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12 [1] We provide an overview of the nadir measurements of
13 carbon monoxide (CO) obtained thus far by the
14 Tropospheric Emission Spectrometer (TES). The
15 instrument is a high resolution array Fourier transform
16 spectrometer designed to measure infrared spectral
17 radiances from low Earth orbit. It is one of four
18 instruments successfully launched onboard the Aura
19 platform into a sun synchronous orbit at an altitude of
20 705 km on July 15, 2004 from Vandenberg Air Force Base,
21 California. Nadir spectra are recorded at 0.06-cm�1 spectral
22 resolution with a nadir footprint of 5 � 8 km. We describe
23 the TES retrieval approach for the analysis of the nadir
24 measurements, report averaging kernels for typical tropical
25 and polar ocean locations, characterize random and
26 systematic errors for those locations, and describe
27 instrument performance changes in the CO spectral region
28 as a function of time. Sample maps of retrieved CO for the
29 middle and upper troposphere from global surveys during
30 December 2005 and April 2006 highlight the potential of
31 the results for measurement and tracking of global pollution
32 and determining air quality from space. Citation: Rinsland,

33 C. P., et al. (2006), Nadir measurements of carbon monoxide

34 distributions by the Tropospheric Emission Spectrometer

35 instrument onboard the Aura Spacecraft: Overview of analysis

36 approach and examples of initial results, Geophys. Res. Lett., 33,

37 LXXXXX, doi:10.1029/2006GL027000.

39 1. Introduction

40 [2] Carbon monoxide (CO) is a by-product of incomplete
41 combustion of fossil fuels and biomass, and is produced by
42 oxidation of methane (CH4) and other hydrocarbons. Com-

43bustion of fossil fuels is the main source of CO at northern
44mid-latitudes, while biomass burning (in the local dry
45season), biomass fuel, and oxidation of isoprene are impor-
46tant sources in the tropics. Oxidation of methane provides a
47relatively uniform background of CO. Reaction with the
48hydroxyl radical (OH) is the main removal process for CO
49[Levy, 1971], and reaction with OH is the dominant path for
50removal of many atmospheric species. Oxidation of CO and
51methane provides the major source of tropospheric ozone
52[e.g., Logan et al., 1981]. The lifetime of CO is several
53weeks and hence CO is a useful tracer of atmospheric
54transport.
55[3] Space-based tropospheric CO distributions retrieved
56from nadir measurements were first obtained from the U.S.
57shuttle by the MAPS (Measurement of Air Pollution from
58Satellites) experiment during four flights (November 1981,
59October 1984, April 1994, and October 1994) at latitudes
60between 57�N to 58�S [Reichle and Connors, 1999]. The
61gas filter radiometer operated in the (1-0) band region at 4.7
62mm with maximum sensitivity in the middle-upper tropo-
63sphere [Pougatchev et al., 1998]. More recently, global
64space-based nadir measurements of CO have been obtained
65with the MOPITT (Measurements of Air Pollution from
66Satellites) instrument on the Terra spacecraft [Edwards et
67al., 2004], Interferometric Monitor of Greenhouse Gases
68(IMG) [Barret et al., 2005], the Tropospheric Emission
69Spectrometer (TES) on the Aura spacecraft [Beer et al.,
702001], the Atmospheric Infrared Sounder (AIRS) launched
71on the Aqua satellite [Aumann et al., 2003], and the Scanning
72Imaging Spectrometer for CHartographY (SCIAMACHY)
73UV-visible-near-IR spectrometer [Bovensmann et al., 1999].
74Limb CO observations are obtained in solar occultation
75mode by the Atmospheric Chemistry Experiment (ACE)
76[Bernath et al., 2005] and in emission by the Microwave
77Limb Sounder (MLS) on Aura [Filipiak et al., 2005]. The
78purpose of this paper is to provide an overview of early TES
79nadir CO measurements. We describe the approach used for
80the TES nadir retrievals, document the selections of spectral
81windows, provide averaging kernels for mid-latitude and
82polar conditions, report an error evaluation for those sample
83locations, and describe changes in TES instrument perfor-
84mance in the CO spectral region since launch. Carbon
85monoxide and ozone are two of the five main pollutants
86monitored by the U.S. Environmental Protection Agency
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87 (EPA) and are now measured globally and simultaneously
88 by the TES instrument.

89 2. TES Fourier Transform Spectrometer

90 [4] TES is an infrared imaging Fourier Transform Spec-
91 trometer (FTS) operating in the spectral range 650–
92 3050 cm�1 (3.3–15.4 mm) [Beer et al., 2001]. The
93 Connes-type four port FTS has 16 spatial pixels in each
94 of four optically conjugated mercury cadmium telluride focal
95 plane arrays, each optimized for a different spectral region
96 and operating at a temperature of 64 K using mechanical
97 refrigerators. In addition, each focal plane is equipped with
98 interchangeable cooled filters that limit the instantaneous
99 spectral bandwidths to about 250 cm�1. This provides needed
100 control over the instrument thermal background and reduces
101 the data rate. Except for two external mirrors (part of the
102 pointing system), the entire optical path is radiatively-cooled
103 to about 180 K, to further reduce the instrument background.
104 The nadir foot print is 5 � 8 km, where the 16-pixel (5 �
105 0.5 km) average measurements are used in the retrievals. The
106 nadir foot print for TES is similar to that of MOPITT and
107 AIRS. TES is a unique spaceborne FTS in that it can observe
108 high resolution infrared thermal emission in both nadir and
109 limb modes and can point anywhere within 45� of nadir
110 (cross track and in track) [Beer et al., 2001].
111 [5] TES has several operating modes for nadir observa-
112 tions [Beer et al., 2001]. Key modes for nadir observations
113 are stare, transect, and step and stare modes. The stare mode
114 allows TES to point a ground target for several minutes. The
115 transect mode point at a set of contiguous footprint-size
116 areas within 45 degrees of the instrument nadir angle. The
117 step and stare mode point at the nadir location for a single
118 scan and can be repeated indefinitely. The global survey
119 mode of 16 orbits of nadir and limb observations repeated
120 every other day. Routine limb observations were discon-
121 tinued in April 2005 to extend instrument lifetime with no
122 significant impact on CO. There was limited ability of the
123 limb measurements to sample source regions over those
124 long paths.

125 3. TES CO Measurements

126 [6] Spectral windows for the retrieval of CO were select-
127 ed based on sensitivities calculated for TES filter 1A1
128 (1890–2260 cm�1) where the CO (1-0) band is located
129 [Worden et al., 2004]. TES nadir measurements are recorded
130 at 0.06-cm�1 spectral resolution (8.33 cm maximum optical
131 path difference derived from double-sided interferograms)
132 with a forward model that includes a model for the water
133 vapor continuum with a climatological CO2 mixing ratio
134 profile [Clough et al., 2006]. The TES retrieval algorithm
135 estimates an atmospheric profile by simultaneously mini-
136 mizing the difference between observed and model spectral
137 radiances subject to the constraint that the solution is
138 consistent with an a priori mixing ratio profile within
139 covariance constraints [Bowman et al., 2006; Kulawik et
140 al., 2006a].
141 [7] Spectroscopic parameters were taken from the 2000
142 HITRAN database with updates through September 2001
143 [Rothman et al., 2003], though further updates from
144 HITRAN 2004 [Rothman et al., 2005] have been incorpo-

145rated and are used in the forward model calculations and
146analysis. Similar to most other experiments operating in the
147infrared [e.g., Boone et al., 2005], TES uses spectral
148windows to limit the impact of spectroscopic errors in the
149retrievals from 11 windows between 2086.06 and
1502176.66 cm�1. Temperature and interferences fitted for all
151windows are N2O, CO2, O3, and H2O. Carbon monoxide
152profiles are retrieved after temperature, ozone, and water
153vapor profiles are fitted in addition to the interferences.
154[8] Measured radiances are compared with those calcu-
155lated for the same location with the TES forward model.
156The measured radiances are apodized with Norton-Beer
157strong apodization [Norton and Beer, 1976]. As clouds
158are ubiquitous in the atmosphere and substantially affect
159the radiances measured by TES, an algorithm is used to
160quantify how clouds impact the measured optical depths in
161the spectral windows selected for retrieving temperature and
162gas constituent profiles [Kulawik et al., 2006b; Bowman et
163al., 2006]. The approach is to retrieve a single layer,
164frequency-dependent cloud with an effective height, a
165Gaussian profile in altitude, and effective cloud thickness.
166No scattering is assumed. This approach makes possible the
167retrieval and error characterization of atmospheric parame-
168ters including CO, temperature, water vapor, and ozone
169characterized in the presence of clouds based on the optimal
170estimation technique [Rodgers, 2000]. Characterization of
171TES retrieval information content includes the quantifica-
172tion of smoothing, ‘‘cross-state’’, and systematic errors
173[Bowman et al., 2006, Figure 5]. All parameters are derived
174from a simultaneous analysis of the measured spectrum.
175Although error in the temperature retrieval propagates into
176the error for CO, it is small compared the other sources of
177error.
178[9] A key factor for TES CO results has been the impact
179of changes in instrument alignment as a function of time.
180Figure 1 displays the normalized integrated spectral mag-
181nitude (ISM) (top panel), beam splitter temperature (middle
182panel), and DOF for latitudes of 30�N–30�S as a function
183of time. The ISM is a sensitive indicator of signal levels at
184the TES detectors and is calculated by integrating a spec-
185trum over wave number. It is the primary quantity used to
186quantify and detect trends in the TES instrument alignment
187and performance. An overall trend of declining ISM with
188time and the measured beam splitter temperature is appar-
189ent, with increases in beam splitter temperatures when the
190detectors are de-iced periodically. Warm up of the optical
191bench on November 29-December 2, 2005 improved the
192TES beam splitter alignment, with an integrated spectral
193magnitude increase for the 1A1 filter of a factor of 3.4 as
194compared to the pre-warm up value. The TES averaging
195kernel matrix was used to compute the DOF (degrees of
196freedom) for signal of the retrieval [Worden et al., 2004].
197The DOF may be interpreted as the number of statistically
198independent elements of the retrieval [Rodgers, 2000;
199Bowman et al., 2006] with a DOF for signal of 0.8 for
200TES CO predicted prior to launch [Worden et al., 2004].
201Shortly after launch, the measured DOF for TES CO signal
202typically varied from 0.5–1.5, high in tropics with values
203up to two and gradually dropping below 0.5 at high
204latitudes. As the signal strength of 1A1 filter became weaker
205from end of 2004 to November 2005, the DOF for TES CO
206gradually declined. The optical bench warm up improved
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207 TES signal to noise ratios so the DOF for CO increased to
208 an averaged value of 1.45 (from the pre-warm-up value of
209 0.72) with many values now greater than 2.0 at 30�S–30�N.
210 [10] Figure 2 displays sample TES volume mixing ratio
211 retrievals, averaging kernels, and evaluations of random and
212 smoothing errors for tropical and polar conditions from
213 early TES measurements when the ISM was high. TES data
214 consists of profiles of CO reported at 24 levels per pressure

215decade (e.g., 1000 hPa to 100 hPa) between the surface and
216100 hPa (�16 km). The fine vertical grid is necessary to
217accurately model variations of temperature, water vapor,
218ozone, clouds and molecular interferences in the atmo-
219sphere. TES averaging kernels are reported for each re-
220trieved profile. Selected pressure levels show that the
221sensitivity is lowest at the surface and increases with
222altitude with a maximum in the free troposphere for both

Figure 2. Sample carbon monoxide retrieval, averaging kernels, random and systematic error estimates as a function of
pressure for tropical and polar latitudes. The tropical occultation was recorded over northern Brazil (latitude 3.9�S,
longitude 58.6�W). The lower panels correspond to a southern polar ocean scene at 58�S, 81�E. Horizontal error bars show
total errors. DOFs are reported for both example cases. Results were derived from TES V001 data from measurements on
September 20, 2004.

Figure 1. (top) Time series of measured normalized Integrated Spectral Magnitude (ISM), (middle) beam splitter
temperature, and (bottom) average DOF for 30�N–30�S latitude. The ISM is normalized to 1.0 at the beginning of the time
series. The results were derived from TES Level 1A R7/R8 data.
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223 tropical and polar regions. Similar to MOPITT, TES profile
224 data are highly correlated, with about 1–2 pieces of
225 independent vertical information for each sounding. Ran-
226 dom error due to instrument noise with a value of �10% is
227 lower than the smoothing error in most places. Systematic
228 error due to errors in the HITRAN spectroscopic parameters
229 [Rothman et al., 2005] and the cross-state error terms are
230 small components in the error budget. The smoothing error
231 is the largest component (�20%), with the total relative
232 error (�20–30%) combined from the random, the smooth-
233 ing, the systematic, and the cross-state errors [Bowman et
234 al., 2006].
235 [11] The current TES CO retrievals assume a priori
236 profiles given by the MOZART chemical transport model
237 first described by Brasseur et al. [1998]. Monthly mean
238 mixing ratios in 10� latitude by 60� longitude bins are used
239 to create the a priori profiles assumed for TES retrievals
240 with an altitude-dependent Tikhonov constraint [Kulawik et
241 al., 2006a]. In the case of the southern polar region in
242 Figure 2, the total retrieval error is greater than the a priori
243 error due to the use of the model data as a priori. In contrast,
244 the MOPITT analysis relies on a single a priori profile and
245 covariance matrix for CO retrievals [Deeter et al., 2003,
246 2004]. Near complete global coverage is achieved in 3 days
247 [see Liu et al., 2006, for an example of a recent MOPITT
248 study]. There are significant differences in the a priori
249 profile and covariance matrix constraints for TES retrievals
250 and those adopted by MOPITT for their analysis. The
251 influence of the differences in a priori constraints to the
252 retrievals have been described and characterized (M. Luo et
253 al., Comparison of carbon monoxide measurements by TES
254 and MOPITT: The influence of a priori data and instrument
255 characteristics on nadir atmospheric species retrievals, sub-
256 mitted to Journal of Geophysical Research, 2006, herein-
257 after referred to as Luo et al., submitted manuscript, 2006).

258[12] Figure 3 displays CO mixing ratio retrieved from
259TES global surveys during two week time periods at lower
260and upper tropospheric pressure levels during December
2612005 and April 2006. Data quality screening is done
262following TES Level 2 Data User’s Guide (G. Osterman
263et al., TES level 2 data user’s guide, Jet Propul. Lab.,
264Pasadena, Calif., available at http://tes.jpl.nasa.gov/
265docsLinks/documents.cfm, 2006). The CO mixing ratios
266in the two time periods show interhemispheric gradient in
267the lower troposphere with higher mixing ratios measured in
268the northern hemisphere than in the southern hemisphere.
269The December 2005 measurements at 681.1 hPa show
270elevated CO from biomass burning over western Africa
271extending into the Atlantic. The upper tropospheric CO
272distributions show the evidence of the latitude/longitude
273binned a priori described above, indicating the influence of
274the a priori in the retrievals where DOF are less than one
275(Luo et al., submitted manuscript, 2006). Fields for April
2762006 CO are dominated by urban pollutions in the northern
277hemisphere. Figure 4 further illustrates the variability in
278TES observed CO mixing ratio during a few days of April.
279For example, the measurements show CO pollution sources
280over China (southern or northern city areas, e.g., Beijing or
281Shanghai areas) and their downwind plumes over Pacific
282Ocean are captured by TES. These CO sources or plumes at
283681 hPa are detected as high as 280 ppbv.

2844. Summary and Conclusions

285[13] Analysis procedures, spectral windows selections,
286average kernels, and an analysis of random and systematic
287sources of error have been reported for TES CO. Changes in
288instrument performance of the TES CO nadir measurements
289have been described with examples presented illustrating
290the capability of TES to provide bi-weekly global maps of
291CO distributions with 0.5–2 statistically independent tro-

Figure 3. Global maps of CO volume mixing ratio distributions at 215.4 hPa and 681.3 hPa from TES 16-day global
surveys from December 2005 and April 2006. Maps are from TES V002 measurements recorded after the optical bench
warm-up.
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292 pospheric degrees of freedom. Space-based tropospheric
293 CO profile measurements from TES are now being com-
294 pared with those by ACE, MOPITT, MLS, AIRS, and
295 SCIAMACHY in addition to measurements from aircraft
296 missions. Additional comparisons of TES profiles with
297 those of other sensors will extend those planned for CO
298 and other TES products [Osterman et al., 2005].
299 [14] The TES optical bench warm up activity in early
300 December 2005 has significantly increased the sensitivity
301 of the TES instrument with results indicating more than a
302 factor of 3 sensitivity improvement in the CO measure-
303 ment spectral region. The higher CO sensitivity (both
304 vertical resolution and signal-to-noise) in combination
305 with co-located measurements of O3 will increase the
306 capability of TES to measure global air quality and to
307 assess the relative roles of photochemistry and transport
308 in key regions such as over the U.S., Asia, and Europe.
309 This work provides a quantitative assessment of the
310 capability of the TES instrument to measure tropospheric
311 CO profiles since Aura launch and provides recent
312 examples of TES maps of CO pollution to highlight the
313 improved capability of the instrument and the availability
314 of the data for air quality and tropospheric chemistry
315 studies.
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