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Δ14CO2 Measurement repeatability 
Quantification of recently-added fossil fuel derived CO2 (Cff) requires measurements in both “background” and “observed” air for both the CO2 mole fraction and its 14C activity 
(i.e., eqs. 1a and b), with the total uncertainty in Cff dominated by the greater relative uncertainty of the Δ14CO2 measurements. If the desired Cff detection limit is 1 ppm (1σ), 
then the necessary Δ14CO2 measurement precision will be ≤2 ‰ (1σ). At INSTAAR, the measurement repeatability is evaluated based on repeat extraction and measurement of 
whole air from control cylinders. Presently we measure 3 extraction aliquots from each of two cylinders, “NWT3” and “NWT4”, in each AMS measurement wheel. Individual 
measurement wheels are comprised of 8 primary measurement standards, 2 secondary standards, 1 process blank (14C-free air from cylinders), 6 controls, and 23 authentic 
samples. Extraction, graphitization, and measurement follow methods described in Turnbull et al. [2007]. Extraction occurs on either a manual or an automated extraction line 
(“CRex”, as described in Turnbull et al., [2010]) and samples from individual observing sites are always extracted on the same line. In Figure 2 we show individual measurement 
values, means and un-normalized 1σ repeatabilities for both NWT3 and 4 by order of either measurement or extraction. There is no statistically significant difference between 
results for the two extraction lines. Temporal patterns of the measured value by measurement order suggest some systematic variances result from either graphitization or 
measurement conditions (graphitization and measurement occur nearly simultaneously). For authentic samples we report the un-normalized 1-sigma measurement repeatability 
of ±1.8 ‰ or the single sample measurement precision, whichever is greater. Long term repeatabilities for NWT3 and 4 are comparable to that for our previous control cylinder 
measured from 2003-2009, “NWTstd” [Turnbull et al., 2007; Lehman et al., 2010], which is near exhaustion. John Southon and colleagues at the UC-Irvine Keck AMS 
Facility are responsible for the high quality and stability of the measurements. 

Figure 2. Measurement values for individual extraction aliquots of NWT3 (left panels) or NWT4 (right panels), by order of 
graphitization and measurement (top panels) or extraction (lower panels). High pressure control cylinders were prepared for INSTAAR 
from whole air collected at NOAA-ESRL’s NWR site by Duane Kitzis. 14C-free CO2 was added to NWT4 to lower the activity.  

Figure 1. a) Δ14CO2 (left panel) and b) the fossil fuel component of total CO2 (Cff; right panel) in the atmosphere near the surface over North America for a 
week in January of 2006 in the TM5 transport model. For comparison to simulated gradients, the long term Δ14CO2 measurement error is 1.8‰ (1σ) (Fig. 2), 
equating to a Cff detection of better than 1 ppm. The fossil fuel emissions used in the model are based on the CDIAC US and global totals and the spatial 
patterns from the EDGAR inventory (see carbontracker.noaa.gov). The sites labeled in white are existing 14C sampling sites and those in yellow are planned 
sampling sites as needed to better characterize the “background” Δ14CO2 (see eqs. 1b and c) entering the coterminous U.S.  Bowties are aircraft sites (three 
measurement altitudes each) and triangles are surface or tower sites. NWR (surface flask site) was excluded for clarity, but overlays with BAO.   

Figure 3. CO2 (top panel) and Δ14C (middle panel) data from the aircraft sites CMA and NHA (Fig. 1a).  
‘Obs’ (black and grey) are data from below 2600 m asl and ‘bg’ (blues) are data from above 2600 m.  The 
lower panel shows the boundary layer enhancement or depletion of CO2 (black) separated into the biogenic 
(green) and fossil (red) fractions, according to eqs. 1a and b.  The negative values of Cff (histogram) arise 
from vertical Δ14CO2 gradients that are within measurement uncertainties (Fig. 2) and   from errors inherent in 
our one dimensional analytical model. From Miller et al., [submitted]. 

Quantification of Cff, NE U.S. example 

An unbiased tracer of fossil fuel derived CO2 
Fossil fuel derived CO2 (Cff) is 14C barren as a result of radioactive decay during storage of fossil carbon in the rock reservoir, while all other sources of CO2 to 
the atmosphere are close in isotopic composition to the atmosphere itself. Simple mass balance considerations indicate a sensitivity of ambient Δ14CO2 to 
addition of fossil fuel derived CO2 of ~ -2.7 ‰/ppm. If other contributions to the tropospheric 14C budget are either small or relatively uniform in space, then the 
mass balance sensitivity and the measurement precision will closely approximate the actual Cff detection capability. As an indication of the strong relationship 
between 14C and Cff we compare in Figure 1 maps of near-surface (~300 m) fossil fuel-derived CO2 and total Δ14CO2 over North America as represented by the 
TM5 transport model [Krol et al., 2005]. The color scales depicting Δ14CO2 and fossil fuel CO2 distributions correspond to the expected mass balance sensitivity.  
Thus, the similar colors and patterns indicate that the 14C gradients are controlled almost entirely by the presence of fossil fuel CO2. The remaining small 
differences are due primarily to small atmospheric gradients imposed by the terrestrial disequilibrium flux, which is also quantified in the model.  (This is the 
heterotrophic respiration of 14CO2 photosynthetically assimilated a decade or two ago when the atmospheric Δ14CO2 was much higher as a result of above-
ground nuclear weapons testing.). Cosmogenic production and ocean disequilibrium isofluxes, which are important globally, do not result in significant spatial 
gradients of 14C over the U.S., although they are also specified in the model. 

In order to quantify the fossil fuel CO2 enhancement 
from measurements, we follow Levin et al. [2003] in 
considering observations of both CO2 and Δ14C to be 
the sum of background and any fossil fuel and 
biospheric contributions;     

      
                                                                 
      

 
As in Turnbull et al. [2006], we divide Cbio into 
photosynthetic and respiratory terms, Cphoto and Cresp, 
respectively.  Expanding and combining eqs. 1a and 
b, and setting Δphoto equal to Δbg (which will be the 
same as a result of 13C:12C normalization), we obtain  

  
      
      (1c). 

Cobs =Cbg +Cff +Cbio

!obsCobs = !bgCbg +! ffCff +!bioCbio

Cff =
Cobs (!obs "!bg )

! ff "!bg

"
Cresp(!resp "!bg )

! ff "!bg

In eq. 1c, all of the quantities in 
the first term on the right-hand-
side are either known a priori or 
can be measured, and the second 
term is a correction to Cff that 
accounts for the disequilibrium 
contribution of 14C from 
heterotrophic respiration which 
can be independently quantified.  
 
Propagation of measurement 
uncertainties through eq. 1c 
indicates a Cff detection limit of 1 
ppm at 1σ. 
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For some of our observing sites (U.S. tall towers 
at BAO, LEF, and AMT in Figure 1a) samples are 
extracted along with NWT3 and NWT4 at 
INSTAAR (“CRex” only) and graphitized and 
measured at LLNL-CAMS. INSTAAR-UCI and 
INSTAAR-CAMS measurement values agree 
within the standard error of the means (Table 1). 
Measurements were made over a period of ~2 
years. 
 

manual = 43.17 ± 1.72 ‰ 
Crex     = 43.17 ± 1.83 ‰  

NWT3 by measurement order 

NWT3 by extraction order 

NWT4 by measurement order 

NWT4 by extraction order 

manual = -31.45 ± 1.66 ‰ 
Crex     = -31.48 ± 1.74 ‰  
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 Table 1:	
   NWT3     
(1s, n)	
  

NWT4      
(1s, n)	
  

CRex-UCI	
   43.17‰ 
(1.83‰, 42)	
  

-31.48‰ 
(1.74‰, 41)	
  

CRex-CAMS	
   43.02‰ 
(2.34‰, 40)	
  

-31.98‰ 
(2.08‰, 40)	
  

Quantification of Cff, E Asia example 

 

 

Figure 2.  Time series of observed !14CO2 at NWR, TAP, SDZ, UUM and WLG.  

Measurement uncertainties are omitted for clarity, and are typically 1.8‰. 

  

Figure 5. East Asia measurement sites 
(surface flask). Warm colors represent 
areas of regional 14CO2 depletion and Cff 
enhancement in the LMDZ transport 
model [from J. Turnbull]. 

“Ask and you shall receive”. UC-I’s 
John Southon seeking guidance from 
above. 

 

Figure 3.  Time series of CO2ff calculated from !14CO2 at TAP (separated into local and 

far-field samples) and SDZ, and 1 ppm binned frequency distributions.  For TAP, the 

frequency distribution includes all TAP samples.  One-sigma uncertainties are shown as 

vertical bars, and are often smaller than the symbol size. 

  

Figure 6. Estimates of Cff for observations 
from TAP and SDZ. TAP results were 
divided into “far field” (PRC) and locally 
(S. Korea) influenced samples based on 
back trajectories and enhancements of 
SF6.  All from Turnbull et al., [in press]. 
 Figure 4. Time series of Δ14CO2 from TAP (S. Korea), SDZ (NE 

PRC) along with observations from NWR, in the relatively clean 
well-mixed free troposphere in CO USA, and from two “remote” 
sites in Asia (WLG and UUM). Large depletions relative to NWR 
are evident for sites influenced by regional emissions of Cff (Fig. 5). 

 

Figure 7.  RCO:CO2ff for China.  Left y-axis shows the RCO:CO2ff values in units of 

ppbCO/ppmCO2, and the right y-axis indicates the corresponding inverse values 

RCO:CO2ff
-1 in units of molCO2/molCO.  The TAP value for 2010 is excluded as it is 

dominated by a single outlier and is off-scale at 220±110 ppb/ppm.  Open green symbols 

are measured RCO:CO2 from other observational studies [Suntharalingam et al., 2004; 

Wang et al., 2010], and closed green symbols are the same data corrected to RCO:CO2ff 

assuming that 20% of the CO2 enhancement is from sources other than CO2ff.  EDGAR 

emission inventories [EGDAR, 2009] are black circles, other inventories are black 

diamonds [Kopacz et al., 2009; Q. Zhang et al., 2009; Tanimoto et al., 2008; Ohara et 

al., 2007; Yumimoto and Uno, 2006;  Allen et al., 2004; Wang et al., 2004; Tan et al., 

2004; Streets et al., 2003; Carmichael et al., 2003; Heald et al., 2003]. 
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 CO:Cff emissions ratios, E Asia 

Figure 7. Comparison of CO:Cff emissions ratios from our paired atmospheric observations of 
Cff and CO (red), from prior atmospheric observations of CO and total CO2 (green) and from 
emissions inventories (black). TAP Cff is from annual averages of farfield observations in Fig. 6. 
Correction of the previous observations was based on removal of the non-fossil CO2 fraction 
based on our 14C observations for the same year. From Turnbull et al., [in press]. 

China is now the world’s largest emitter of fossil fuel derived CO2, 
contributing more than 20% of global emissions.  Emissions of 
other anthropogenic trace gases from E. Asia are also large and 
growing rapidly, and are often more poorly constrained than for 
CO2. Carbon monoxide (CO) is of particular interest as it 
contributes to air pollution and is hazardous to human health.  
CO is produced as a by-product of combustion, and rapid 
economic development and increasing fossil fuel use in E. Asia, 
and particularly in China, would suggest an increase in CO 
emissions.   However, concurrent improvements in combustion 
efficiency, replacement of older power plants, and a change from 
inefficient biomass combustion to fossil fuel use act to decrease 
CO emissions.  The balance of these two competing effects is not 
yet clear.   
  
We began observations in E. Asia in 2004. Representative 
results presented here are all from Turnbull et al. [in press]. 
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