-2
ozone data (McPeters et al. 1998) have been collocated

with GOES ozone estimates to within 1 h temporally
and 0.258 spatially. The instantaneous comparisons are
calculated in terms of percentage rmsd (%rmsd) between GOES and TOMS from May 1998 to September
1999. Figure 4 shows that the monthly %rmsd is less
than 8% for all months in 1998 and 1999, with a minimum in the summer. From July to September the
%rmsd is less than 5%, indicating good agreement between GOES-8 and TOMS ozone estimates. Figure 5
shows a scatterplot of collocated GOES-8 ozone estimates and TOMS ozone estimates for June 1998. Figure
6 shows the same for January 1999. GOES-8 ozone
estimates both in summer (Fig. 5) and in winter (Fig.
6) have good correlation with TOMS measurements,
achieving correlation coefficients of 0.90 and 0.95 in
June 1998 and January 1999, respectively. Figure 7 illustrates the distribution of differences between GOES
and TOMS ozone estimates for four months between
May 1998 and September 1999. The shapes of the peaks
reflect the bias and scatter of the GOES ozone estimates
relative to the TOMS ozone estimates. The peaks move
from month to month, suggesting that the bias of GOES

Unauthenticated | Downloaded 09/21/21 09:55 AM UTC

FEBRUARY 2001

163

LI ET AL.

FIG. 4. The monthly %rmsd between the GOES-8 ozone estimates and the TOMS ozone measurements between May 1998
and Sep 1999.

relative to TOMS ozone estimates depends on a variable
or variables that have an annual cycle. The peak is widest in January and sharpest in July, indicating better
consistency (less scatter) in the warmer months of the
year than in the colder months. Although the scatter in
winter is larger than in summer, the GOES-8 ozone estimates capture the overall ozone variations well. Figure
8 shows the monthly mean ozone difference (TOMS
minus GOES-8) from May 1998 to September 1999 and,
like Fig. 7, also indicates that GOES-8 underestimates
the ozone values in summer but overestimates them in
winter.

Figure 9 shows the %rmsd for different latitude zones
in 1998 and 1999. It is apparent the %rmsd is larger in
high latitudes than in lower latitudes. Overall, the agreement between GOES and TOMS ozone estimates is
good in the region south of 408N. Relatively large scatter
(large %rmsd) in the region north of 408N may be due
to the comparatively larger ozone variation in this region. However, as illustrated in Fig. 10, GOES and
TOMS ozone estimates in the band 458–508N continue
to correlate well with a correlation coefficient of 0.95,
despite a large scatter. Figure 11 shows zonal mean
ozone differences between GOES-8 ozone estimates and

FIG. 5. Scatterplot of collocated GOES-8 ozone estimates and the
TOMS ozone measurements for Jun 1998.

FIG. 6. Scatterplot of collocated GOES-8 ozone estimates and the
TOMS ozone measurements for Jan 1999.
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FIG. 7. Histograms outlining the scatter and differences between the GOES ozone estimates
and TOMS ozone estimates in Jan 1999, Apr 1999, Jul 1999, and Oct 1998, capturing a 1-yr
cycle.

TOMS ozone measurements (TOMS minus GOES-8)
from May 1998 to September 1999. GOES-8 underestimates the ozone values south of 408N and overestimates the ozone values north of 408N. The bias of GOES
relative to TOMS is shown to vary from positive in the
north to negative in the south, whereas the scatter (see
Fig. 9) increases with increasing latitude.
To further quantify the quality of the GOES-8 ozone
estimates, single-site comparisons with ground-based
Dobson–Brewer measurements (Komhyr et al. 1997)

were performed at three locations in the continental
United States for the period from May to December of
1998: Bismarck, North Dakota (46.778N, 100.758W),
Nashville, Tennessee (36.258N, 86.578W), and Wallops
Island, Virginia (37.878N, 75.528W). At each site, a daily ozone value was selected for GOES-8, TOMS, and
ground-based total ozone observations. Only the
GOES-8 and TOMS ozone estimates closest to the
ground-based observations in time and space were selected for the comparison. The time and space differ-

FIG. 8. The monthly mean ozone difference between the GOES-8 ozone estimates and the
TOMS ozone measurements (TOMS minus GOES-8) between May 1998 and Sep 1999.
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FIG. 9. The %rmsd between GOES-8 ozone estimates and the TOMS ozone measurements for
different latitude zones in 1998 and 1999.

ences among the three kinds of measurements may have
had some influence on the comparisons. GOES-8 total
ozone estimates for Bismarck achieved an rmsd of 25
DU and a bias of 216 DU in 1998, while TOMS
achieved a rmsd of 17 DU and a bias of 22 DU. GOES
ozone estimates have a larger bias and rmsd than TOMS
at Bismarck. This is consistent with larger GOES ozone
estimate biases at higher latitudes, as indicated in Fig.
11. GOES-8 total ozone estimates for Nashville have a
bias of 1 DU and an rmsd of 17 DU, whereas TOMS
has a bias of 28 DU and an rmsd of 17 DU. At Nash-

FIG. 10. The scatterplot of collocated GOES-8 ozone estimates and the
TOMS ozone measurements for 458–508N from Jan to Sep 1999.

ville, GOES performs better than TOMS with respect
to bias and comparably with respect to rmsd. GOES-8
total ozone estimates for Wallops Island had a bias of
6 DU and an rmsd of 21 DU, compared to a bias of 23
DU and an rmsd of 18 DU for TOMS at the same site.
While at a similar latitude to the Nashville site, the
GOES-8 total ozone estimates achieved poorer performance at Wallops Island. This difference may be attributable to local variations in surface type within the
3 by 3 FOV area (land vs land and water).
Figure 12 contains a scatterplot of the GOES-8 and
TOMS total ozone estimates versus the surface-based
ozone values at three locations. The GOES total ozone
estimates show a similar scatter to that of the TOMS,
as well as comparable biases (22 DU for GOES and
24 DU for TOMS) and rmsd’s (21 DU for GOES and
18 DU for TOMS) between the two instruments for this
relatively small number of comparisons.
Hourly atmospheric ozone profile estimation is also
possible using the regression algorithm presented in this
study. Although there is only one GOES spectral band
that has ozone absorption, an ozone profile can be estimated from the GOES Sounder measurements using
the high correlation between the ozone profile and the
temperature profile. Since the GOES Sounder provides
hourly atmospheric brightness temperature measurements from which soundings are derived, ozone profile
estimation becomes feasible. Validation of ozone profiles is difficult to carry out due to an insufficient number
of collocated ozone profiles from ozonesondes and other
satellites.
A simulation study to investigate the theoretical accuracy of ozone profile estimates was carried out. No
forward model bias is assumed for the GOES ozone
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FIG. 11. Zonal mean ozone difference between the GOES-8 ozone estimates and the TOMS
ozone measurements (TOMS minus GOES) from May 1998 to Sep 1999.

band. The %rmse of the ozone mixing ratio profile is
calculated from the independent samples. Figure 13
shows the mean ozone mixing ratio profile of the independent samples, along with the %rmse of the GOES
ozone mixing ratio estimates from the independent samples at each pressure level. The accuracy for most midand upper-stratospheric ozone estimates is within 10%
and only the upper-tropospheric ozone estimates exceed
15% error. This is encouraging since the highest atmospheric ozone concentration is above the upper tro-

FIG. 12. Scatterplot of the GOES-8 and TOMS total ozone estimates
vs ground-based Dobson–Brewer measurements at three locations in
the continental United States for the period from May to Dec of 1998:
Bismarck (46.778N, 100.758W), Nashville (36.258N, 86.578W), and
Wallops Island (37.878N, 75.528W).

posphere and outside the region of highest error. Hourly
ozone profiles are very useful in chemistry transport
models and mesocale models, and are important in studies of the stratosphere–troposphere exchange (Ravetta
et al. 1999).
Three factors outside of those discussed with the simulations in section 2 may have influenced the accuracy

FIG. 13. A simulation study showing the mean ozone mixing ratio
profile of the independent samples, along with the %rmse of the ozone
mixing ratio estimates from the independent samples at each pressure
level.
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FIG. 14. A simulation study showing the %rmse and bias (true minus estimate) of the GOES-8
ozone estimates from the independent samples with band 9 forward model bias varying from 21.5
to 1.5 K.

of GOES total column and profile ozone estimates. First,
mid- and upper-stratospheric ozone variations in time
and space will generate errors in the GOES ozone estimates since the ozone information content of the
GOES ozone band radiance is focused on the lower
stratosphere.
Second, an inadequate number of training profiles
limits the accuracy of the GOES ozone estimates. To
obtain reliable GOES ozone estimates, as many ozone
profiles as possible for all four seasons from the latitudes
covered by the GOES Sounder should be included in
the training dataset. It is difficult to obtain a large number of time- and space-collocated ozone, temperature,
and moisture profiles. In this paper, ground-based ozonesondes and satellite-based SBUV measurements were
combined with time- and space-collocated temperature
and moisture profiles to produce the training profile set.
However, SBUV profiles in the lower stratosphere are
influenced by the ozone climatology used in the SBUV
retrievals. Other sources of ozone measurements such
as SAGE, MLS, and POAM, which have plentiful ozone
profile information with time- and space-collocated temperature and moisture profiles, will be considered for
use in future versions of the GOES ozone estimation
algorithm.
Finally, uncertainties associated with GOES Sounder
spectral band forward model calculations (such as those
due to inaccurate surface emissivity values, low-level
cloud contamination, and surface elevation and type variations within the 3 by 3 FOVs) may bring additional
error to the GOES ozone estimates. This is a potentially
large error source. The forward model used here is a
regression-based fast transmittance calculation model.
Any bias or error in the forward model calculation will
result in additional error in GOES total ozone estimation. To explore how the bias of the GOES ozone band
forward model affects the ozone estimation, a simple

simulation study was carried out to calculate the %rmse
of GOES total column ozone estimates with model bias
varying from 21.5 to 1.5 K. The 2631 temperature,
moisture, and ozone profile trios are used in this simulation and the regression coefficients in Eq. (5) are
generated using 90% of the 2631 profiles (dependent
samples). These coefficients were then applied to the
remaining 10% of the 2631 profiles (independent samples) to get the %rmse of the total ozone estimates. The
noise added in the simulation is the GOES-8 instrument
noise. Figure 14 shows the %rmse and bias of the
GOES-8 total column ozone estimates from the independent samples with ozone band forward model bias
varying from 21.5 to 1.5 K. Although the %rmse ranges
from 5% to 9% when a forward model bias exists, the
bias of the total ozone estimates resulting from the model bias ranges almost linearly from 215 to 115 DU as
the model bias ranges from 21.5 to 1.5 K. Therefore,
a large bias in the GOES ozone band forward model
will produce a large bias in the GOES ozone estimates.
Unlike the GOES Sounder CO 2 absorption bands, it is
difficult to validate the GOES ozone band forward model and calculate the model bias due to insufficient GOES
radiances collocated in time and space with atmospheric
temperature, moisture, and ozone profiles, and thus no
bias correction has been applied.
5. Conclusions
GOES ozone estimates from May 1998 to September
1999 show good agreement with TOMS ozone measurements; %rmsd ranges from 4%–7%. The comparison between GOES ozone estimates and ground-based
ozone observations at three U.S. locations during 1998
indicates an rmsd of approximately 21 DU. The GOES
Sounder spectral band radiances provide reasonable
hourly ozone estimates of the total column atmospheric
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ozone over North America and adjacent oceans in real
time, providing for the first time a large regional database of short timescale ozone measurements.
Further work will extend the GOES Sounder ozone
estimates to cloudy FOVs. More training data will be
collected to improve the regression used for the GOES
ozone estimates. Additional efforts will focus on the
validation and improvement of the forward model for
the GOES Sounder 9.7-mm spectral band. Once an accurate forward model for the GOES Sounder 9.7-mm
spectral band is implemented, the ozone estimates can
be further improved by using a physical iterative solution algorithm that is currently under development (Li
et al. 1998). Also, the temporal or spatial distributions
of ozone and their relationship to atmospheric dynamics,
such as mesoscale vertical airmass exchange [clear-air
turbulence (Shapiro 1999, personal communication)]
will be investigated. Although all the results in this paper are from GOES-8 measurements, the ozone estimates from other GOES satellite (e.g., GOES-10) have
been obtained with the same algorithm on a limited
basis. Furthermore, the general algorithm can be applied
to any instrument that performs atmospheric temperature sounding and that has at least one ozone sensitive
band. The GOES real-time hourly ozone estimates will
continue to be collected for further study and application, and are available online at http://
cimss.ssec.wisc.edu/goes/realtime/realtime.html.
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