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The amount of stratospheric water vapor is largely controlled by dehydration processes in the tropical 
tropopause layer. However, these processes are poorly understood. The Soundings of Ozone and Water in 
Equatorial Regions (SOWER) project, which has been ongoing since 1998, conducted two campaigns in 
January 2006 and in January 2007. Cryogenic Frostpoint Hygrometer (CFH) water vapor and ozone 
sondes were launched at one equatorial site in the Western Pacific in January 2006 and coordinated at 
three equatorial sites in January 2007. At all sites lidar observations provided simultaneous cirrus cloud 
backscatter ratio data. The observations show large differences between the two years, related to QBO 
and ENSO. Compared to January 2006, the tropopause is warmer and wetter in 2007 and the vertical 
ascent of the seasonal water vapor maximum is slower. The observations show significant differences 
between the three sites, although less than the interannual difference. The combined cirrus and relative 
humidity (RH) observations show that large RH values are observed within clouds as well as outside of 
clouds. The highest RH values were observed in Jan 2006 and are related to equatorial stratospheric 
waves. RH over ice reached 190% at a temperature of 180 K in the onset of a cirrus cloud at the cold 
point. Large RH over ice values were also observed above the cold point but in absence of a cirrus cloud. 

Figure 1.  Relative humidity as a function of temperature observed by the CFH. The color coding indicates the 
backscatter ratio observed by simultaneous lidar measurements. The red line shows saturation over liquid water. 
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Atmospheric growth rates of the chlorofluorocarbon (CFC) substitutes, the hydrochlorofluorocarbons 
(HCFCs), started to decrease prior to the January 1, 2004 deadline of a 35% mandated decrease in the 
consumption of HCFCs in developed countries (US, Europe, Japan, etc.) by the Montreal Protocol.  This 
decline was short lived.   By mid-2005, the atmospheric growth rates of HCFC-22, -141b, and -142b 
started to increase again.  NOAA ESRL scientists have flask data, a flask pair almost every week, for 
three HCFCs (22, -141b, & -142b) dating back to 1992 for ten stations, and in situ hourly measurements 
of HCFC-22 and -142b since 1998 from the four baseline observatories and Niwot Ridge.  The growth 
rate is highest in the northern hemisphere and most notable at the sea level site located at Cape 
Kumukahi, Hawaii.  Newspaper accounts indicate that consumption in developing countries (China, 
India) may be the cause of this increase, because the Montreal Protocol timeline for reducing 
consumption by 99.5% in developing countries is 2040 versus 2020 for developed countries.  Since there 
is some evidence of a large Asian source, we will examine Asian pollution events at the Mauna Loa 
Observatory to determine sources of this atmospheric increase and their implications to international 
protocols.  Increased levels of HCFCs affect the recovery of stratospheric ozone layer through changes in 
total organic chlorine.  They also affect the climate forcing, because of their global warming potential is 
as strong as the hydrofluorocarbons (HFCs) that are controlled by the Kyoto Protocol. 
 

 
 
Figure 1.  Atmospheric abundances and global growth rates (green) of HCFC-142b.  Note that the growth rate was 
cut by about 2/3 because of the 2004 Montreal Protocol deadline, but the rate of increase has almost returned to prior 
levels of 2001. 
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Using vertical profile data from observations made at 19 aircraft sites over the last 12 years, we have 
produced an estimate of CO2 mixing ratios over one climatological year to understand the seasonal 
variability of CO2 over continental North America. The climatology provides the information necessary to 
make a model-independent estimate of surface CO2 fluxes over continental North America. Using a 
geostatistical interpolation technique called Kriging, we have mapped the climatologies made at each site 
over continental North America. These are compared directly with results from the NOAA ESRL 
CarbonTracker results. 
 

 
 
Figure 1.  Annual climatology of CO2 over North America. Underlying map shows surface wind vectors over North 
America. Overlying graphs shows the annual climatology of CO2 at 8 NOAA ESRL Carbon Cycle Group Aircraft 
Project sites. The annual climatology is constructed using all observations of CO2 mole/mole mixing ratio at each 
site corrected to the mean annual increase in CO2 at Mona Loa, Hawaii relative to July 1, 2004. 
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Air samples collected on the campus of the California Institute of Technology in Pasadena, CA, contained 
~30 ppm more CO2 in 1998-2003 than they did in 1972-1973 (averaging 369 ppm in 1972-1973 and 397 
ppm in 1998-2003).  Yet the ranges of the carbon and oxygen isotopic ratios have remained essentially 
constant (13CVPDB was -13.4 to -7.7‰ in 1972-1973 and -14.1 to -8.0‰ in 1998-2003; 18OVPDB-CO2 was -
4.0 to -0.3‰ in 1972-1973 and -4.0 to +0.5‰ in 1998-2003).  A tighter distribution for most of the more 
recent measurements is consistent with fewer days with highly polluted air relative to 30 years ago.  Both 
data sets display significant correlations between 13C and 1/CO2, with end member 13C values of -31.8 ± 
0.4‰ for 1972-1973 and -30.6 ± 0.2‰ for 2002-2003.  Based on mass balance considerations, this 
reflects a changing mix of natural gas and petroleum products burned in the region combined with a 
change in the isotopic composition of the bulk petroleum products burned.  
 
The 13C of the CO2 inventory in Pasadena can be explained by a local addition to “clean” air of 16 to 36 
ppm CO2 from exhaust from burning of fossil fuels (petroleum products and natural gas) and minor 
emissions from cement production.  Because of southern California’s warm climate, larger amounts of 
isotopically light fossil fuel are consumed during the summer for energy generation for air conditioning; 
much smaller amounts are required during the winter for heating.  This offsets the effects of vegetation 
due to photosynthesis/respiration and masks the periodic seasonal variation observed in clean air from 
oceanic/coastal sites at similar latitudes, although the error limits allow up to 32% of the local 
contribution to be derived from biological activity.   
 
Unlike carbon, the isotopic composition of oxygen in the CO2 of Pasadena air does exhibit seasonal 
variations, similar to those of clean air sites at similar latitudes, reflecting the global signal of the 
biosphere’s annual cycle.  Added to this is the high-CO2 end member contributed locally, which is a 
product of fossil fuel combustion, whose oxygen is similar to atmospheric O2, as determined by analysis 
of plots of 1/CO2 vs. 18O.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Composition of CO2 in air in Pasadena compared with air from clean southern California sites and 
NOAA ESRL oceanic and coastal sites located 25-40°N.  Shaded bands indicate ±1 from the best fit lines. 
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Estimates of monthly fossil-fuel carbon emissions for each 1-degree gridsquare of the earth’s surface are 
used in the context of meteorological fields from the NASA GEOS-4 data assimilation system to 
investigate the influence of seasonal emissions cycles on atmospheric concentrations and transport of CO2. 
We find that the use of monthly resolved fluxes makes a significant difference in the seasonal cycle of 
atmospheric CO2 in and near those regions where anthropogenic CO2 is released to the atmosphere.  
Local variations of 2-6 ppmv CO2 in the seasonal cycle amplitude are simulated, and larger variations 
would be expected if smaller source-receptor distances could be more precisely specified using a more 
refined spatial resolution.  We also find that in the mid latitudes near the sources, synoptic scale 
atmospheric circulations are important in the winter and that boundary layer venting and diurnal rectifier 
effects are more important in the summer.  These findings have implications for inverse-modeling 
efforts to estimate surface source/sink regions especially when the surface sinks are colocated with 
regions of strong anthropogenic CO2 emissions.  
  

 
 
Figure 1.  Differences between near-surface atmospheric CO2 concentrations calculated using varying monthly 
emissions and using annual emissions distributed equally over all calendar months, for a location about 20 km NE of 
Philadelphia (40°N, 75°W). Note the consistent seasonal pattern. 
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The Orbiting Carbon Observatory (OCO) will make global, space-based, measurements of the column-
averaged atmospheric CO2 dry air mole fraction, XCO2.  These measurements must be validated against 
results from the existing global network to ensure that their accuracy is adequate to quantify regional 
scale surface sources and sinks of CO2.  A few aspects of the XCO2 soundings will pose challenges to 
routine comparisons with surface in situ data.  In particular, the atmospheric optical path associated with 
each XCO2 sounding extends along the incoming solar beam from the top of the atmosphere to the surface 
footprint, and then back to the top of the atmosphere in the direction of the spacecraft.  At high latitudes, 
where the solar zenith angles are large, these paths can extend the spatial sampling well beyond the extent 
of the surface footprint (Fig. 1).  To address this issue, the OCO team will use ground-based, solar-
looking Fourier Transfer Spectrometers (FTS’s) as a transfer standard.  These systems are being deployed 
as part of the Total Carbon Column Observing Network (c.f. Washenfelder et al. 2006).   Each FTS uses 
the same CO2 and O2 bands as the space-based OCO instrument, and can acquire simultaneous 
observations along the same incoming solar beam.  However, because they stare directly at they sun, they 
have greater the signal to noise and greater spectral resolution than the space-based system. Their 
measurements are also less susceptible to pathlength errors associated with scattering by thin clouds and 
aerosols.  XCO2 results from the FTS systems at Park Falls, Wisconsin and Darwin Australia have been 
validated directly against aircraft in situ measurements of the CO2 column (Fig 1b).  While the TCCON 
network is continuing to grow, it will always be much smaller than the CO2 surface and tower networks.  
Advanced data fusion methods will be needed compare and combine the space based data with the data 
from those networks.  One of the primary challenges will be representing the sampling footprints 
associated with each measurement type without introducing biases.  

   
 

 

igure 1.  (a) Horizontal scale of atmospheric soundings for Nadir observations at low and high latitudes.  Even 
lar 

F
though the OCO surface footprint is only 3km2 at nadir, the atmospheric footprint associated with the incoming so
beam can extend 100’s of km. (b) The FTS adjacent to the WLEF tower near Park Falls, Wisconsin.  These stations 
will facilitate comparisons of OCO data to the surface network. 
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Although it was designed for high resolution/accurate temperature and moisture profiles, the NASA-EOS 
Atmospheric Infrared Sounder (AIRS) is capable of measuring variations in carbon trace gases such as 
CO2.  This capability coupled with AIRS’ broad swath pattern; low and well characterized instrument 
noise; and global coverage afforded by a method termed ‘cloud-clearing’, enables derivation of the 
distribution of CO2 in the middle-to-upper troposphere on global scales twice per day. Using the 
NOAA/NESDIS/STAR algorithm and re-processing system, we have derived global, multi-year CO2 
retrievals from the AIRS instrument.  We compare these retrievals with ESRL GMD aircraft data (August 
2003-Present) with an emphasis on the utility and limitations of these datasets in modeling and isolating 
sources of certain classes of emissions.  In the upper left panel of Fig. 1 we show an example of the 
interpolated ESRL aircraft observations (x’s along top show actual flight times) for one ESRL sites. In the 
bottom left we show the average of the NOAA AIRS CO2 product within 1000 km of this site from our 
spatial subset re-processing system.  In the upper right we show a time-series “slice” through the 6-9 km 
vertical layer of the AIRS data (red line), the standard deviation of the retrievals (red dashed lines), and a 
filtered AIRS time series (blue line).  The ESRL aircraft observations are shown as triangles and the 
ESRL marine boundary layer (MBL) model is shown as a black dashed line. The panel in the lower right 
shows that the AIRS 6-9 km layer and the layer average of the ESRL measurements above 2.5 km are 
91% correlated and have a standard deviation of 2 ppmv.  The full resolution AIRS data has significantly 
better spatial sampling (24 X) than the re-processing system we have used here to illustrate our capability.    

 
Figure 1.  Comparisons of CO2  concentrations from ESRL GMD aircraft data and AIRS retrievals.  
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There are very few locations from which to make time-series measurements of free tropospheric aerosols, 
so MLO’s location has a unique value. We have measured inorganic aerosol anions and cations and nitric 
acid vapor nightly at MLO since 1989. In 2005 we installed equipment to also measure organic and 
elemental carbon (EC and OC) in FT aerosols at MLO. It has proven more difficult than we expected to 
measure OC and EC, in part because of a pervasive (and variable) blank that is similar in magnitude to the 
signal. We have spent more than a year trying a variety of methods for improving our sensitivity and 
blanking. One of these changes was to improve sensitivity by combining EC and OC into one total carbon 
(TC) peak, since the EC can at least be estimated from light absorption measurements. We find that TC 
maximizes in the springtime, just as sulfate, nitrate, and calcium do. This is attributed to Asian outflow. 
However, the TC concentrations at MLO are considerably smaller than those measured in the FT from 
aircraft during ACE-Asia, suggesting that chemical transport models might not be underestimating OC as 
much as Heald et al. (2005) suggest. 
 
 

 
 
Figure 1.  Nightly total carbon concentrations (monthly average and standard error of mean in blue ) for one year at 
Mauna Loa Observatory.  Note the peak in total carbon in the spring of 2006 attributed to transport from Asia.   
 
Reference:  Heald, C. L., D. J. Jacob, R. J. Park, L. M. Russell, B. J. Huebert, J. H. Seinfeld, H. Liao, and R. J. Weber, 2005: 
A large organic aerosol source in the free troposphere missing from current models. Geophys. Res. Lett., 32, L18809. 
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Since 1997, our group has focused on the transport of global and Asian air pollutants and their influence 
on air quality in the United States.  Our past work has utilized low elevation surface sites, as well as 
several aircraft to detect plumes of Asian pollutants that are transported to the US. Most of the transport 
occurs in the free troposphere.  As a result of the need to have more continuous and long-term 
observations at fixed site, in 2004 we began observations at a mountain top location in central Oregon at 
2.7 km above sea level; the Mt. Bachelor Observatory (MBO).  With almost 3 years of data, the site has 
proven to be extremely valuable for detecting and understanding the chemistry and transport of Asian 
pollutants, including CO, O3, PAN, aerosols and mercury.  In the first 2 years of observations we have 
focused on identifying the local meteorological environment and identification of free tropospheric air at 
this site.  To do this, we have compared the MBO data, especially water vapor, to sounding data from 
Medford and Salem Oregon and ozonesonde data from Trinidad Head.  Our analysis indicates that the site 
experiences free tropospheric air approximately 50% of the time.  Some of the scientific results we have 
obtained from our observations at MBO include: 
 
1) Identification of over a dozen plumes with significant concentrations of Asian pollutants; 
2) Identification of a set of tracers using CO, Hg, O3 and σsp (aerosol scattering at 550 nm) that can be 

used to identify Asian, US and biomass burning plumes at MBO (Jaffe et al. 2005; Weiss-Penzias et 
al., 2006; 2007) 

3) Identification of significant concentrations of gaseous Hg(II) compounds in free tropospheric air       
(Swartzendruber et al., 2006). 

 
Because of predictions for substantial increases in emissions from Asia, we believe it is important to 
maintain long term observations at the Mt. Bachelor Observatory.  In this presentation I will give an 
overview of the first 3 years of results, with an emphasis on the identification of free tropospheric air at 
the site and some of our most significant results to date. 
 

 

Figure 1.  View of Mt. Bachelor, 
Oregon, in winter. 
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This study applied a geostatistical approach to atmospheric inverse modeling to estimate carbon fluxes on 
a monthly gridscale from 1997 to 2001, focusing on the effect of using remote-sensing derived auxiliary 
environmental data to help constrain flux estimates.  The results of this study represent the first 
application of the geostatistical approach to inverse modeling using atmospheric data from the NOAA 
cooperative air sampling network, and the first implementation of the approach with auxiliary 
environmental data. The geostatistical approach uses observational CO2 concentration data and an 
atmospheric transport model to update prior information about carbon fluxes. The prior information is 
represented in the form of a spatial and/or temporal covariance in the deviations of fluxes from mean 
behavior, and both the parameters of the covariance model and of the mean behavior can be inferred from 
observational data. The model of the mean is expanded through the addition of deterministic drift 
parameters known to affect carbon flux. This setup offers the opportunity to directly incorporate 
environmental data derived from remote sensing instruments, without assuming a priori the magnitude or 
statistical significance of the correlation of these data with the inferred carbon fluxes.  In this study, 
global estimates of carbon fluxes were obtained at a 3.75° x 5° resolution, along with their estimated 
uncertainties.  Auxiliary variables shown to be statistically significant were Leaf Area Index, Fraction of 
Photosynthetically Available Radiation, land cover, land temperature, and population density weighted 
gross domestic product.  Results indicate that the proposed approach yields flux estimates with 
comparable precision to synthesis Bayesian approaches, without requiring pre-aggregation to large 
continental regions or prior assumptions about flux magnitudes. 
 

 
Figure 1.  Year 2000 monthly fluxes and uncertainty bounds expressed as two standard deviations for variable trend 
best estimate aggregated to the 22 Transcom3 regions (in green) and Transcom estimates (Baker et al. 2006, in 
black).   
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For a number of years various investigators have demonstrated success in detecting the effects of aerosols 
on cloud microphysical properties from surface and satellite remote sensing. Nevertheless, because of the 
importance of aerosol-cloud interactions for climate change, it is important to quantify this effect. To 
date, it is unclear to what extent the range of detected responses are physical and to what extent 
measurement errors play a role. Moreover, it is unclear what the accuracy requirements are for various 
measures of the aerosol indirect effect in terms of W m-2 of forcing for climate change applications. 
 
To address these issues we use a radiative transfer model to establish the sensitivity of cloud forcing to 
anthropogenic aerosol influences. The shortwave (0.28 - 4.0 μm) radiative forcing at the surface was 
calculated for the range of physical indirect effect (IE) values. The change in cloud optical depth (τc) for 
increasing cloud condensation nucleus concentration (NCCN), used as model input, is shown for the range 
of IE at two fixed LWP (left panel). Instantaneous (middle panel) and diurnally averaged (right panel) 
forcings are calculated for each of the IE values as the difference in irradiance for NCCN = 500 cm-3 and 
NCCN - 25 cm-3, representing polluted versus clean conditions. This exercise demonstrates that 
uncertainties in measures of the first aerosol indirect effect will translate to large uncertainties in radiative 
forcing estimates for climate change applications. We further quantify these uncertainties and their 
relationships in this presentation. 
 
 

 
 
Figure 1.  The radiative forcing for several different values of the first aerosol indirect effect (IE) (left panel) at two 
different liquid water path quantities for instantaneous radiation (middle panel) and diurnally averaged radiation 
(right panel). 
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