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ABSTRACT
Concern about the climatic effects of anthropogenic emissions of CO 2 has resulted in a growing need, both
scientifically and politically, to monitor atmospheric CO 2 . The development of a satellite instrument that could
measure the global distribution of atmospheric CO 2 would greatly improve our understanding of the global
carbon cycle and provide a means of monitoring regional sources and sinks. In this paper, the potential of a
proposed nadir-viewing, satellite-based remote sounding instrument consisting of gas-filter correlation radiometers (GFCRs) tuned to the 6300- (1.6 mm) and 5000-cm 21 (2 mm) regions to globally measure the atmospheric
CO 2 column is analyzed. Although the design of such an instrument would present some engineering challenges,
the proposed instrument has significant potential. Such an instrument should be able to measure the atmospheric
CO 2 column to a precision better than 1 ppmv.

1. Introduction
The anthropogenic emission of CO 2 has substantially
altered the global carbon cycle and is expected to result
in significant climate change. However, our ability to
predict this change is significantly hampered by uncertainties in our understanding of the global budget of
CO 2 . It is estimated that approximately half of the anthropogenically emitted CO 2 remains in the atmosphere.
The remaining half, often called the missing carbon, is
sequestered by the oceans and the terrestrial biosphere
(Houghton et al. 1990). Uncertainty in the strengths and
effectiveness of these two sinks is a subject of considerable debate (Keeling et al. 1989; Tans et al. 1990;
Francey et al. 1995). Recent studies into atmospheric
isotopic carbon ratios and changes in the amplitude of
the seasonal cycle of atmospheric carbon have suggested
that the sinks are primarily associated with the terrestrial
biosphere (Ciais et al. 1995; Fan et al. 1998; Keeling
et al. 1996; Randerson et al. 1997; Zimov et al. 1999)
However, without a good understanding of the fate of
the missing carbon, predictions of future climate change
will remain suspect.
Since preindustrial times, the concentration of CO 2
has increased by approximately 90 parts per million by
volume (ppmv) to its present concentration of approximately 370 ppmv. Figure 1 shows the concentration of
CO 2 measured at the South Pole; Mauna Loa, Hawaii;
and Barrow, Alaska between 1974 and 2002, displaying
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spatial, seasonal, temporal, and trend variations
(NOAA/CMDL/CCG 2003). These variations are a
product of both the spatial and temporal variations in
the natural and anthropogenic sources and sinks, and
the atmospheric transport. Seasonal variations in CO 2 ,
which are primarily a product of seasonal variation in
the biological sinks, range from 1.5 ppmv (peak to peak)
in the Southern Hemisphere to .20 ppmv in the high
northern latitudes. Spatially, CO 2 is approximately 3–4
ppmv higher in the Northern Hemisphere than in the
Southern Hemisphere, primarily due to higher anthropogenic emissions in the Northern Hemisphere (Denning et al. 1995). Between 1981 and 1992, CO 2 concentrations increased at a rate of approximately 1.43
ppmv per year (Conway et al. 1994).
Long-term observations of the global distribution of
CO 2 concentrations are required to assess and understand the role of anthropogenic CO 2 in climate change
(Wofsy and Harriss 2002). Currently, the most extensive
and comprehensive long-term global CO 2 measurement
program is operated by the National Oceanic and Atmospheric Administration’s Climate Monitoring and Diagnostics Laboratory (NOAA/CMDL) global air sampling network. This program has provided surface and
vertical profile measurements at various locations
around the world starting in 1968 (Komhyr et al. 1985;
Conway et al. 1994; NOAA/CMDL/CCG 2003). However, these measurements are limited and are not sufficient to provide a comprehensive understanding of spatial and temporal distributions and variations in the CO 2
budget (Park 1997).
Satellite-based remote sounding instruments capable
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FIG. 1. Monthly mean atmospheric CO 2 mixing ratios at the South
Pole; Mauna Loa, HI; and Barrow, AK from 1974 to 2002 (NOAA/
CMDL/CCG 2003).

of measuring the long-term global distributions of CO 2
would greatly improve our ability to investigate the CO 2
budget. Although atmospheric CO 2 can be detected easily by remote sounding techniques, the accuracy and
precision that are required to make scientifically useful
measurements is difficult to achieve. This is due to the
fact that the spatial and temporal variations in CO 2 concentrations are small relative to the total amount of CO 2
in the atmosphere. A recent paper by Rayner and
O’Brien (2001) established that the required accuracy
for column-integrated CO 2 concentrations must be better that 2.5 ppmv (ø0.7%) on a 88 3 108 footprint to
provide comparable performance to existing surface
measurements. Such a high accuracy requirement
strongly influences the techniques and form of the measurement. In order to measure the atmospheric boundary
layer, where the sources and sinks of CO 2 are located,
an instrument must have a nadir or near-nadir view. Thus
the instrument will measure the entire atmospheric column. Also, spatial variations in the surface pressure,
reflectivity, and emissivity, along with variations in the
vertical profile of temperature and the distribution of
interfering gases, will add noise to the measurement. To
minimize these noise sources, the measurements must
be rapid, as the instantaneous field of view (IFOV) of
the instrument will be moving quickly over the surface
of the planet. And finally, the instrument must be capable of gathering enough energy to have a sufficient
signal-to-noise ratio (SNR) to make the measurement.
Recently, a number of efforts have been made to analyze different remote sounding techniques to measure
the atmospheric column of CO 2 from space (Aoki et al.
1993; Park 1997; Tolton and Plouffe 2001; Tolton et al.
2001; Kuze et al. 2001; O’Brien and Rayner 2002;
Kuang et al. 2002; Yang et al. 2002). The techniques
proposed have ranged between simple filter radiometers
and Fourier transform spectrometers (FTSs). In this paper, I analyze the potential of a nadir-viewing gas-filter
correlation radiometer (GFCR) tuned to the 6300- (1.6
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FIG. 2. A schematic showing the viewing geometry of the proposed
GFCR satellite instrument to measure the atmospheric CO 2 column
concentration. This nadir-viewing satellite instrument measures reflected solar radiation.

mm) and 5000-cm 21 (2 mm) regions to measure the
atmospheric CO 2 column. The viewing geometry of
such an instrument is shown in Fig. 2. A GFCR is an
instrument that uses a sample of the gas of interest as
a spectral filter for the gas. It combines the advantages
of the high-resolution spectral selectivity of a spectrometer with the energy grasp of a low-resolution radiometer. The principles of the GFCR being proposed are
shown in Fig. 3. Incoming radiation is first passed
through a narrow bandpass filter. The beam is then split
by a beam splitter along two paths; one path containing
a gas cell filled with the gas of interest (known as the
correlation cell) and the other path containing no gas.
The radiant flux in each path is then measured by infrared detectors, and the signals are analyzed. The difference in the transmission along the two paths corresponds primarily to the absorption of the gas along the
correlation cell path. Two signals from the detectors can
be defined: an average signal (Savg ) corresponding to the
average radiant fluxes on the two detectors, and a difference signal (Sdiff ) corresponding to the difference in
the radiant fluxes:

FIG. 3. A schematic showing the principles of GFCR. Incoming
radiation is passed through a narrow bandpass filter and then split
along two paths by a beam splitter. The two beams are then passed
through two gas cells and the transmitted radiation is then measured
by two detectors. Signals from the detectors are then analyzed using
a computer.
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ỹ 1

where G represents the instrument gain, I(ỹ ) is the radiant intensity incident on the radiometer, tfil (ỹ ) is the
transmission profile of the narrow bandpass filter with
a bandpass region extending from ỹ 1 to ỹ 2 , and t p1 (ỹ )
and t p2 (ỹ ) are the transmission functions of the two
optical paths. The narrow bandpass filter is used to limit
the detected radiation to wavenumbers corresponding to
a spectral band of the gas. This significantly increases
the depth of modulation Sdiff relative to Savg . Also, since
a GFCR measures a band of lines, it can produce high
SNR. In operation, it is often convenient to define an
instrument signal from a GFCR as the ratio of the Sdiff
to the Savg :
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ỹ 2

2
Sdiff
5
Savg
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Defining it in this manner is convenient as, to first order,
it removes the effects of the instrument gain and any
broad absorption features (such as the surface reflectivity). Also, it is convenient as the Sdiff /Savg ratio is a
unitless value (or signal).
The choice to analyze the potential of a GFCR to
measure the atmospheric CO 2 column was made for a
number of reasons. First, it is a relatively simple instrument with few, if any, moving mechanisms, making
it ideal for satellite-based applications. Second, it is capable of making quick measurements, making it ideal
for nadir-viewing applications. Third, since the measurement is primarily radiometric, high SNRs can be
achieved. This allows for measurements of diffusely
reflected solar radiation from the sunlit side of the
earth’s surface, thus allowing the potential for measurements over the entire globe. Fourth, although the
measurements of a GFCR are radiometric, it has very
high spectral selectivity of the gas of interest. Consequently, unlike simple radiometers and more like spectrometers, GFCRs have minimal spectral interference
by other gases. Fifth, it is a well-understood technology,
as GFCRs have been used for over three decades in the
remote sounding of the earth and other planets (Abel et
al. 1970; Ellis et al. 1973; Drummond et al. 1980; Reichle et al. 1986, 1990, 1999; Tolton and Drummond
1999).
For this analysis, the 6300- (1.6 mm) and 5000-cm 21
(2 mm ) bands of CO 2 were chosen, as a number of
relatively ‘‘weak’’ absorption bands of CO 2 are located
within these regions, with very little radiometric inter-

ference by other gases (principally water vapor). Also,
for a nadir-viewing satellite tuned to these bands, the
upwelling radiation on the sunlit side of the earth is
primarily reflected solar radiation. This minimizes the
sensitivity to radiative emissions from the surface and
atmosphere (thus a pure transmission experiment) and
maximizes the sensitivity to CO 2 near the surface (due
to the radiative contrast). A calculated atmospheric CO 2
transmission spectra plus the spectra of other interfering
atmospheric species for the 6300- and 5000-cm 21 CO 2
bands are shown in Figs. 4a–c and 5a–c, respectively.
Figures 4d and 5d show the combined transmission
spectra of each band.
The intent of this research is to analyze the potential
of a GFCR to measure the atmospheric CO 2 column
from a satellite. I have not attempted to fully define and
characterize a complete satellite GFCR instrument. Nor
have I attempted to determine the optimal design and/
or configuration of the GFCR. A complete analysis of
this technique as well as other remote sensing techniques
should be performed to determine which will provide
the most effective measurements.
2. Calculation of radiometric sensitivities
Although CO 2 can easily be detected by remote
sounding techniques, the precision required to make scientifically useful measurements is difficult to achieve.
Indeed, variations in the column amount of CO 2 due to
changes in the surface pressure are much larger than
natural variations due to sources and sinks. The form
and type of the GFCR required to measure CO 2 in the
6300- and 5000-cm 21 bands are strongly influenced by
the fact that these absorption bands are very weak. In
designing a GFCR, it is desirable to have the absorptions
lines of the gas in the correlation cell approximately of
the same width as the lines in the atmosphere. Therefore,
for my calculations, I chose a correlation cell pressure
of 100 kPa. Since these bands are nearly saturated in
the atmosphere, making the absorption lines narrower
by reducing the pressure in the correlation cell would
just reduce your sensitivity. However, increasing the
pressure would increase the width of the absorption lines
in the correlation cell and, therefore, increase the sensitivity to spectral interference by other gases. It is also
desirable in designing a GFCR to have the strong absorption by the gas in the correlation cell, thus maximizing the Sdiff . Unfortunately, due to fact that these
bands are very weak, this requires very long correlation
cell pathlengths. For the 6300-cm 21 bands, I have chosen to analyze a correlation cell with a pathlength of
CO 2 of 10.0 m and a pressure of 100 kPa. For the 5000cm 21 band, since this band is stronger, I chose a correlation cell with a pathlength of CO 2 of 2.0 m and a
pressure of 100 kPa. These correlation cell lengths were
chosen because they produce reasonably strong absorptions, as shown in Fig. 4e (6300 cm 21 ) and Fig. 5e (5000
cm 21 ). Such long pathlengths preclude the implemen-

Unauthenticated | Downloaded 06/19/21 06:59 AM UTC

840

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 21

FIG. 4. Plots showing calculated atmospheric transmission spectra
in the 6000–6600-cm 21 range of (a) CO 2 , (b) H 2O, (c) CH 4 , (d) all,
(e) the transmission of a 10-m-long gas cell filled with 100 kPa of
CO 2 , and (f ) the transmission profile of a 22-cm 21 narrow bandpass
filter used in this work. This calculation assumed a U.S. Standard
Atmosphere (temperature and pressure), a CO 2 concentration of 370
ppmv, a relative humidity of 70% in the troposphere, and a solar
zenith angle (SZA) of 308.

FIG. 5. Plots showing calculated atmospheric transmission spectra
in the 4600–5200-cm 21 range of (a) CO 2 , (b) H 2O, (c) N 2O, (d) all,
(e) the transmission of a 2-m-long gas cell filled with 100 kPa of
CO 2 , and (f ) the transmission profile of a 30 cm 21 narrow bandpass
filter used in this work. This calculation assumed a U.S. Standard
Atmosphere (temperature and pressure), a CO 2 concentration of 370
ppmv, a relative humidity of 70% in the troposphere, and an SZA of
308.

tation of some commonly used GFCR forms, such as
pressure modulator radiometers (PMRs) and length
modulated radiometer (LMRs) (Taylor 1983; Drummond
et al. 1980; Tolton and Drummond 1999). Instead the
form of GFCR I am proposing is similar in concept to
that used in the the Measurement of Air Pollution from
Satellites (MAPS) satellite instrument, consisting of

static correlation cells (see Fig. 3) (Reichle et al. 1986,
1990, 1999). Undoubtedly, such a long pathlength will
complicate the engineering and design of a satellite instrument. However, such pathlengths should be should
be achievable within a reasonable instrument size using
multipass cells.
To analyze the potential of such a GFCR to measure
the atmospheric CO 2 column, I have performed a series
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TABLE 1. Parameters used in the calculation of the response of the GFCR.
Calculation parameters

Resolution
Wing cutoff
Bandpass filters
Spectral range
Spectral line data

Atmospheric parameters

21

0.005 cm
$20 cm21
22 cm21 wide at 6300 cm21 (Fig. 4f )
30 cm21 wide at 5000 cm21 (Fig. 5f )
42 cm21 wide at 13 100 cm21 (Fig. 17d)
Filter limits 6 cutoffs
Hitran 2000 (Rothman et al. 1998)

Height of atmosphere
Atmospheric shell thickness
Solar zenith angle
Temperature and pressure profile

40 km
1 km
308
U.S. Standard Atmosphere

Surface pressure
Interfering gases
CO 2 concentration
H 2O concentration profile
CH 4 concentration
N 2O concentration profile
Solar source function

101.325 kPa
H 2O, CH 4, and N 2O
370-ppmv constant column
70% RH troposphere
1.7-ppmv constant column
300-ppbv constant column
5780-K blackbody

of radiometric sensitivity calculations. The results of
these calculations are presented in the next five subsections. Section 2a details the sensitivity of the proposed GFCRs to the atmospheric CO 2 column concentration (i.e., it shows how the GFCR signals change as
a function of the CO 2 column concentration). Sections
2b and 2c detail the sensitivity to uncertainty in the
atmospheric temperature, humidity, and nitrous oxide
(N 2O) concentration. Section 2d details the sensitivity
to uncertainty in the surface altitude (or surface pressure). And finally, section 2e details the sensitivity to
the spectral width of the narrow bandpass filter used in
the GFCRs. These calculations assumed a 22 cm 21 wide
nominal narrow bandpass filter for the 6300-cm 21 band
and a 30 cm 21 wide nominal narrow bandpass filter for
the 5000-cm 21 band (Figs. 4f and 5f). These profile
widths were chosen so as to cover one branch of the
CO 2 absorption bands, thus providing near maximal sensitivity to CO 2 . The nominal calculation parameters of
the atmosphere, the instrument, and the calculations
used in this analysis are listed in Table 1. The values
calculated are the changes in the measured Sdiff /Savg signal (unitless) as a function of a variable (e.g., as a function of the surface pressure). The results of these calculations are summarized in Tables 2 and 3.
a. Sensitivity to the atmospheric CO 2 column
An analysis of the sensitivity of a GFCR instrument
to the atmospheric CO 2 concentration for the 6300- (1.6

mm) and 5000-cm 21 (2 mm) bands of CO 2 was performed and the results are shown later [in Figs. 6 and
8 (thick solid line), respectively]. This analysis calculated the change in the Sdiff /Savg signal per ppmv change
in the CO 2 column concentration (change from 370
ppmv nominal), as a function of the position of a narrow
bandpass filter. It shows that the peak sensitivity to CO 2
in the 6300-cm 21 band occurs with a filter centered in
the R branches, with a maximum sensitivity (i.e., change
in the Sdiff /Savg signal) of approximately 27 3 10 25 per
ppmv of CO 2 (Fig. 6). For the 5000-cm 21 bands, peak
sensitivities of the two bands that are located in this
region are approximately 26 3 10 24 ppmv 21 of CO 2
(at 4990 cm 21 ) and 21.5 3 10 24 ppmv 21 of CO 2 (at
4840 cm 21 ) (Fig. 8). The change in the Sdiff /Savg signal
as a function of the CO 2 concentration is negative as
an increase in the atmospheric CO 2 will reduce the energy detected at the absorption lines of CO 2 and therefore reduce the Sdiff signal.
b. Sensitivity to changes in atmospheric temperature,
humidity, and N 2O concentration
The sensitivity of a GFCR measurement of the atmospheric CO 2 column to interference by changes in
the temperature, the water content of the atmosphere,
and the N 2O concentration of the atmosphere are shown
in Figs. 6–10. The change in the Sdiff /Savg signal as a
function of the change in the atmospheric temperature
and the position of a narrow bandpass filter for the 6300-

TABLE 2. Sensitivities of the proposed GFCR.

Channel

CO 2 sensitivity
Change in
Sdiff /Savg
(per ppmv CO 2 )

CO 2 (6367 cm21 ) 26.24 3 1025
CO 2 (4831 cm21 ) 21.16 3 1024
O 2 (13 158 cm21 )

0

Surface altitude sensitivity
Change in
Sdiff /savg
(per m or kPa)

Equivalent
change*
(m or kPa)

2.89 3 1026 m21
21.6 m
22.64 3 1024 kPa21
20.254 kPa
8.56 3 1026 m21
13.5 m
27.29 3 1024 kPa21
20.159 kPa
4.25 3 1024 per 20 m
—

Temperature sensitivity
Change in
Sdiff /Savg
(per 8C)

Equivalent
change*
(8C)

Water vapor sensitivity
Change in
Sdiff /Savg
(per % RH)

Equivalent
change*
(% RH)

8.30 3 1027

75

1.1 3 1026

56

21.85 3 1026

63

28.84 3 1026

13

7.1 3 1026

60

0

—

* Equivalent change represents the change in a parameter required to produce an equivalent change in the Sdiff /Savg signal to that caused by
either a 1-ppmv change in the CO 2 concentration (for the CO 2 channels) or a 20-m change in the surface altitude (for the O 2 channel).
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TABLE 3. Properties of the sun, the earth’s surface, and the hypothetical satellite instrument used in the calculation of the instrument
sensitivities.
Environmental properties
Solid angle of sun
Temperature of sun
Zenith angle
Surface reflectivity
Diffusivity

6.8 3 1025 sr
5780 K
308
10%
Lambertian

and 5000-cm 21 bands of CO 2 are shown in Figs. 6 and
8 (thin solid line), respectively. This analysis shows that
minimums in the sensitivity to atmospheric temperature
changes occur in the middle of the P and R branches,
near the regions of maximum CO 2 sensitivity. The
change in the Sdiff /Savg signal as a function of the change
in the atmospheric relative humidity (RH) and the position of a narrow bandpass filter for the 6300- and 5000cm 21 bands of CO 2 are shown in Figs. 7 and 9 (thin
solid line), respectively. As expected, due to the spectral
selectivity of the GFCR technique, this analysis shows
minimum sensitivity to interference by water vapor in

Instrument properties
Satellite altitude
Surface resolution
Observation time
Collector diameter
A–V product
Radiometer transmission
Detector size
Detector D*

700 km
20 km diam
0.5 s
8 cm
3.22 3 1026 m 2 sr
90%
1-mm diam
2 3 1012 cm Hz 0.5 W21

the 6300-cm 21 bands. For the 5000-cm 21 bands, since
the absorption by water vapor is much stronger in these
bands, only a few regions of minimal interference exist.
The change in the Sdiff /Savg signal as a function of the
change in the atmospheric N 2O concentration and the
position of a narrow bandpass filter for 5000-cm 21 bands
of CO 2 are shown in Fig. 10 (thin solid line). Interference by N 2O is only an issue for the 5000-cm 21 bands
of CO 2 . Also as expected, the GFCR technique minimizes N 2O interference. The dotted lines in Figs. 6–10
show the (magnitude of a) change in atmospheric temperature, water vapor, and N 2O concentration required

FIG. 6. Plot showing the change in the Sdiff /Savg signal in the 6150–6450-cm 21 range as a function
of (i) a 1-ppmv change in the atmospheric CO 2 concentration (thick solid line, left axis), and (ii)
a 18C change in the atmospheric temperature (thin solid line, left axis), all as a function of the
narrow bandpass filter position. Also shown is the required change in the atmospheric temperature
(magnitude) to produce a change in the Sdiff /Savg signal equivalent to that produced by a 1-ppmv
change in the CO 2 concentration (dotted line, right axis), also as a function of the narrow bandpass
filter position (i.e., the ‘‘equivalent change’’). This figure highlights spectral regions of minimum
temperature sensitivity located in regions of strong sensitivity to changes in the CO 2 concentration.
The vertical dashed line highlights the position of a narrow bandpass filter at 6367 cm 21 used to
calculate the vertical sensitivity to CO 2 , to temperature, and to the surface altitude/pressure of a
CO 2 GFCR.
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FIG. 7. Plot showing the change in the Sdiff /Savg signal in the 6150–6450-cm 21 range as a
function of (i) a 1-ppmv change in the atmospheric CO 2 concentration (thick solid line, left axis)
and (ii) a 1% change in the atmospheric relative humidity (thin solid line, left axis), all as a
function of the narrow bandpass filter position. Also shown is the required change in the atmospheric relative humidity (magnitude) to produce a change in the Sdiff /Savg signal equivalent
to that produced by a 1-ppmv change in the CO 2 concentration (dotted line, right axis), also as
a function of the narrow bandpass filter position (i.e., the equivalent change). This figure highlights
minimum water vapor sensitivity located in regions of strong sensitivity to changes in the CO 2
concentration.

to produce a change in the Sdiff /Savg signal equivalent to
that produced by a 1-ppmv change in the CO 2 concentration (i.e., the ‘‘equivalent change’’), also as a function
of the narrow bandpass filter position. These curves
highlight the regions of minimum sensitivity to interference. Therefore, by selecting an appropriate filter position, the GFCR measurement of the atmospheric CO 2
column can minimize sensitivity to interference by
changes in atmospheric temperature, water vapor, and
N 2O.
c. Sensitivity to atmospheric CO 2 and temperature as
a function of altitude
Calculation of the sensitivity of GFCR measurements
of the atmospheric CO 2 column to changes in the CO 2
concentration as a function of altitude for the 6300- and
5000-cm 21 bands of CO 2 has been performed, and the
results are shown in Figs. 11 and 12 (circles), respectively. These calculations were performed for narrow
bandpass filters located at 6367 and 4831 cm 21 in regions of minimum temperature sensitivity and minimum
water vapor and N 2O interference, as calculated in the
previous section. These filter positions are highlighted
by the vertical dashed lines in Figs. 6–10. These data

show the change in the Sdiff /Savg signal as a function of
a 1-ppmv increase in the CO 2 concentration in each 1km layer of the atmosphere. As expected, it shows that
the peak sensitivity to mixing ratio changes in the CO 2
concentration is at the surface. Figure 13 shows the
change in the Sdiff /Savg signal as a function of a one CO 2
molecule cm 22 increase in CO 2 column density in each
1-km layer of the atmosphere, for both the 6367- and
4831-cm 21 GFCRs. These data show that the peak sensitivity to atmospheric CO 2 occurs in the midtroposphere for the 6367-cm 21 GFCR and at the surface for
the 4831-cm 21 GFCR. These results suggest the possibility of achieving vertical profile information about
atmospheric CO 2 from a multichannel GFCR instrument.
A calculation of the sensitivity of the same GFCR
measurement of the atmospheric CO 2 column to changes
in the atmospheric temperature as a function of altitude
for the 6300- and 5000-cm 21 bands of CO 2 has been
performed, and is shown in Figs. 11 and 12 (triangles).
These figures shows that the sensitivity to the vertical
temperature structure is small, with the peak sensitivity
per degree Celsius at the surface and approximately 7
or 8 times smaller than the sensitivity per ppmv of CO 2 .

Unauthenticated | Downloaded 06/19/21 06:59 AM UTC

844

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 21

FIG. 8. Plot showing the change in the Sdiff /Savg signal in the 4750–5050-cm 21 range as a function
of (i) a 1-ppmv change in the atmospheric CO 2 concentration (thick solid line, left axis), and (ii)
a 18C change in the atmospheric temperature (thin solid line, left axis), all as a function of the
narrow bandpass filter position. Also shown is the required change in the atmospheric temperature
(magnitude) to produce a change in the Sdiff /Savg signal equivalent to that produced by a 1-ppmv
change in the CO 2 concentration (dotted line, right axis), also as a function of the narrow bandpass
filter position (i.e., the equivalent change). This figure highlights spectral regions of minimum
temperature sensitivity located in regions of strong sensitivity to changes in the CO 2 concentration.
The vertical dashed line highlights the position of a narrow bandpass filter at 4831 cm 21 used to
calculate the vertical sensitivity to CO 2 , to temperature, and to the surface altitude/pressure of a
CO 2 GFCR.

d. Sensitivity to surface pressure/altitude
Analyses of the sensitivity of GFCR measurements
of the atmospheric CO 2 column to changes in the surface
pressure and/or surface altitude for the 6300- and 5000cm 21 bands of CO 2 have been performed, and are shown
in Figs. 14 and 15. These figures show the change in
the measured Sdiff /Savg signal as a function of the surface
altitude (panel a) and the surface pressure (panel b), for
the same GFCRs studied in section 2c (i.e., with the
6367- and 4831-cm 21 narrow bandpass filters). Given
that the sensitivity to the changes in the atmospheric
CO 2 column (i.e., the change in the Sdiff /Savg signal per
ppmv of CO 2 ) is 26.24 3 10 25 ppmv 21 for the 6367cm 21 GFCR and that the sensitivity to the surface altitude (pressure) is 2.89 3 10 26 m 21 (22.46 3 10 24
kPa 21 ), the required knowledge of the surface altitude
(pressure) over the viewed pixel is 21.6 m (0.254 kPa).
Similarly, since the sensitivity to the changes in the
atmospheric CO 2 column is 21.16 3 10 24 ppmv 21 for
the 4831-cm 21 GFCR and that the sensitivity to the
surface altitude (pressure) over the viewed pixel is 8.56
3 10 26 m 21 (27.29 3 10 24 kPa 21 ), the required knowl-

edge of the surface altitude (pressure) is 13.5 m (0.159
kPa).
e. Sensitivity to the narrow bandpass filter width
An analysis of the sensitivity of GFCR measurements
to the width of the narrow bandpass filter profiles has
been performed and the results are shown in Fig. 16.
This figure shows the sensitivity of the GFCR to CO 2
and the equivalent change of temperature for the 6300cm 21 CO 2 bands, for filter widths of 10 (dashed lines)
and 38 cm 21 (solid lines). It demonstrates that although
the sensitivity of the GFCR to CO 2 is reduced by increasing the width of the filter profile, the region of
minimum temperature sensitivity (i.e., an equivalent
change of atmospheric temperature of $108C) is increased. Also, increasing the filter profile width would
result in an increase in the total energy gathered by the
GFCR, thus increasing the SNR. This result allows flexibility in the design and engineering of a GFCR instrument. In designing an instrument, a trade-off study
would be required to determine the operationally optimal filter width.
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FIG. 9. Plot showing the change in the Sdiff /Savg signal in the 4750–5050-cm 21 range as a function
of (i) a 1-ppmv change in the atmospheric CO 2 concentration (thick solid line, left axis) and (ii)
a 1% change in the atmospheric relative humidity (thin solid line, left axis), all as a function of
the narrow bandpass filter position. Also shown is the required change in the atmospheric relative
humidity (magnitude) to produce a change in the Sdiff /Savg signal equivalent to that produced by
a 1-ppmv change in the CO 2 concentration (dotted line, right axis), also as a function of the
narrow bandpass filter position (i.e., the equivalent change). This figure highlights minimum water
vapor sensitivity located in regions of strong sensitivity to changes in the CO 2 concentration.

3. Determination of the total atmospheric column
In order to measure the column-averaged mixing ratio
of CO 2 in the atmosphere, knowledge of the total column amount of the atmosphere is required. In section
2d, it was determined that required accuracy, expressed
in terms of the surface pressure, is 0.254 kPa (ø20 m
altitude) for the 6367-cm 21 GFCR and 0.159 kPa (ø13
m altitude) for the 4831-cm 21 GFCR. In operation, this
level of accuracy in the knowledge of the surface pressure might easily be provided by weather forecast and
surface terrain height models. However, it is still likely
that any satellite measurements of the CO 2 column
would require an ancillary channel or instrument not
only to measure the surface pressure, but to assess the
cloudiness of the FOV. In order to measure the surface
pressure, it is necessary to measure a different gas with
a known and stable concentration. I have selected the
oxygen (O 2 ) A band at 13 100 cm 21 (760 nm). This
band, shown in Fig. 17, like the 6300-cm 21 CO 2 bands,
is a relatively strong absorption band in a region of
minimal spectral interference by water vapor. Retrievals
of the surface pressures from spectroscopic measurements of the O 2 A band to an accuracy of 0.1% have
been demonstrated (O’Brien et al. 1998).
Like the CO 2 bands, the O 2 A band has relatively
weak line strengths. Therefore, to measure O 2 by a

GFCR technique also requires long correlation cell pathlengths. However, since the O 2 A-band spectra of the
atmosphere are very strongly saturated at line centres,
very high pressures of O 2 are required in the correlation
cell to widen the absorption lines so as to provide sensitivity to the O 2 column. Consequently, I have chosen
to analyze a GFCR with a pathlength of 10 m and a
pressure of 1000 kPa (ø10 atm). The absorption spectra
of the O 2 correlation cell are shown in Fig. 17c. The
narrow bandpass filter profile is shown in Fig. 17d, with
an assumed width of 42 cm 21 (a width of 0.32% of filter
position). Figure 18 shows the change in the Sdiff /Savg
signal as a function of a 20-m change in the surface
altitude, all as a function of the narrow bandpass filter
position (thick solid line). This figure shows that the
peak change in the Sdiff /Savg signal is around 6 3 10 24
per 20-m surface altitude.
Similar to the CO 2 , the O 2 GFCR measurement is
sensitive to changes in the atmospheric temperature.
Figure 18 also shows the change in the Sdiff /Savg signal
as a function of 18C change in the atmospheric temperature, all as a function of the narrow bandpass filter
position (thin solid line). The dotted line shows the required change in the atmospheric temperature (magnitude) to produce a change in the Sdiff /Savg signal equivalent to that produced by a 20-m change in the surface
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FIG. 10. Plot showing the change in the Sdiff /Savg signal in the 4750–5050-cm 21 range as a
function of (i) a 1-ppmv change in the atmospheric CO 2 concentration (thick solid line, left axis)
and (ii) a 1-ppmv change in the atmospheric N 2O concentration (thin solid line, left axis), all
as a function of the narrow bandpass filter position. Also shown is the required change in the
atmospheric N 2O concentration (magnitude) to produce a change in the Sdiff /Savg signal equivalent
to that produced by a 1-ppmv change in the CO 2 concentration (dotted line, right axis), also as
a function of the narrow bandpass filter position (i.e., the equivalent change). This figure highlights minimum N 2O sensitivity located in regions of strong sensitivity to changes in the CO 2
concentration.

altitude, also as a function of the filter position (i.e., the
‘‘equivalent change’’). This highlights the regions with
minimum sensitivity to temperature changes. Similarly,
by selecting the position of the filter profile, such as
13 158 cm 21 , the measurement of the total column of
O 2 can minimize the sensitivity to interference by
changes in the atmospheric temperature. The results of
these calculations are summarized in Table 2.
4. Estimates of instrument sensitivities
In sections 2 and 3 I have calculated the required
radiometric sensitivities of hypothetical CO 2 and O 2
GFCRs to measure the atmospheric CO 2 and O 2 columns. In order to determine whether these sensitivities
are achievable, I have performed a series of simple calculations of the noise equivalent power (NEP, optical
input power to the detector that produces SNR of unity)
and radiometrics of the hypothetical GFCR instruments.
The assumptions used in these calculations about the
sun, the earth’s surface, and the instrument are listed in
Table 3. The sun was modeled as a 5780-K blackbody
source, illuminating the earth’s surface at a solar zenith
angle of 308. The surface was assumed to be a 10%
reflective Lambertian surface. The instrument was assumed to be in a 700-km-altitude orbit with a surface

resolution (FOV) of 20 km and have an observation
time of 0.5 s. The collector optic was assumed to have
a diameter of 8 cm, resulting in an A–V product of 3.22
3 10 26 m 2 sr. The instrument transmission was assumed
to be 90% and the detectivity D* of the detectors was
assumed to be 2 3 1012 cm Hz 0.5 W 21. The calculated
powers of the Savg and Sdiff signals for each GFCR are
listed in Table 4 and are approximately 80 and 10 nW,
respectively. The calculated NEP is 7.9 3 10 214 W,
resulting in a noise-to-signal ratio (NSR, the inverse of
SNR) for the Sdiff /Savg signals of ø10 25 (SNR ø 100
000). For the 6367-cm 21 CO 2 channel, this ratio is a
factor of 7 times lower than the required sensitivity to
measure the CO 2 column to a precision of 1 ppmv. For
the 4831-cm 21 CO 2 channel, this ratio is a factor of 12
times lower than the required sensitivity to measure the
CO 2 column to a precision of 1 ppmv. For the 13 158
cm 21 O 2 channel, this ratio is a factor of 28 times lower
than the required sensitivity to measure the surface altitude to a precision of 20 m. Consequently, the sensitivities of the proposed GFCRs are not instrument limited. The results of these calculation are summarized in
Table 4. For reference purposes, the calculated SNR
ratios for the CO 2 GFCR(s) are comparable to those of
the Measurements Of Pollution In The Troposphere
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FIG. 11. Sensitivity of a GFCR measurement of atmospheric CO 2
tuned to the 6367-cm 21 region to changes in the vertical profile of
atmospheric CO 2 and temperature. Plot shows the change in the Sdiff /
Savg signal as a function of a 1-ppmv change in the CO 2 concentration
in each 1-km layer of the atmosphere (circles), and as a function of
a 18C change in the temperature in each 1-km layer of the atmosphere
(triangles).
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FIG. 12. Sensitivity of a GFCR measurement of atmospheric CO 2
tuned to the 4831-cm 21 region to changes in the vertical profile of
atmospheric CO 2 and temperature. Plot shows the change in the Sdiff /
Savg signal as a function of a 1-ppmv change in the CO 2 concentration
in each 1-km layer of the atmosphere (circles), and as a function of
a 18C change in the temperature in each 1-km layer of the atmosphere
(triangles).

(MOPITT), the last major GFCR remote sensing satellite instrument (Drummond et al. 1993).
It should be noted that these calculations are based
on the simple conceptual design of GFCR that I used
in previous calculations. The SNR ratio of the instrument could be easily improved by many means, such
as increasing the width of the filter profile. This would
greatly increase the energy gathered by the GFCR (i.e.,
the signal) without significantly reducing the sensitivity
to CO 2 or increasing the sensitivity to temperature, as
shown in section 2e. Consequently, a sensitivity to the
atmospheric CO 2 column below 1 ppmv may be achievable.
5. Estimates of the hypothetical CO 2 and O 2
GFCR resolutions
The previous analysis has shown that the careful
placement of the narrow bandpass filter profiles will
minimize the sensitivity to interference due to atmospheric temperature and water vapor variations, while
maintaining a strong sensitivity to either the atmospheric
CO 2 or O 2 column. Based on the calculated sensitivities,
I have estimated the overall instrument resolutions of
the hypothetical CO 2 and O 2 GFCRs. These overall estimates are based on estimates of the maximum systematic errors in atmospheric temperature (108C), water vapor (10% RH), and surface altitude (10 m), plus the
instrument noise. Also, they assume that the errors in

FIG. 13. Sensitivity of a GFCR measurement of atmospheric CO 2
tuned to the 6367- and 4831-cm 21 regions to changes in the vertical
profile of atmospheric CO 2 . Plot shows the change in the Sdiff /Savg
signal as a function of a 1 CO 2 molecule per cm 2 change in the CO 2
density in each 1-km layer of the atmosphere.
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FIG. 14. Sensitivity of a GFCR measurement of atmospheric CO 2 tuned to the 6367-cm 21 region to changes in the surface altitude and
pressure. Plot shows the Sdiff /Savg signal as a function of (a) the surface altitude (m ASL) and (b) the surface pressure. Given that the calculated
change in the Sdiff /Savg signal produced by a 1-ppmv change in the CO 2 concentration is 6.24 3 10 25 , the surface altitude and pressure must
be known to an accuracy of 21.6 m and 0.254 kPa in order to measure the CO 2 concentration to an precision of 1 ppmv.

these parameters are random and independent of each
other, and that any other bias errors could be removed
during the validation process. The results of these estimates are shown in Table 5. The overall estimated
measurement resolutions for the 6367- and 4831 cm 21
CO 2 GFCRs are 0.53 and 1.1 ppmv, respectively. The
overall estimated measurement resolution for the
13 158-cm 21 O 2 GFCR is 0.87-m altitude.

6. Summary
The anthropogenic release of CO 2 has significantly
altered the global carbon cycle during the last century,
and is expected to significantly influence the future climate of the earth. As such, the sources, sinks, and transport of CO 2 are of great scientific interest. A satellitebased remote sounding instrument capable of measuring

FIG. 15. Sensitivity of a GFCR measurement of atmospheric CO 2 tuned to the 4831-cm 21 region to changes in the surface altitude and
pressure. Plot shows the Sdiff /Savg signal as a function of (a) the surface altitude (m ASL) and (b) the surface pressure. Given that the calculated
change in the Sdiff /Savg signal produced by a 1-ppmv change in the CO 2 concentration is 1.16 3 10 24 , the surface altitude and pressure must
be known to an accuracy of 13.5 m and 0.159 kPa in order to measure the CO 2 concentration to an precision of 1 ppmv.
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FIG. 16. Plot showing the change in the Sdiff /Savg signal in the 6150–6450-cm 21 range as a
function of a 1-ppmv change in the atmospheric CO 2 concentration (thick lines, left axis) as a
function of the narrow bandpass filter position, for two filter widths of 10 (dashed lines) and 38
cm 21 (solid lines). Also shown is the required change in the atmospheric temperature (magnitude)
to produce a change in the Sdiff /Savg signal equivalent to that produced by a 1-ppmv change in the
CO 2 (i.e., the equivalent change) as a function of the narrow bandpass filter position and the filter
width (thin lines, right axis). This figure highlights spectral regions of minimum temperature
sensitivity and shows that the regions of minimum sensitivity are wider with wider filter profiles.

the distributions of CO 2 over a period of a few years
would greatly improve our ability to understand the carbon cycle and predict future climate change. However,
satellite-based measurement of atmospheric CO 2 is a
very difficult problem, due to the high sensitivity required to measure the small variations in atmospheric
CO 2 . In this paper, I have analyzed the sensitivity of a
simple, nadir-viewing, satellite-based, gas-filter correlation radiometer (GFCR) tuned in the 6300- (1.6 mm)
and 5000-cm 21 (2.0 mm) regions for measuring the atmospheric CO 2 column. The GFCR technique was chosen in this analysis as it is an extremely powerful remote
sensing technology and has a long history of satellitebased remote sensing of atmospheric composition. The
spectral ranges were chosen as they include a number
of relatively ‘‘weak’’ CO 2 bands located within a regions of minimal H 2O absorption (water vapor windows). Also, for a nadir-viewing satellite instrument,

the upwelling radiation on the sunlit side of the earth
will be primarily solar, minimizing the sensitivity to
atmospheric temperature and maximizing the sensitivity
to CO 2 in the boundary layer.
Calculations of the GFCR sensitivities to the CO 2 column and interferences due to variations in the atmospheric temperature and water vapor content were performed as a function of the spectral position of a narrow
bandpass filter. The hypothetical GFCR consisted of two
paths: one with a gas cell (correlation cell) with a pathlength of either 10 m (6300 cm 21 ) or 2 m (5000 cm 21 )
of CO 2 at 100 kPa, and the other with no CO 2 . It was
found that spectral regions of strong sensitivity to the
CO 2 column with minimum sensitivity to variations in
the atmospheric temperature exist. In one of these regions, centered at 6367 cm 21 , the change in the GFCR
Sdiff /Savg signal per ppmv of CO 2 was 26.24 3 10 25 .
Therefore, SNR in the Sdiff /Savg signal of ø16 000 is re-

TABLE 4. Sensitivities of the GFCR detectors.
Channel
21

CO 2 (6367 cm )
CO 2 (4831 cm21 )
O 2 (13 158 cm21 )

NEP (W)

Savg (W)

Sdiff (W)

Sdiff /Savg

NSR (SNR)

7.9 3 10
7.9 3 10214
7.9 3 10214

7.6 3 10
5.3 3 1028
8.9 3 1028

1.3 3 10
1.1 3 1028
7.6 3 1029

0.167
0.214
0.0859

8.8 3 1026 (114 000)
9.8 3 1026 (102 000)
1.5 3 1025 (67 000)

214

28

28
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quired to measure the CO 2 column to a precision of 1
ppmv. In another selected region, at 4831 cm 21 , the
change in the Sdiff /Savg signal per ppmv of CO 2 was 21.16
3 10 24 (SNR of ø8600). Calculations of the sensitivity
to the vertical distribution of CO 2 were also performed
and have shown that these measurements are strongly
weighted to the lower atmosphere.
An analysis of these sensitivities to interference by
both temperature and H 2O vapor variations showed that
the choice of the GFCR technique and the filter position
minimized the sensitivity to both parameters. The
changes in the Sdiff /Savg signal per degree Celsius and
per percent relative humidity (RH) for the 6367 cm 21
GFCR were 8.3 3 10 27 and 1.1 3 10 26 , respectively.
Therefore, the required precision levels in knowledge
of the temperature and relative humidity are 748C and
56%, respectively. Also, the changes in the Sdiff /Savg signal per degree Celsius and per percent relative humidity
(RH) for the 4831-cm 21 GFCR were 1.85 3 10 26 and
28.8 3 10 26 , respectively. Therefore, the required precision thresholds in knowledge of the temperature and
relative humidity are 638C and 13%, respectively. Consequently, atmospheric temperature and water vapor
profiles provided by weather forecast models would
most likely provide adequate resolution for these measurements.
An analysis of the sources of uncertainty in the proposed CO 2 radiometer was performed and showed that
the most important potential sources of error is knowledge of the surface altitude and/or pressure. The change
in the Sdiff /Savg signal per meter surface altitude (or per
kPa of surface pressure) was 2.89 3 10 26 m 21 (22.64
3 10 24 kPa 21 ) for the 6367-cm 21 GFCR, and 8.56 3
10 26 m 21 (27.29 3 10 24 kPa 21 ) for the 4831-cm 21
GFCR. Therefore, in order to achieve a precision of 1
ppmv in the CO 2 column concentration, the surface altitude (pressure) of the measurement must be known to
a precision of 21.6 m (0.254 kPa) or 13.5 m (0.159 kPa)
for the 6367- and 4831 cm 21 GFCRs, respectively.
To measure the surface altitude and/or pressure, I am
proposing to measure the total column of atmospheric

VOLUME 21

FIG. 17. Plots showing calculated atmospheric transmission spectra
in the 12 800–13 200-cm 21 range of (a) O 2 , (b) H 2O, (c) a 10-mlong gas cell filled with 1000 kPa of O 2 , and (f ) the transmission
profile of a 42 cm 21 narrow bandpass filter used in this work. This
calculation assumed a U.S. Standard Atmosphere (temperature and
pressure), a relative humidity of 70% in the troposphere, and an SZA
of 308.

O 2 using a similar GFCR tuned to the O 2 A band at
13 100 cm 21 (760 nm). This measurement may also be
used as a cloud detection mechanism. The hypothetical
GFCR consisted of two paths: one with a pathlength of

TABLE 5. Estimated resolution of GFCR channels assuming the following systematic errors: 108C atmospheric temperature, 10% RH, and
10-m surface altitude.
CO 2 GFCR (6367 cm21 )

CO 2 GFCR (4831 cm21 )

Sensitivity

Sensitivity

Error

CO 2 column sensitivity 26.24 3 10
—
(ppmv CO 2 )21
27
21
Temperature sensitivity 8.30 3 10 (8C)
8.30 3 1026
25

Water vapor sensitivity
Surface altitude sensitivity
Instrument noise
Sum of errors
Estimated resolution of
measurement

1.1 3 1026
(% RH)21
2.89 3 1026 m21

1.1 3 1025

—

8.8 3 1026

2.89 3 10

25

3.3 3 10
0.53 ppmv
CO 2

25

21.16 3 10
(ppmv CO 2 )21
21.85 3 1026
(8C)21
28.84 3 1026
(% RH)21
8.56 3 1026 m21
24

—

O 2 GFCR (13 158 cm21 )

Error

Sensitivity

—
1.85 3 10

0 (ppmv CO 2 )
25

7.1 3 10

26

Error

21

(8C)

21

8.84 3 1025

0 (% RH)21

8.56 3 10

4.25 3 10 (20-m
altitude)21
—

25

9.8 3 1026
1.25 3 10
1.1 ppmv
CO 2

24

24

0
7.1 3 1026
0
—
1.7 3 1025
1.84 3 1025
0.87-m
altitude
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FIG. 18. Plot showing the change in the Sdiff /Savg signal as a function of (i) a 20-m change in
the surface altitude (thick solid line, left axis) and (ii) a 18C change in the atmospheric temperature
(thin solid line, left axis), all as a function of the narrow bandpass filter position. Also shown is
the required change in the atmospheric temperature (magnitude) to produce a change in the Sdiff /
Savg signal equivalent to that produced by a 20-m change in the surface altitude (dotted line, right
axis), also as a function of the narrow bandpass filter position (i.e., the equivalent change). This
figure highlights spectral regions of minimum temperature sensitivity located in regions of strong
sensitivity to changes in the surface altitude.

10 m of O 2 at 1000 kPa and the other with no O 2 .
Similarly, it was found that regions of strong sensitivity
to the O 2 column with minimum sensitivity to variations
in the atmospheric temperature exist. In one of these
regions, centered at 13 158 cm 21 , the change in the Sdiff /
Savg signal per 20 m of surface altitude was 4.25 3 10 24 .
Therefore, an SNR in the Sdiff /Savg signal of ø2500 is
required to measure surface altitude to 20 m.
Calculations of the radiative sensitivity of the hypothetical CO 2 and O 2 GFCRs were performed. They
showed that the expected NSRs in the 6367- and 4831cm 21 GFCRs that may be achieved are 7 and 12 times
lower than necessary, respectively, to measure the CO 2
column to a precision of 1 ppmv. Similarly, for the O 2
GFCR, the NSR that may be achieved is 28 lower than
is necessary to measure the surface altitude to a precision of 20 m. As such, the sensitivities of the proposed
GFCRs do not appear to be instrument limited.
Based on the sensitivity calculations performed, I
have estimated the overall sensitivities of the hypothetical CO 2 and O 2 GFCRs. These estimates assumed
that the sources of error, which include atmospheric temperature, water vapor, surface altitude, and instrument
noise, are independent and random. They also assumed
that the maximum systematic errors in the knowledge
of the temperature, water vapor, and altitude were 108C,

10% RH, and 10 m, respectively. I estimate that the
overall sensitivities to the atmospheric CO 2 column of
the 6367- and 4831-cm 21 GFCRs are 0.53 and 1.1 ppmv,
respectively. Similarly, the overall sensitivity to the surface altitude of the 13 158 cm 21 O 2 GFCR is 0.8 m.
This paper is my first attempt to investigate the feasibility of satellite-based GFCR to remotely sound the
atmospheric CO 2 column. Further analysis of the instrument design and sensitivities are needed before a
full instrument proposal could be forwarded. However,
this work has shown the great potential of a GFCR
instrument in this endeavor, and has highlighted some
of the challenges that must be overcome in designing
such an instrument.
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