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Abstract

Although poorly understood, the north-south distribution of the natural component of atmospheric CO2 offers information essential to improving our understanding of the exchange of CO2 between the atmosphere, oceans, and biosphere. The natural or unperturbed component is equivalent to that part of the atmospheric CO2 distribution, which is controlled by non-anthropogenic CO2 fluxes from the ocean and terrestrial biosphere. Models should be able to reproduce the true north-south gradient in CO2 due to the natural component before they can reliably estimate present-day CO2 sources and sinks and predict future atmospheric CO2. We have estimated the natural latitudinal distribution of atmospheric CO2, relative to the South Pole, using measurements of atmospheric CO2 during 1959-1991 and corresponding estimates of anthropogenic CO2 emissions to the atmosphere. Key features of the natural latitudinal distribution include (1) CO2 concentrations in the Northern Hemisphere that were lower than those in the Southern Hemisphere, (2) CO2 concentration differences that are higher in the tropics (associated with outgassing of the oceans) than those currently measured, and (3) CO2 concentrations over the Southern Ocean that are relatively uniform. This natural latitudinal distribution and its sensitivity to increasing fossil fuel emissions indicate that near-surface concentrations of atmospheric CO2 in the Northern Hemisphere are naturally lower than those in the southern hemisphere. Models that find the contrary will also mismatch present-day CO2 in the northern hemisphere and incorrectly ascribe that region as a large sink of anthropogenic CO2
1. Introduction

Our understanding of the present day fluxes of atmospheric CO2 remains problematic (IPCC, 1996). Large inconsistencies exist in our estimates of the flux of CO2 between the atmosphere and the ocean and between the atmosphere and the biosphere, particularly the latter.  One approach to testing hypotheses concerning fluxes of atmospheric CO2 is to make simulations with a global atmospheric tracer-transport model, including estimates of CO2 sources and sinks (as boundary conditions), and then to compare simulated with. measured atmospheric CO2  concentrations (Fung et al. 1983; Keeling et al. 1989a; Taylor 1989; IPCC 1996). Lack of model-data agreement has been used to imply either ocean uptake (Keeling et al. 1989a) or anthropogenic fluxes associated with the terrestrial biosphere (Tans et al. 1990). However, model results vary widely, as illustrated by the TransCom1 study (Rayner and Law 1995; Law et al. 1996). To investigate model differences, TransCom1 separated out effects due to fossil fuel CO2 emissions and CO2 fluxes from the terrestrial biosphere (see Fig. 1). The majority of TransCom1 models predict roughly the same latitudinal gradient in CO2 for a given scenario of fossil fuel emissions. Conversely, the same models disagree substantially for the biosphere-only scenario, particularly around 60o N.  The TransCom1 biosphere scenario assumes no net annual flux between the terrestrial biosphere and the atmosphere.

To help resolve these model differences, what is needed most are the initial conditions, that is, the unperturbed “natural” component of atmospheric CO2, which is produced by nonanthropogenic CO2 fluxes from oceans and terrestrial biosphere. This may or may not be equivalent to the preindustrial state, as will be discussed later.

Based on predicted latitudinal differences in atmospheric CO2 concentrations (Fig. 1), previous studies have derived a wide range of estimates for the uptake of atmospheric CO2 in the Northern Hemisphere, from 0 to 3.5 Pg C yr-1 (Keeling et al. 1989a; Taylor 1989; Tans et al. 1990; Denning et al. 1995).  Observational evidence (Tans et al. 1990) indicates that the present-day ocean would take up little of the CO2 required by the higher estimates. Hence the present-day terrestrial biosphere has been implicated as a sink. We show why separating the anthropogenic perturbation from the natural component of atmospheric CO2 is crucial when determining terrestrial carbon sinks.

        In a seminal study, Keeling and Heimann (1986) deduced CO2 concentrations for the preindustrial atmosphere using modern measurements, a 1-D meridional diffusive transport model, and prescribed fossil CO2 emissions. They found preindustrial CO2 concentrations in the Northern Hemisphere to have been ~1 ppm lower than those in the Southern Hemisphere. They proposed a resulting northward CO2 transport in the preindustrial atmosphere, giving three possible explications: (1) a Southern Ocean source coupled with a Northern Ocean sink, (2) a similar imbalance between sources and sinks in the terrestrial biosphere, and (3) a correlation between seasonal variations in atmospheric circulation patterns and seasonal variability of CO2 produced by the terrestrial biosphere (Pearman and Hyson 1980).   The latter effect was coined the “rectification process” by Keeling et al. (1989a, p. 313). 

        In subsequent work, Keeling et al. (1989b) deduced a preindustrial difference of –0.82 ppm for Mauna Loa – South Pole by extrapolating changes in the north-south difference between surface measurements of atmospheric CO2. They estimated that this preindustrial difference implies an interhemispheric northward transport in the preindustrial atmosphere of roughly 1 Pg C yr-1. To produce this latitudinal distribution in atmospheric CO2, Keeling et al. (1989b) further reasoned that the preindustrial ocean should have transported an equivalent flux southward.  

        Studies that exploit ocean measurements in the Atlantic Ocean suggest that preindustrial interhemispheric ocean transport is smaller, from 0.3 to 0.5 Pg C yr-1 southward (Broecker and Peng 1992; Keeling and Peng 1995). A comparison of results from three ocean general circulation models show that southward oceanic carbon transport in the Atlantic is balanced by northward oceanic carbon transport in the Indian and Pacific Oceans. Thus globally, interhemispheric carbon transport by the ocean models is smaller, that is, < 0.1 Pg C yr-1 (Sarmiento et al. 1996; Orr, 1998; Sarmiento et al., 2000). However, this ocean model comparison did not explicitly incorporate the river loop: (i) leakage to the ocean, through rivers, of atmospheric carbon absorbed via continental erosion and photosynthesis on land, (ii) subsequent oceanic transport of riverine carbon within the ocean, and (iii) the resulting loss from the ocean back to the atmosphere. Aumont (1998) and Aumont et al. (1999) have since included the river loop in one of the ocean general circulation models involved in the aforementioned ocean model comparison. With the river loop included, the global interhemispheric transport by the ocean increased to 0.35 ( 0.1 Pg C yr-1, that is, to within the range suggested by ocean measurements.  In summary, both ocean model- and data-based studies indicate that the preindustrial ocean does not account for most of the 1 Pg C yr-1 southward transport proposed by Keeling et al. (1989a).

        Likewise, these air-sea fluxes of oceanic and riverine carbon are unable to explain the north-south difference in preindustrial atmospheric CO2 deduced by Keeling et al. (1989a). To investigate this question, Aumont et al. (1999) went one step further and installed their CO2 fluxes as boundary conditions in TM2, a 3-D atmospheric model (Heimann, 1995). They find that CO2 fluxes from the preindustrial ocean and river loop explain at most –0.3 ppm of the -0.82 ppm estimate from Keeling et al. (1989b) for the Mauna Loa – South Pole difference in atmospheric CO2.  This suggests that the remaining –0.5 ppm is due to the rectification effect.

        In Fig. 1a, the differences between the observations and the upper group of atmospheric model estimates from TransCom1 is much more than even a 1 ppm ocean effect. The large discrepancies between model predictions are caused by differences in the representation of atmospheric transport processes, particularly in response to the exchange of atmospheric CO2 with the biosphere (Rayner and Law 1995; Law et al. 1996). The biosphere-only component (not shown) produces a nonzero north-south latitudinal gradient at the surface. As illustrated by TransCom1, atmospheric model estimates of that latitudinal gradient vary from being largely positive to slightly negative. When a model predicts that a monitoring site’s surface-level CO2 concentration (minus that at the South Pole), for the combined fossil emissions plus terrestrial biosphere simulations, is higher than that observed, either (i) important CO2 sinks or sources have been neglected or (ii) model artifacts exist.

        We suggest here that the model-artifact issue illustrated by TransCom1 has not been resolved. Until it has, predictions from atmospheric modeling studies remain inconclusive regarding the possibility of a large terrestrial sink in the Northern Hemisphere. The only sure remedy to this dilemma is to develop an improved understanding of the natural component of atmospheric CO2. This paper takes a step in that direction, by offering a more detailed data-based analysis of trends in atmospheric CO2.

2. Method

        Previously, the same approach was taken to derive the preindustrial difference between Mauna Loa and the South Pole of –0.82 ppm (Keeling et al., 1989b, Siegenthaler and Sarmiento 1993). Here we have extended this work to multiple stations. Thus we are able to investigate latitudinal distribution of the natural component and its sensitivity to fossil fuel emissions.  We derived the latitudinal surface distribution of the natural component in atmospheric CO2 using (1) estimates of CO2 fluxes from fossil fuel combustion and cement production (Marland et al. 1994) during 1959-1991 and (2) corresponding atmospheric CO2  measurements obtained by the Scripps Institute of Oceanography (SIO) (Keeling and Whorf 1994), USA; the Climate Modeling and Diagnostics Laboratory (CMDL) (Conway et al. 1994), USA; Centre des Faibles Radioactivités (CFR) (Gaudry et al. 1994), France; National Institute of Water and Atmospheric Research Ltd. (NIWAR) (Manning et al. 1994), New Zealand; and Atmospheric Environment Service (AES) (Trivett et al. 1994), Canada.  We have employed available data sets, 26 in total, from monitoring sites with at least ten-year records. Only pre-1991 data were used in order to avoid complications subsequent to the eruption of Mt. Pinatubo.  That event is known to have affected both latitudinal distribution and growth rate of atmospheric CO2 (Keeling et al. 1996). Our analysis computes mean trends and thus averages out interannual variability (Francey et al. 1995; Ciais et al. 1995).

        For the years when CO2 measurements were available, we calculated for each site the normalized difference (D (in ppm) relative to the South Pole. That is, (D  is defined as the annual mean CO2 concentration at each monitoring site minus that at the South Pole. Then for each monitoring site, we fit (D at as a linear function of fCO2, the global flux of fossil CO2 (in Pg C yr-1 , where 1 Pg C = 1015g). Thus 

(D  = ( fCO2 +  (,

where the slope ( (in ppm/Pg C yr-1) reflects the sensitivity of a given site’s CO2 concentration (minus that at the South Pole) to the global flux of fossil CO2, and  the intercept  ( (in ppm) represents the gradient between the monitoring site and the South Pole, if there were no fossil CO2 emissions.

3. Results 

        Results here are entirely data based. Assumptions of this analysis are that (i) the relationship between normalized site concentration is linear with respect to the rate of global industrial emissions and that (ii) the extrapolated flux at zero fossil carbon emissions is representative of the natural gradient in atmospheric CO2.  Figure 2a illustrates the relationship for the Mauna Loa Observatory minus the South Pole difference (the monitoring sites for which the longest records of CO2 measurements are available). The good correlation (r = 0.92) over the range 2.7 Pg C yr-1 to 6.2 Pg C yr-1 (1959-1991) indicates that the net source-sink terms for atmospheric CO2 in the Northern Hemisphere responded linearly to fossil fuel emissions over a range that is more than half the 1991 level of emissions.

        As a simple test of linearity for the period 1959-1991, we calculated the natural difference ( for Mauna Loa ( South Pole, using selected sets of the 27 available SIO data points.  With the entire SIO data set, the calculated natural gradient ( is (0.8(0.2 ppm. With only fourteen data points from 1977 to 1990 (the typical range for other stations), ( becomes (2.0(0.6 ppm; excluding El-Niño years changes the result by less than 0.3 ppm.  The 1.2 ppm difference may imply a small bias when using the shorter vs. the longer records; however, 2( error bars do overlap, and both estimates are significantly negative to beyond the 3( level.  Randomly choosing from 9 to 20 contiguous SIO data points produces (’s that range from 0.45 to (2.6 ppm. For comparison, CMDL data from the same two stations (14 years of data spanning 1977 to 1990) yields a ( of (1.0(1.0 ppm, in close agreement with the SIO-based estimate.

        The assumption is that the response of the gradient is linear with respect to fossil fuel CO2 emissions.  Although atmospheric CO2 measurements have been collected over a relatively short time period, a few records do span more than half of the increase in the flux of fossil CO2 emissions to the atmosphere.  Shipboard and land-based (Mauna Loa and Point Barrow) atmospheric CO2 measurements (Bacastow and Keeling 1981) indicate that in the early 1960s between 15 and 30oN, the interhemispheric gradient was close to zero (Fig. 3).  For comparison we also include our predicted gradient of atmospheric CO2 for the year 1962 (~2.7 Pg C yr-1), based on the parameters derived from the linear regression (( in Fig 4a, and ( in Fig 4b).

        Figure 4a shows our estimates of (, the preindustrial/natural concentration relative to that at the South Pole. The smallest error bars are found for stations where atmospheric CO2 is monitored continuously (all SIO, CFR, NIWAR, and CMDL as marked). All reported measurements are included in this analysis, except for CMDL’s 1975 point at Pt. Barrow compiled from continuous measurements: we assumed this point to be an outlier based on the improvement in the Pt. Barrow - South Pole correlation coefficient (from r=.48 to r=.72) when it was removed. Observed Southern Hemisphere concentrations were not significantly different from that at the South Pole. The observed equatorial bulge in our data-based estimate of ( is due to ocean outgassing of CO2. The oceanic carbon comes from upwelling of carbon-rich deeper waters to the surface and loss of riverine carbon from the ocean. Excluding the tropical bulge, there are fifteen stations in the Northern Hemisphere. Five of these are statistically indistinguishable from zero; the other ten are all negative.  Unfortunately, individual uncertainties are quite large. However, when taken together all estimates give a consistent picture: the nonperturbed Northern Hemisphere naturally has a lower CO2 concentration than does the Southern Hemisphere.  

        Figure 4b presents the estimates of the slope (, the response of the CO2 concentration difference (relative to the South Pole) to the global fossil fuel CO2 flux, at each monitoring site. Positive values indicate that the gradient between the South Pole and the monitoring site increases with rising fossil CO2 emissions. Negative values over the tropics indicate that the gradient between the tropics and the South Pole has decreased with increasing emissions of fossil CO2. The sensitivity of the latitudinal concentration difference in atmospheric CO2 to fossil fuel emissions is greatest over the major source regions in the Northern Hemisphere.  With the exception of the estimates in the tropics, the ( values match the range of model predicted sensitivities obtained in the TransCom1 fossil fuel experiment (Rayner and Law 1995; Law et al. 1996). This match implies that only a small additional source or sink is required in order to explain the observed change in the gradient for the period 1959(1991 and that the linear assumption is reasonable. Furthermore, we observe a strong correlation between ( (Fig 4b) and ( (Fig 4a), probably because of the local coincidence of the maximum release of fossil emissions and the maximum seasonal amplitude of the seasonal cycle of atmospheric CO2 (due essentially to the exchange with the terrestrial biosphere). Both occur at similar latitudes in the Northern Hemisphere.

4. Discussion

        Our interpretation that the nonperturbed Northern Hemisphere naturally has a lower CO2 concentration than the Southern Hemisphere is at odds with biosphere-only results from most atmospheric models.  However, atmospheric models can produce concentrations lower in the Northern Hemisphere (Pearman and Hyson, 1980; Taylor, 1989; Hunt et al., 1996). One explanation for lower Northern Hemisphere concentrations is that the seasonal variation in wind speed can have a greater effect on the seasonal cycle of surface atmospheric CO2 than does the seasonal variation in the planetary boundary layer (PBL) height and cloud transport, thereby producing lower concentrations in the Northern Hemisphere than in the Southern Hemisphere (Taylor, 1998). Conversely, the seasonal variation of PBL height tends to produce higher concentrations in the northern vs. southern hemisphere (Denning, 1995).

        In the biosphere-only scenario of TransCom1 (Rayner and Law 1995; Law et al. 1996), the twelve global 3-D atmospheric models predict latitudinal gradients in atmospheric CO2 that vary significantly (from -1 to +3 ppm).  These discrepancies arise from the different model responses to the large seasonal variability in the fluxes of CO2 from the biosphere.  This biospheric oscillation manifests itself in the twelve models by generating up to a 50 ppm, zonally averaged, seasonal cycle at midlatitudes in the Northern Hemisphere.  Discrepancies between models are caused by differences in the ways the models represent the planetary boundary layer, advection, and vertical mixing (Denning et al. 1995; Taylor, 1998). Figure 4a illustrates this 4 ppm difference by including results from three representative TransCom1 models: ANU (Taylor 1989), CSU (Denning et al. 1995) and GISS (Fung et al. 1987). All TransCom1 models used the same scenario for biospheric CO2 fluxes (Fung et al. 1987). Results from the TransCom1 models imply that if there were substantially higher CO2 concentrations in the Northern Hemisphere due to natural processes, then there must exist a large sink of CO2 (>3 Pg C yr-1) in the midnorthern latitudes, in order that models match the present-day CO2 gradient in atmospheric CO2 (Denning et al. 1995); conversely, natural surface concentrations that were slightly lower in the Northern Hemisphere implies that that region acts today as only a small sink for CO2 (<0.5 Pg C yr-1) (Taylor 1989).  Our data-based estimate of the natural north-south difference in surface atmospheric CO2 (Fig. 4a) is negative, with the upper end of error bars reaching zero difference. 

        Motivated by an early presentation of this work, Conway and Tans (1999) have made a similar analysis using a more selective set of sites and longer time series. They find comparable results. Yet, their principal conclusion is opposite to our own. Conway and Tans (1999) argue that their negative data-based ( in the Northern Hemisphere is consistent with a large contemporary sink in that region, whereas we argue for at most a small modern sink. We rely only on data-based estimates for (; Conway and Tans go further by comparing their ( with simulated results from selected TransCom1 models (annual biosphere simulations), that is, those with positive normalized concentrations in the Northern Hemisphere. Their interpretation depends on their choice of simulated results, for which large errors have not been ruled out. That is, Conway and Tans assume that their chosen model estimates as well as the data-based (’s are correct; therefore, they must interpret the large difference in the midlatitudes of the Northern Hemisphere as a large contemporary sink that is not strongly related to fossil emissions. The extrapolation technique used to determine ( removes anthropogenic sinks, which scale with fossil emissions. It is difficult, then, to invoke such sinks as CO2 fertilization and N deposition, unless these effects have already become saturated. 

        When considering whether our natural component ( is equivalent to the preindustrial gradient, one must take into account that a nonlinear relationship between (D  and fCO2 may have existed prior to 1959. Possible sources of nonlinearity include the decrease in the airborne fraction of CO2 since preindustrial times (Bacastow and Keeling 1981), a change in patterns of sources and sinks in the ocean and biosphere (Sarmiento et al. 1992; Keeling et al. 1995), the representation of CO2 site measurements of the mean latitudinal gradient (Ramonet and Monfray 1996), and the response of changes in atmospheric circulation to changes in climate.  Some of these factors may account for part of the variability about the line shown in Fig. 2a.

        A larger airborne fraction prior to 1860 (Bacastow and Keeling 1981) implies a longer residence time for anthropogenic CO2 in the atmosphere and thus greater homogeneity. These changes in the airborne fraction may have caused the preindustrial gradient to tend more toward zero, relative to our estimate for the natural gradient, but the sign would not have changed (i.e., the preindustrial gradient should still have been negative). Changes in the airborne fraction prior to 1860 were due mostly to deforestation (Bacastow and Keeling 1981); during that same time, fossil CO2 emissions were much smaller (<0.1 Pg C yr-1). In any case, accounting for modern deforestation appears unnecessary (Fig. 2b). 

        Three 3-D global ocean models simulate that preindustrial CO2 fluxes from the atmosphere to the ocean were relatively small (Sarmiento et al. 2000).  Preindustrial air-sea ocean fluxes in the Northern Hemisphere appear roughly in balance with global deforestation estimates (~0.5 Pg C yr-1); see (Houghton 1995). Anthropogenic air-sea CO2 fluxes north of 30°N represent a small fraction of fossil emissions (0.3 to 0.5 Pg C yr-1 in 1990) according to four ocean models (Orr 1998; Orr et al. 2000); ocean fluxes elsewhere are somewhat larger (up to 1.1 Pg C yr-1 in the southern ocean). 

        In Fig. 4b only a small change in the slope ( is produced in the Southern Hemisphere for two reasons: (1) the ocean sink for anthropogenic CO2 is largest in that region (Sarmiento et al. 1992; Orr 1998; Caldeira and Duffy, 2000; Orr et al., 2000), and (2) the fossil carbon source is mostly in the Northern Hemisphere (atmospheric mixing results in more homogenous concentrations of anthropogenic CO2 as one moves away from the source).  Over the tropical oceans, increasing fossil CO2 emissions have generated a drop in the CO2 gradient relative to the South Pole.  The rise in atmospheric CO2 has brought the atmosphere and tropical ocean closer to equilibrium, thus producing a drop in the CO2 flux to the atmosphere from that region. Furthermore, the tropical ocean is a large sink of anthropogenic CO2 (Sarmiento et al. 1992; Orr et al., 2000). Additionally, there may be a net CO2 uptake by the tropical biosphere due to CO2 fertilization exceeding CO2 loss from tropical deforestation (Bacastow and Keeling 1981; Taylor and Lloyd 1992; Grace et al. 1995).

        From the sensitivity ( (Fig. 4b), we deduce that these relatively small changes would alter our estimates of ( by less than 1 ppm, an uncertainty that falls within the error bars of our ( estimates (Fig. 4a). The linear assumption requires further investigation, ideally with simulations that combine state-of-the-art carbon-cycle models of the atmosphere, ocean, and biosphere.  Atmospheric models that simulate a natural component having normalized concentrations that are positive in the Northern Hemisphere interpret modern CO2 measurements to imply a large contemporary sink in that region. Conversely, we estimate the opposite trend from data. Furthermore, we know of no processes that could effect a long-term reversal in the observed trend (equal but opposite slope () as would be required if a large positive latitudinal gradient in CO2 were to have existed prior to industrialization. 

        For the slope (, the results and interpretation of Conway and Tans (1999) are consistent with our own. Specifically, the data-based ( is roughly equivalent to what most TransCom1 models predict when driven only by fossil emissions. Thus both studies agree that there has been little change in uptake of anthropogenic CO2 by the Northern Hemisphere over the past forty years. Although ( indicates the sensitivity of local atmospheric CO2 to net sources minus sinks, it cannot be used by itself to indicate the magnitude of the sink.  With their results for (, Conway and Tans (1999) suggest that the Northern Hemispheric anthropogenic sink has been large but essentially constant over the past forty years. While this is possible, little change in the sink is also consistent with a small sink of atmospheric CO2 in the Northern Hemisphere.  Given that fossil fuel emissions have increased by nearly a factor of 2 over the period of our analysis, we consider the small-sink hypothesis to be more likely.

5. Conclusions

        We have estimated the natural component of the north-south gradient in atmospheric CO2 by assuming a linear relationship between atmospheric CO2 and emissions of fossil CO2 (Fig. 4a). The resulting CO2 concentrations are lower in the Northern Hemisphere than those in the Southern Hemisphere.  Although uncertainties associated with individual sites are large, their combined weight suggests that it is unlikely that a large positive latitudinal gradient in atmospheric CO2 is produced as a result of the natural component (.

        Our estimate for the natural component of the latitudinal distribution for atmospheric CO2 concentrations, normalized to that at the South Pole, may differ from that during preindustrial time, if nonlinearities in atmospheric transport and fluxes of CO2 have played a substantial role prior to the modern CO2 record. Nonetheless, our conclusions do not depend on the natural gradient being equivalent to the preindustrial gradient. Our understanding of the natural gradient would improve with longer time series and more monitoring sites, particularly where CO2 is measured continuously. 

        To properly quantify the role of processes that drive the global carbon cycle, we need to refine estimates for the natural distribution of atmospheric CO2. Those atmospheric models that predict that the modern terrestrial biosphere sequesters large amounts of anthropogenic carbon in the Northern Hemisphere all predict that the natural component of atmospheric CO2 due to the terrestrial biosphere is responsible for a large positive gradient in atmospheric CO2.  For example, provocative estimates of Fan et al. (1998), which suggest that North America was a sink of 1.7 ( 0.5 Pg C yr-1 of carbon from 1988 to 1992, derive from such a model  Properly taking into account the natural gradient would help resolve the large difference between Fan et al. (1998) and Houghton et al. (1999), who estimate that North America absorbed 0.08 to 0.28 Pg C yr-1 during the 1980s, based on historical forestry data and a terrestrial carbon cycle model. 
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Figure Captions

Figure 1a. The latitudinal gradient in atmospheric CO2 as measured in 1985 by CMDL (Conway et al. 1994)) (filled triangles) and as estimated from 11 atmospheric tracer transport models (TransCom1) as the sum of the average latitudinal gradients from two simulations: (i) the fossil-only run with a 5.3 Pg C yr-1 source, i.e., the average fossil fuel emissions of atmospheric CO2 for the period 1980-1989, and (ii) the biosphere-only run, where every grid point has no annually averaged net source or sink of CO2.

Figure 1b. Same as Fig. 1a except observations are from 1962 and model results are scaled to the 1962 fossil emissions of  2.7 Pg C yr-1. Differences between the observed gradient and a model’s prediction are used as the basis for inferring additional sources and sinks of atmospheric CO2 associated with the oceans and the biosphere. 

Figure 2a. The difference in annual averaged atmospheric CO2 concentration between Mauna Loa Observatory, Hawaii, minus the South Pole (from measurements reported by Keeling and Whorf (1994)) plotted against the corresponding total annual flux of CO2 emissions due to fossil fuel combustion and cement production (Marland et al. 1994). The slope ( (0.50(0.04 ppm/Pg C) and the intercept ( (-0.76(0.20 ppm) were estimated by linear regression (r = 0.924). Our ( agrees with previous estimates using the same technique (Keeling et al., 1989b, Siegenthaler and Sarmiento 1993).

Figure 2b.  As in Fig. 2a, except that the abscissa  includes emissions of CO2 due to deforestation and land use change, in addition to those from fossil fuel combustion plus cement production. Results for ( (0.44(0.04 ppm/Pg C), ( (-1.11(0.24 ppm) and r (0.918) are similar. Lack of improvement in the correlation suggests that modern deforestation is not a significant factor when determining the change in the gradient of atmospheric CO2 between the South Pole and Mauna Loa Observatory.

Figure 3. The predicted latitudinal gradient in atmospheric CO2 for the year 1962 (as in Fig. 2), compared with shipboard and land-based atmospheric CO2 measurements as reported by Keeling et al. (1989b).  Each extrapolated point is derived from the regression of the fossil CO2 emissions vs. the difference in atmospheric CO2 between selected monitoring sites (operated by CMDL, SIO, NIWAR, AES, and CFR) and the South Pole using the parameters as shown in Figs. 4a and 4b and where the fossil CO2 emissions in 1962 are ~2.7 Pg C yr-1. Error bars represent (1( uncertainties. Consistent differences appear between 30oN and 70oN, but there is no data from 1962 in that region to constrain the relationship, which is shown as being linear. 

Figure 4a.  The natural latitudinal gradient in atmospheric CO2 (().  Each point is derived from the regression of the fossil CO2 emissions vs. the difference in atmospheric CO2 between selected monitoring sites (operated by CMDL, SIO, NIWAR, AES, and CFR) and the South Pole. The three curves represent the results from the TransCom1 biosphere experiment for the CSU, GISS, and ANU models (Rayner and Law 1995; Law et al. 1996).

Figure 4b. The sensitivity of the latitudinal gradient in atmospheric CO2 to fossil fuel emissions ((). In both plots, error bars represent (1( uncertainties.
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