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Abstract 13 

Concurrent tropospheric O3 and CO vertical profiles from the Tropospheric Emission 14 

Spectrometer (TES) during the MILAGRO/INTEX-B aircraft campaigns over the Mexico City 15 

Metropolitan Area (MCMA) allow us to characterize mega-city pollution. Outflow from the 16 

MCMA occurred predominantly at 600-800 hPa, evident in O3, CO, and NOx enhancements in 17 

the in situ observations. We examined O3, CO, and their correlation at 600-800 hPa from TES 18 

retrievals, aircraft measurements, and GEOS-Chem model results over the aircraft coverage 19 

(within a radius of ~700 km around MCMA). The enhancements in O3 and CO seen in the in situ 20 

measurements are not apparent in TES data, due to the lack of TES coverage during several 21 

strong pollution events. However, TES O3 and CO data are consistent with the aircraft 22 

observations on a daily mean basis (50 – 60 ppbv and 100 – 130 ppbv for O3 and CO 23 
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respectively). The O3-CO correlation coefficients and enhancement ratios (∆O3/∆CO) derived 24 

from TES data are in good agreements with those derived from the aircraft observations and 25 

GEOS-Chem model results (r: 0.5-0.9; ∆O3/∆CO: 0.3-0.4), reflecting significant springtime 26 

photochemical production over MCMA and the surrounding region. 27 

 28 
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1. Introduction 31 

Pollution in mega-cities (urban agglomerations with more than 10 million inhabitants) is a 32 

major environmental problem in the world (Fuchs et al., 1994) with consequences of air quality, 33 

climate change, and human health (Mage et al., 1996; Molina and Molina, 2004). The air quality 34 

in the Mexico City Metropolitan Area (MCMA: ~19ºN, ~99ºW, ~750 hPa) has become a top 35 

environmental concern. The MCMA has a population of over 18 million within an area of ~1500 36 

km2 located in a basin at an elevation of 2.2 km (~750 hPa). At such altitude the low partial 37 

pressure of oxygen leads to incomplete combustion hence large emissions of air pollutants from 38 

the MCMA. For example, in 1998, CO and VOCs emissions from the MCMA were ~1.8 Tg yr-1 39 

and ~0.48 Tg C yr-1, respectively (CAM, 2001). In addition, the surrounding mountains and 40 

boundary layer thermal inversions often trap pollution within the basin (Molina and Molina 41 

2002).  42 

CO is a good tracer for industrial and biomass burning pollution (Logan et al., 1981). The 43 

O3-CO relationship, among other tracer-tracer correlations, has been used for ozone source 44 

attribution. For example, it has been well established that positive O3-CO correlations provide a 45 

reliable characterization of continental pollution outflow (Fishman and Seiler, 1983; Chameides 46 
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et al., 1987; Parrish et al., 1993). The O3-CO correlation also provides a way to evaluate the 47 

photochemical O3 production in chemistry transport models (Chin et al., 1994).  48 

The Tropospheric Emission Spectrometer (TES) aboard the Aura satellite provides 49 

concurrent mapping of global tropospheric O3 and CO (Beer, 2006). Zhang et al. (2006) 50 

compared global TES O3-CO correlations at 618 hPa with GEOS-Chem model results in an 51 

attempt to map the summertime continental pollution outflow. They showed that the TES data 52 

and GEOS-Chem results show consistent positive O3-CO correlations and ∆O3/∆CO over the 53 

continental outflow regions.  54 

In the present study we examine TES O3 and CO and their correlations over the MCMA and 55 

surrounding regions during the MILAGRO/ INTEX-B campaigns in March 2006 (Singh et al., 56 

2006). The results are then compared with aircraft measurements from the same campaigns. We 57 

intend to identify characteristics of the MCMA pollution outflow on a regional to continental 58 

scale with TES data. Taking advantage of airborne measurements over MCMA, we first evaluate 59 

TES data to capture the regional pollution outflow with in situ measurements. The GEOS-Chem 60 

results are also compared with the aforementioned data. We describe the aircraft measurements, 61 

TES retrievals, and GEOS-Chem model in section 2. Spatial distributions and temporal 62 

variations of O3, CO and O3-CO correlations from those data over MCMA and surrounding 63 

region are shown in section 3. Conclusions are given in section 4.  64 

 65 

2. Methodology  66 

2.1. Aircraft measurements 67 

The MILAGRO (www.joss.ucar.edu/milagro/) and INTEX-B (Singh et al., 2006) aircraft 68 

campaigns in March 2006 focused on understanding the export and physiochemical evolution 69 
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and removal of pollutants from the MCMA. A suite of chemical tracers including O3, CO, NOx, 70 

and VOCs (e.g., iso-pentane) were measured onboard the NSF C-130 and NASA DC-8 aircrafts 71 

over the MCMA. Figure 1 shows the flight tracks of C130 and DC8 during the campaigns. We 72 

focus our analysis on O3 and CO measurements during March 4th – March 31st. The O3 and CO 73 

data from C130 are measured by ChemiLuminescence Detector (CLD) and Tunable Diode Laser 74 

(TDL) respectively (Madronich et al., 2004). Those data from DC8 are measured by Langley in 75 

situ fast response ozone measurement (FASTOZ, Avery et al., 2001) and differential absorption 76 

CO measurement (DACOM, Novelli et al., 1994).  77 

2.2. TES Data 78 

The TES sensor onboard the Aura satellite provides global three-dimensional mapping of O3 79 

and CO among other trace gases (Beer, 2006). It measures infrared emissions with high spectral 80 

resolution (0.1 cm-1) and a wide spectral range (measurements taken from 660 – 2260 cm-1) 81 

(Beer et al., 2001). The ascending node of the Aura satellite passes the equator at 01:45 and 82 

13:45 local time in a polar sun-synchronous orbit at 705 km altitude. In the nadir-viewing mode, 83 

TES has a nadir footprint of ~5×8 km, about 180 km apart between consecutive measurements 84 

along the orbital track and takes 16 days for global coverage (global survey). The TES special 85 

observation modes including the so-called “Step and Stare” with denser nadir spatial coverage, 86 

about  40 km apart along the orbit, and typically covers a 60° latitudinal range (Beer et al., 2006). 87 

We use here O3 and CO data from 11 Step and Stares and five global surveys for March 2006 88 

(Figure 2).  89 

TES optimal retrieval method for O3 and CO profiles is based on Rodgers (2000). The 90 

retrieved profile (xret) may be expressed as the linear combination of the weighted true profile (x) 91 

and the a priori profile (xa), 92 
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 93 

xret = Ax + (I – A)xa + Gε     (1) 94 

 95 

where A is the averaging kernel (sensitivity of the retrieved profile to the perturbations of the 96 

true state), G is the gain matrix converting the noise to spectral measurement, and ε is the 97 

radiance measurement noise. The a priori profile (xa) is constrained from monthly mean profiles 98 

of MOZART model (Brasseur et al., 1998). The details of the retrieval algorithms for O3 and CO 99 

are described in Worden et al. (2004), Bowman et al. (2006), and Luo et al. (2007a). Here we use 100 

the version 2 data (V002, F03_03) (Osterman et al., 2006). The degrees of freedom for signal 101 

(DOFS) for O3 and CO in this study are about 1.6 and 1.2, respectively (Worden et al., 2004; 102 

Bowman et al., 2006). 103 

The typical averaging kernels for O3 and CO from TES Step & Stare observations over the 104 

MCMA are shown in Figure 3. Both show significant sensitivities to 600 – 800 hPa, roughly the 105 

pressure level of the MCMA. Thus the TES data are sensitive to the pollution outflow over this 106 

region.    107 

2.3. GEOS-Chem  108 

GEOS-Chem is a global 3-D chemical transport model driven by assimilated meteorological 109 

data from NASA Global Modeling Assimilation Office (GMAO) (Bey et al., 2001). We use 110 

version 7-04-10 with a horizontal resolution of 2°×2.5° and 30 vertical layers of GEOS-4 111 

(http://www.as.harvard.edu/chemistry/trop/geos). The 3-D meteorological fields are updated 112 

every six hours, and the surface fields and mixing depths are updated every three hours. GEOS-113 

Chem includes a comprehensive tropospheric O3-NOx-VOC chemistry mechanism.  114 
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Climatological monthly mean biomass burning emissions are from Duncan et al. (2003). The 115 

fossil fuel emissions are from the Emission Database for Global Atmospheric Research inventory 116 

(EDGAR) for NOx, CO, and SO2 and from the Global Emission Inventory Activity (GEIA) for 117 

other chemical compounds (Benkovitz et al., 1996; Olivier et al., 2001). These emissions are 118 

updated with particular national emission inventories and fuel use data: the Big Bend Regional 119 

Aerosol and Visibility Observational Study (BRAVO) inventory for Mexico (Kuhns et al., 2005) 120 

and U.S. EPA NEI 99 inventory (National Emissions Inventory, base year 1999, version 3) for 121 

the continental U.S. (EPA, 2004). The biogenic VOCs emissions are based on the Model of 122 

Emissions of Gases and Aerosols from Nature (MEGAN) inventory (Guenther et al., 2006). The 123 

lightning NOx emissions use the parameterization based on the cloud top height and regionally 124 

scaled to the climatological Optical Transient Detector-Lightning Imaging Sensor (OTD-LIS) 125 

satellite observations of flash rates (Hudman et al., 2007). We conducted GEOS-Chem 126 

simulations for September 2005-March 2006 with the first six months for initialization. We focus 127 

our analysis on March 2006. For direct comparison, model results are sampled along the aircraft 128 

flight tracks as well as TES orbital tracks.   129 

 In order to compare GEOS-Chem with the TES retrievals, the model profiles of O3 and CO 130 

are convoluted with TES averaging kernels to account for the different sensitivities and a priori 131 

information of TES retrievals to different pressure levels (Jones et al., 2003; Richards et al., 132 

2007). The resulting transformed model profile can then be directly compared with TES 133 

retrievals without bias associated with the TES a priori information and vertical resolution 134 

(Zhang et al., 2006; Jourdain et al., 2007; Worden et al., 2007). TES averaging kernels were not 135 

applied to the aircraft profiles due to the scarcity of temporal and spatial coincidence between 136 

TES and aircraft measurements (Luo et al., 2007b).   137 
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  138 

3. Results and discussions 139 

3.1. Mexico City pollution outflow 140 

The vertical profiles of O3, CO, and NOx mixing ratios from the aircraft measurements 141 

during MILAGRO/INTEX-B are shown in Figure 4. There are generally higher concentrations in 142 

the C130 measurements than those in the DC8 data. This is due largely to the closer proximity of 143 

the C130 flights to the MCMA (Figure 1). Pollution outflow from the MCMA occurs mainly at 144 

600 – 800 hPa, as indicated by the enhanced O3, CO, and NOx levels, reflecting the high 145 

elevation of the region (~750 hPa). Since TES retrieval over this region has maximum sensitivity 146 

around 600 – 800 hPa (see section 2.2), TES tropospheric O3 and CO profiles thus provide 147 

unique insight into the emissions, chemistry, and transport around the MCMA.  148 

3.2. Spatial distributions of tropospheric O3 and CO over the MCMA  149 

 Figure 5 shows the mean O3 concentrations at three pressure bins (>800 hPa, 600 – 800 hPa, 150 

and 400 – 600 hPa) during the MILAGRO/INTEX-B campaigns. We do not include the upper 151 

troposphere (< 400 hPa) in our analysis since there were no measurements by C130 above ~350 152 

hPa. The aircraft data are averaged onto 1°×1° grids to account for finer temporal and spatial 153 

scales of aircraft observations (left panel, Figure 5). TES retrievals are selected when aircraft 154 

measurements are available on a daily basis and are then averaged onto 2°×2.5° grids to compare 155 

with GEOS-Chem results (middle panel, Figure 5). The GEOS-Chem model results are sampled 156 

along TES orbital tracks with TES averaging kernels applied (right panel, Figure 5). Typical 157 

error due to the spatial and temporal difference between TES and GEOS-Chem model profiles is 158 

about 5% (Zhang et al., 2006). The O3 concentrations from the aircraft measurements, TES 159 

retrievals, and GEOS-Chem results are fairly comparable at >800 and 400 – 600 hPa (40 – 50 160 
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ppbv). However, the significant O3 enhancement (> 60 ppbv) seen in the aircraft data at 600 – 161 

800 hPa is not apparent in either TES or GEOS-Chem profiles (middle left panel, Figure 5). As 162 

explained in section 2.3, TES averaging kernels were not applied to aircraft measurements for 163 

the comparison; that sharp enhancement of aircraft O3 could be smeared or reduced if the TES 164 

averaging kernel were applied to aircraft measurements. We will further discuss this discrepancy 165 

in section 3.3.  166 

Figure 6 shows the mean CO mixing ratios at three pressure bins (>800 hPa, 600 – 800 hPa, 167 

and 400 – 600 hPa) during the MILAGRO/INTEX-B campaigns. TES CO concentrations show 168 

no bias compared with aircraft measurements at 400 – 600 hPa. However, the large CO 169 

enhancements (> 120 ppbv) at surface – 600 hPa seen in the in situ measurements are not 170 

apparent in the TES data. GEOS-Chem results, when convoluted with TES averaging kernels 171 

underestimate the aircraft measurements by 10 – 31 ppbv. We will also further discuss this 172 

discrepancy in section 3.3.  173 

3.3. Daily variabilities of O3 and CO over the MCMA 174 

The time series of daily mean O3 and CO of aircraft measurements, TES retrievals and 175 

GEOS-Chem results at 600 – 800 hPa over the aircraft coverage (within a radius of ~700 km, 176 

middle left panel, Figure 5) are shown in figure 7. These comparisons are of particular 177 

importance since most of the emissions of air pollutants are from the high-elevation Mexico City 178 

basin, and the discrepancies of monthly averages between the three data sets are largest. Clearly 179 

there are five high-pollution days: 67th, 69th, 75th, 81st, and 88th Julian day when daily mean O3 180 

and CO concentrations are higher than 60 ppbv and 150 ppbv, respectively. Figure 7 shows daily 181 

mean TES retrievals over the regions covered by all the aircraft measurements during the aircraft 182 

campaigns (middle left panel, Figure 5, green diamonds with standard deviation) and shows 183 
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daily mean TES retrievals only co-located with the daily aircraft coverage (red crosses). The red 184 

crosses represent more direct comparison with aircraft measurements. As shown in figure 7, TES 185 

coverage is limited missing the three severe pollution days (67th, 81st, and 88th), which leads to 186 

negative bias of monthly mean TES O3 and CO during this campaign.(-4.4 ppbv (Figure 5) and -187 

20 ppbv (Figure 6) respectively). However, the TES mean values on the days of coincident 188 

measurement with aircraft data are in better agreement (+0.3 ppbv for O3 and -14 ppbv for CO). 189 

Considering the standard deviations of daily mean TES CO (± 17 ppbv) and that of daily aircraft 190 

CO (> ± 20 ppbv), TES CO is still comparable with aircraft measurements. Daily GEOS-Chem 191 

O3 and CO without applying TES averaging kernel are significantly underestimated by ~ 29% (-192 

13 ppbv) and ~ 45% (-51 ppbv), respectively and the simulated temporal variation is not 193 

consistent with TES. 194 

3.4. The O3 – CO relationship over the MCMA 195 

We estimate the O3-CO correlations derived from aircraft measurements, TES retrievals, and 196 

GEOS-Chem with TES averaging kernels applied during the MILAGRO/INTEX-B experiments. 197 

All the data for O3-CO correlations are gridded onto 2° ×2.5° grids for consistency with GEOS-198 

Chem results. The correlations are estimated over the flights coverage (14N°–35°N and 90°W–199 

103°W, colored area at left panels, Figure 5). We computed O3-CO linear regressions using the 200 

reduced major axis method taking account of both variables’ error estimates (Hirsh and Gilroy, 201 

1984). The resulting slope represents ∆O3/∆CO enhancement ratio. Figure 8 shows the O3-CO 202 

correlation at the three pressure bins (>800 hPa, 600 – 800 hPa, and 400 – 600 hPa) and those 203 

results are compared with other observations in Table 1.  204 

Below 800 hPa, the correlation coefficient (R = 0.47) and ∆O3/∆CO enhancement ratio (0.38 205 

± 0.13 mol mol-1) derived from TES tropospheric retrievals are in close agreement with those for 206 
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aircraft measurements (R = 0.53 and ∆O3/∆CO = 0.36 ± 0.09 mol mol-1). GEOS-Chem results 207 

show similar ∆O3/∆CO enhancement ratio of 0.3 ± 0.05 mol mol-1, but with higher correlation 208 

coefficient (R=0.72). The lower correlation coefficient of TES data than that of model can be 209 

partly attributed to the spectral measurement error in TES retrievals, which reduces the O3-CO 210 

correlation in TES data (Zhang et al., 2006).  211 

At 600 – 800 hPa, TES results show lower correlation coefficient (R = 0.50) and higher 212 

∆O3/∆CO enhancement ratio (0.43 ± 0.09 mol mol-1) than those of aircraft measurements (R = 213 

0.78 and ∆O3/∆CO = 0.28 ± 0.07 mol mol-1). The higher TES ∆O3/∆CO enhancement ratio is 214 

due in part to the relatively negative bias in TES CO retrievals as explained in section 3.3 215 

However, TES results are roughly in good agreement with the aircraft measurement. Those 216 

values are close to those derived from summertime in situ measurements over the Eastern U.S. at 217 

surface and lower troposphere: R = 0.7 – 0.9 and ∆O3/∆CO = 0.2 – 0.4 mol mol-1 (Parrish et al., 218 

1993; Chin et al., 1994); and those from the Intercontinental Chemical Transport Experiment - 219 

North America (INTEX-NA) experiments (July – August 2004, surface – 600 hPa): R = 0.5 – 220 

0.67 and ∆O3/∆CO = 0.31 – 0.44 mol mol-1. GEOS-Chem results shows closer values to those of 221 

aircraft measurements (R = 0.58 and ∆O3/∆CO = 0.25 ± 0.06 mol mol-1) as well. These 222 

similarities imply that substantial springtime pollutions and photochemical production over the 223 

elevated MCMA (600 – 800 hPa) and surrounding regions (middle left, Figure 5) in the lower 224 

latitude (14°N – 35°N). The correlation of GEOS-Chem results without TES averaging kernel is 225 

shown in Table 1 to see the influence of TES averaging kernel on the correlation. The ∆O3/∆CO 226 

enhancement ratio is comparable (∆O3/∆CO = 0.3 ± 0.15 mol mol-1) to reflect photochemical O3 227 

productions in the model. However, there is much weaker correlation (R = 0.26), which imply 228 
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the emission inventories of O3 precursors over MCMA are largely underestimated in the model 229 

(Figure 7).  The ∆O3/∆CO enhancement ratio for the Transport and Chemical Evolution over the 230 

Pacific (TRACE-P, March – April 2001) aircraft mission is smaller (∆O3/∆CO = ~0.15, surface – 231 

600 hPa) than that of MILAGRO/INTEX-B, likely due to less active photochemistry over 232 

springtime middle latitudes over the western Pacific (Jacob et al., 2003).  233 

At 400 – 600 hPa in the middle to upper troposphere, both TES and aircraft data show 234 

relatively high CO-O3 correlation coefficient (R = 0.59 and 0.86, respectively) and ∆O3/∆CO 235 

enhancement ratio (0.37 ± 0.08 mol mol-1 and 0.44 ± 0.04 mol mol-1, respectively). The higher 236 

enhancement ratio and correlation coefficient are likely due to a larger dynamic range of O3 in 237 

the middle to upper troposphere. However, these enhancement ratios are smaller than that of in 238 

situ measurements from TES results (July 2005, 618 hPa, ∆O3/∆CO = 0.81 mol mol-1) and the 239 

ICARTT aircraft campaign (July - Aug 2004, 600 – 650 hPa, ∆O3/∆CO = 0.72 mol mol-1) 240 

reported by Zhang et al. (2006). The higher slopes possibly reflect different photochemical and 241 

dynamic environments of free troposphere in different seasons. 242 

 243 

4. Conclusions 244 

We examined O3, CO, and their relationships from TES tropospheric retrievals, aircrafts 245 

observations, and GEOS-Chem model results over the MCMA and surrounding region (14N°–246 

35°N and 90°W–103°W) during MILAGRO/INTEX-B (March 2006). The typical TES 247 

averaging kernels of O3 and CO over the MCMA have high sensitivity at 600 – 800 hPa. Given 248 

the high altitude of the MCMA (~750 hPa), TES data are thus suitable for analyzing the 249 

pollution outflow from this region.  250 
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We first evaluated TES tropospheric O3 and CO mixing ratio profiles and their correlations 251 

against those from the in situ aircraft measurements. Several of the main pollution outflow 252 

events observed by aircrafts did not have collocated TES overpasses. There are good agreements 253 

between collocated TES and aircraft measurements of O3 and CO mixing ratios on a daily mean 254 

basis during MILAGRO/INTEX-B. GEOS-Chem results of O3 and CO mixing ratios are 255 

significantly lower than the in situ values. 256 

The correlation coefficients and ∆O3/∆CO enhancement ratios from the three data sets (TES, 257 

in situ, GEOS-Chem) show comparable values (r = 0.5 – 0.9; ∆O3/∆CO = 0.3 – 0.4) at three 258 

pressure bins (>800 hPa, 800 – 600 hPa, and 400 – 600 hPa). TES correlation coefficients for all 259 

three pressure bins are in the range of 0.47 – 0.59. The ∆O3/∆CO enhancement ratio of 0.3 – 0.4 260 

mol mol-1 from this study is consistent with that of summertime values at surface over the eastern 261 

US (Parrish et al., 1993; Chin et al., 1994). The O3-CO relationships during MILAGRO/INTEX-262 

B therefore imply vigorous springtime photochemical O3 production over the MCMA and 263 

surrounding region. The results presented here suggest that TES tropospheric O3 and CO profile 264 

retrievals can be used to characterize mega-city pollution outflow on a regional to global scale. 265 
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Table 
 
Table 1. O3 – CO correlation coefficients and slopes (∆O3/∆CO)  
 

Location Time period Pressure r ∆O3/∆CO  

in situ 0.78 0.28±0.07  

TES 0.5 0.43±0.09  

GC/AKa 0.58 0.25±0.06  

MCMA 
 
 

GC-rawb 

March 2006 
600 – 800 hPa 

 

0.26 0.3±0.15  

Eastern U.S. (TESc) July 2005 618 hPa 0.53 0.81 
Zhang et 

al., (2006) 

Eastern U.S. 
July-September, 

2004 
600 hPa – surface 0.5 – 0.7 0.31 – 0.44 ICARTT 

Western Pacific 
Feburary-March, 

2001 
600 hPa – surface 0.6 0.15 TRACE-P 

Eastern U.S. 
June – August, 

1988 - 1991 
surface 0.7 – 0.9 0.2 – 0.4 

Chin et al. 
(1994) 

Sable Island 
July –September, 

1991 
surface 0.82 ~0.3 

Parrish et 
al. (1993) 

aGEOS-Chem results with TES averaging kernels applied. 
bGEOS-Chem results without applying TES averaging kernels.  
All MCMA data were averaged onto 2°×2.5° grids over the aircraft coverage (colored area, left panels in Figure 5). 
cTES version 1(V001) data averaged onto 10°×10° grid. 
 
 
Figures 
 

 
 

Figure 1. The flight tracks of the C130 (orange) and DC8 (blue) aircrafts during the 
MILAGRO/INTEX-B (phase I) campaigns in March 2006. 
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Figure 2. Orbital tracks of 11 TES Step and Stares (left panel) and five Global Surveys (right 
panel) over the MILAGRO/INTEX-B (Phase I) region in March 2006. 
 
 
 
 

 

 
 
Figure 3. Typical averaging kernels of O3 (middle panel) and CO (right panel) for TES Step and 
Stares between 15–30°N (left panel) on March 12, 2006. Averaging kernels for different pressure 
levels are shown (color-coded). 
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Figure 4. The mean vertical profiles of O3 (left panel), CO (middle panel), and NOx (right 
panel) from the C130 (black) and DC8 (green) during MILAGRO/INTEX-B (Phase I). Standard 
deviations are shown for each pressure level. 
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Figure 5. Mean O3 mixing ratios at 400 – 600 hPa, 600 – 800 hPa, and below 800 hPa during 
MILAGRO/INTEX-B (Phase I). The aircraft measurements are averaged onto 1°×1° grids (left 
panel). TES data are sampled on the days with aircraft flights and averaged onto 2°×2.5° grids 
(middle panel). GEOS-Chem results are sampled along the TES orbital tracks with TES 
averaging kernels applied (right panel). 
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Figure 6. Same as Figure 5, but for CO. 
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Figure 7. Time series of daily mean O3 (upper panel) and CO (lower panel) at 600–800 hPa 
during MILAGRO/INTEX-B (Phase I). Black solid lines - aircraft measurements; blue solid 
lines - GEOS-Chem results without applying TES averaging kernels; green diamonds - mean 
TES retrievals over the aircraft coverage at 600-800 hPa; red crosses - mean TES retrievals that 
have colocated aircraft measurements.  
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Figure 8. CO-O3 relationships at three pressure bins, below 800 hPa, 600 – 800 hPa, and 400 – 
600 hPa during MILAGRO/INTEX-B (Phase I). Data were averaged onto 2°×2.5° grids over the 
aircraft coverage. Black diamonds - aircraft measurements; red crosses - TES retrievals on the 
days of the aircraft measurements; blue rectangles - GEOS-Chem results sampled along the TES 
orbital tracks with TES averaging kernels applied.   
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