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The global rate of fossil fuel combustion continues to rise, but the amount of CO, accumulating in the
atmosphere has not increased accordingly. The causes for this discrepancy are widely debated. Par-
ticularly, the location and drivers for the interannual variability of atmospheric CO, are highly uncertain.
Here we examine links between global atmospheric CO, growth rate (CGR) and the climate anomalies
of biomes based on (1986—1995) global climate data of ten years and accompanying satellite data sets.
Our results show that four biomes, the tropical rainforest, tropical savanna, C, grassland and boreal
forest, and their responses to climate anomalies, are the major climate-sensitive CO, sinks/sources
that control the CGR. The nature and magnitude by which these biomes respond to climate anomalies
are generally not the same. However, one common influence did emerge from our analysis; the ex-
tremely high CGR observed for the one extreme El Nifio year was caused by the response of the

tropical biomes (rainforest, savanna and C, grassland) to temperature.

biomes, carbon cycle, climate anomaly, NDVI, El Nifio

Rising atmospheric CO, concentration, due to fossil fuel
combustion and deforestation, has resulted in global
warming™. Recent analyses of the global carbon cycle
indicate that terrestrial ecosystems sequester a signifi-
cant proportion of anthropogenic CO,, and less than half
of the annual anthropogenic emissions of CO, remain in
the atmospherel@. However, the rate of CO, accumulation
in the atmosphere over the past “has remained the same or
even declined slightly” in spite of the fact that fossil fuel
emissions have increased by almost 40% over the same
time period@. The cause of year-to-year variations in at-
mospheric CO, accumulation is highly uncertain=2.

The atmospheric CO, concentration is mainly con-
trolled by anthropogenetic emissions, ocean-atmosphere
flux, and land-atmosphere flux. Despite annual anthro-
pogenetic emissions increased steadily, the observed
atmospheric CO, growth rate (CGR) did not show a
similar increasing trend but presented apparently inter-

annual variations®. Therefore, the CGR presents the net
effect of several processes that regulate global land-
atmosphere and ocean-atmosphere fluxes, whose
year-to-year fluctuations are associated with major cli-
matic eventst”.

Two conventional methods have been used to parti-
tion this variability between the ocean and land. The
top-down (inverse) method® is based on atmospheric
measurements of CO,, O, and **CO,, as high-precision
atmospheric observations of concentrations of CO, and

O, (as O2: N, ratio) make it possible to partition the up-
take of atmospheric CO, between the land and ocean®,
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The bottom-up methodm, however, is based on inven-
tories of land-use change and forest coverage.

Studies indicate that the variability of fossil fuel
emissions and the estimated variability in net ocean up-
take are too small to account for the variations of CGR,
which must be caused by year-to-year fluctuations in
land-atmosphere fluxest™. Both ocean models and ocean
observations robustly attribute little variability to
ocean-atmosphere CO, flux, with the value of
+0.5 GtC-a* between extremes™=23. Contrarily, the
interannual variability of global land-atmosphere fluxes
is much larger than that of air-sea fluxes, with the value
of +4 GtC-a " between extremes =2,

A predominantly terrestrial origin of the growth rate
variability can be inferred from different researches,
including (1) atmospheric inversions assimilating time
series of CO, concentrations from different stationsM,

(2) consistent relationships between 6"C and CO,%, (3)
ocean model simulations®2X3!, and (4) terrestrial carbon
cycle and coupled model simulations*—2%.

Although both top-down and bottom-up methods
have identified that the interannual variations of CGR
are controlled by the land-atmosphere fluxes associated
with major climatic events, there still have many uncer-
tainties on regional fluxes. For the top-down methods,
the errors are usually higher for individual regions (con-
tinents or ocean basins) and the significance can be lost.
For the bottom-up methods, however, the observations
of land ecosystem carbon fluxes are too sparse and the
ecosystems are too heterogeneous to allow global as-
sessment of the net land flux with sufficient accuracy™.

Under the background that the interannual variability
in the growth rate of atmospheric CO; is dominated by
the response of the land biosphere to climate variationt”,
the year-to-year variations in the global atmospheric
CO, growth rate are mainly caused by natural processes,
so links between the CGR and the key climate factors
that control the terrestrial carbon cycle should exist.

In this study, we analyzed the relationship between
global atmospheric CO, growth rate and climate vari-
ables on biome scale. The analysis is done on a simple
premise that world biomes are controlled by climate
primarily through influences on the ability of the biome
to exchange CO, and H,O with the atmosphere. We as-
sume current equilibrium between biome distribution
and the existence of a compatible climate, such that cli-
mate characteristics at the centroid probability for biome

distribution reflect the optimum (Figure 1).

1 Materials and methods

We took the average of the 48 quasi-weeks growth rates
in each year from the GLOBALVIEW-CO, database in
NOAA/CMDL as the annual mean growth rate in CO,
concentration®!, The land cover data set’?? used was
based on advanced very high resolution radiometer’s
(AVHRR) maximum monthly composites for Normali-
zation Difference Vegetation Index (NDVI) values in
1987 at approximately 8 km resolution, averaged to
1°x1° resolution. This NDVI-derived land cover classi-
fication was also combined with three existing
ground-based data sets’>-2%! of global land cover.

Annual mean air temperatures were obtained from the
Global Historical Climatology Network (GHCN version
2) that contains approximately 1260 to 5860 terrestrial
stations available for monthly air temperature records2%!
for the period from 1950 through 1999. We merged the
temperature data sets from 0.5°x0.5° to 1°x1° resolution
to keep the same spatial resolution as the land cover. We
acquired annual precipitation data from the datasets of
grid monthly area-mean precipitation for the global land
surface and the period from January 1986 to March 1999
on a 1°x1° grid. These datasets were produced by the
Global Precipitation Climatology Center (GPCC) based
on rain gauge observations worldwide from about 7000
meteorological stations®. GPCC collects monthly
precipitation totals received from CLIMAT and SYNOP
reports via the World Weather Watch GTS (Global
Telecommunication System) of the World Meteoro-
logical Organization.

Annual photosynthetically active radiation (PAR) and
net radiation (R,) were calculated from the monthly
global datasets of surface shortwave (SW) and long
wave (LW) fluxes with 1°x1° resolution®®, These SW
and LW fluxes were produced by the NASA/Global En-
ergy and Water Cycle Experiment (NASA/GEWEX)
Surface Radiation Budget (SRB) project with one de-
tailed radiative transfer model and one parameterized
model (quality-check SW and LW models). These mod-
els are driven with a number of input datasets, such as
cloud properties derived from the International Satellite
Cloud Climatology Project (ISCCP) DX data, and mete-
orological profiles obtained from the Goddard GEOS-1
data assimilation product. Both SW models used
clear-sky albedo at the top of atmosphere from the
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Earth Radiation Budget Experiment (ERBE).

Our analysis focuses on the period of 1986—1995
when data for all climate factors were available, except
for PAR and R, data for November and December of
1995. We used nine-year monthly mean values to fill
these two months for the missing data for each grid cell.
We calculated globally ten-year averages and standard
deviations of climate variables (T, P, PAR, and R;) for
each biome defined by the NDVI-derived land cover
data sets. We also calculated the global annual mean
value of each climate variable for each biome. The dif-
ference between the one-year and 10-year averages of
each climate variable for each biome is defined as a
“climate anomaly”. We derived Budyko’s dryness index
for the biome scale based on net radiation and precipita-
tion data. Dryness index was defined as Dry-
ness=R,/(LxP), where R, (MJ-m™2-a ) and P (mm-a %)

742

are global annual mean net radiation and precipitation
for a biome respectively, and L=2.5 MJ-kg™ is the en-
thalpy of vaporization. We excluded a method to calcu-
late the dryness index on a grid cell because annual pre-
cipitation for some grid cells was so low that it would
make the dryness index infinite.

2 Results and discussions

All significant correlations between the CGR and cli-
mate anomalies of biomes listed in Table 1 are shown in
Figure 2. The CGR is positively correlated to precipita-
tion anomalies and negatively to dryness anomalies for
the tropical rain forest biome (Figure 2(a) and (b)). One
obvious outlier in the data set is seen in 1987 (Figure 2(a)
and (b)). The correlations between the CGR and pre-
cipitation or dryness anomalies are much improved if
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Figure 2  Significant correlation between the global atmospheric CO, growth rates and the anomalies of each climate factor for each biome. Numbers on
the data points indicate years. The solid line is a linear regression excluding 1987 and the dash line is a linear regression including 1987.

data for 1987 are excluded. We note that 1987 was an El
Nifio year. The CGR is highly correlated to temperature
anomalies of the tropical rain forest biome (Figure 2(c)).
This observation is supported by past site-specific field

studies that have demonstrated reduced photosynthesis
and enhanced respiration in tropical forest ecosystems
during the years of the warmest temperature 3%,

The CGR was negatively correlated with PAR anoma-
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Table 1 Climate characteristics of biomes (ten-year average, 1986 —1995). The numbers in parentheses are standard deviations

Code Biome (mmP- - T(C) M3 .Pn'?s_ ah MJ- ﬁfz ) Dryness (1666‘r§?n2)
1 Broadleaf evergreen forest 1922 (629) 25.1(2.4) 2916 (167) 4664 (387) 0.97 (0.07) 13.4
2 Sggﬂ?;gﬁ;'d“ous forest 872 (458) 153 (9.2) 2675 (517) 3658 (902) 1.68 (0.05) 33

Mixed coniferous and broad-
3 leaf deciduous forest and 830 (347) 8.6 (5.6) 2109 (387) 2698 (774) 1.30 (0.06) 6.6
woodland
4 Coniferousforestandwood- g, (565) 25(53) 1755 (276) 1948 (529) 1.58 (0.07) 130
5 g‘r%';t'zgéu\?vigslc;ﬁg"us 434 (184) 5.6 (4.2) 1707 (210) 1889 (411) 1.74 (0.09) 58
6  Wooded C4 grassland 1248 (528) 23.0 (3.4) 2999 (285) 4413 (482) 1.42 (0.06) 171
7 Cagrassland 569 (328) 234 (5.2) 3245 (301) 4066 (518) 2.87 (0.16) 8.9
8  C3wooded grassland 990 (538) 14.0 (2.4) 2523 (515) 3440 (933) 1.39 (0.04) 4.6
9 C3grassland 396 (378) 7.0 (2.4) 2525 (435) 2936 (705) 2.97 (0.18) 115
10 Tundra 312(176)  -10.8(4.7) 1475 (132) 1283 (274) 1.65 (0.11) 71
11 Shrubs and bare ground 255 (147) 17.0 (8.2) 3106 (390) 3490 (524) 5.50 (0.42) 11.0
12 Cultivation 755 (443) 13.6 (8.2) 2508 (518) 3260 (850) 1.73 (0.06) 133

lies and positively correlated with temperature anoma-
lies in the boreal forest biome (biome 4 in table 1, and
Figure 2(d) and (e)). For those biomes dominated by
shrubs and bare ground, wooded C4 grassland, and C4
grassland, significant correlations exist between the
CGR and biome temperature anomalies (Figure 2(f)—
(h)). The correlation was significantly improved by in-
cluding data for the year of 1987 for the wooded C4
grassland and C4 grassland biomes. The C3 wooded
grassland biome is more sensitive to the perturbations of
PAR and drought stress than the other climatic variables
examined.

Except for the biomes shown in Figure 2, the biome
of broadleaf deciduous forest and woodland has a weak
positive correlation between CGR and temperature
(r=0.43), but it is not statistically significant (p=0.11).
Although the other biomes, i.e., high latitude deciduous
forest and woodland, tundra and C3 grassland, cover
relatively large area (24.4% of total land area), there
does not exist apparent correlation between them.

The high correlation between the CGR and precipita-
tion anomalies (Figure 2(a) and (b)) implies that a dryer
year will cause an increase in tropical rain forest CO,
uptake. This implication is in contrast with the tradi-
tional concept used by modellers in which water avail-
ability limits tree growth, potentially reducing CO, up-
take in dryer years2-32 We hypothesize that photosyn-
thesis is less sensitive to water stresses than heterotro-
phic respiration for tropical rain forest ecosystems. The
physical reason behind this hypothesis is that trees in the

tropical rain forest are able to tap deep water for the
maintenance of photosynthesis in dryer years®3, but the
decomposition of soil organic matter concentrated near
the surface is inhibited. This hypothesis is supported by
eddy flux tower measurements and biometric observa-
tions conducted in two old-growth tropical forest sites
near Santarem, Brazil®*. Three years eddy flux data
showed that carbon was taken up in the dry season and
released in the wet season; this opposes the predictions
of two ecosystem modelst®:22, but is consistent with the
trends presented in Figure 2.

The CGR is positively correlated to precipitation
anomalies and negatively to dryness anomalies for the
C3 wooded grassland (Figure 2(j) and (k)). This could
be attributed to different sensitivity of net primary pro-
duction (NPP) and soil respiration on precipitation
change. To identify the impact of precipitation anomaly
on NPP and soil respiration, the soil respiration model2!
and CASA-NPP model=%37 were applied to conducting
the sensitivity analysis. The results show that soil respi-
ration in C3 wooded grassland will increase by 1.3%
and NPP will increase by 2.4%, respectively, if precipi-
tation alone increased by 20%. On condition that the
negative correlation between PAR and precipitation
(Figure 3) was considered, the modelled NPP caused by
both precipitation and PAR only increases by 0.45%,
which is much less than soil respiration, i.e., 1.3%.

Generally, higher CO, growth rates correspond to El
Nifio climate conditions%2%. There exist direct and in-
direct impacts of EI Nifio on CGR. The direct impact is
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that El Nifio changes the temperature and precipitation,
which controls the magnitude of land-atmosphere fluxes
and associates with the year-to-year fluctuations of
CGRE24 The indirect one is that co-varying processes
such as reduced productivity caused by drought in
tropical forests during El Nifio episodes may be super-
imposed on fire emissions, which appear to contribute to
high CO, growth during the EI Nifio episodes =,

One previous study has shown that a highly positive
correlation exists between atmospheric CO, anomaly
and anomalous sea surface temperature (SST) in the
equatorial Pacific during an El Nifio year™!. This might
suggest that our observation in 1987, a strong El Nifio
year, as an outlier in the data set of Figure 2, is due to an
episodic ocean influence on the CGR, rather than terres-
trial biome influences. However, the explanation that
increased SST leads to the above average release of CO,
from the equatorial Pacific was questioned by Hyson
and Pearman™? who argued that the effect of tempera-
ture on the partial pressure of CO; in the water was not
sufficient to account for the observed atmospheric signal.
Furthermore, sea-surface CO, partial pressure measure-
ments from the equatorial Pacific have shown reduction,
other than increase, in CO, emissions during this El
Nifio event due to the reduced upwelling of CO,-eriched
water®, Thus, the potential remains for terrestrial eco-
systems to influence the CGR during years of anoma-
lous climate, although the results in Figure 2(a) and (b)
suggest that it is not the influence of precipitation, and
coupled dryness, and anomalies that exert the principal
influence during the 1987 EI Nifio.

It is worthwhile to note that 1987 was not peculiar in
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the relation between the CGR and temperature anomaly
in tropical forests (Figure 2(c)) in contrast with the re-
sults presented for precipitation and dryness (Figure 2(a)
and (b)). The correlation that includes 1987 is better than
the correlation without 1987, suggesting that the atmos-
pheric CO, anomaly observed for 1987 may be the result
of temperature driving more CO; release to the atmos-
phere from the tropical rainforest.

The CGR was negatively correlated with PAR anoma-
lies and positively correlated with temperature anoma-
lies in the boreal forest biome (biome 4 in table 1, and
Figure 2(d) and (e)). These two parameters are not nec-
essarily independent of each other; the degree of
cloudiness of any given day is likely to influence its
temperature. The intuitive connections of these anoma-
lies to photosynthesis and respiration appear to be in the
direction consistent with their effects on the CGR;
anomalies with higher PAR should cause higher rates of
photosynthesis, and thus should cause a decrease in
CGR as observed; anomalies with higher temperature
should cause higher respiration rates™*?, and thus should
cause an increase in the CGR, as observed.

Overall, our analysis suggests that the tropical rain-
forest, wooded C4 grassland, and C4 grassland were the
sources for the 1987 atmospheric CO, anomaly driven
by temperature. These three biomes occupy 30% of the
total global land surface area and have an important ef-
fect on global atmospheric CO, growth rate. Since the
Third Assessment Report of the Intergovernmental Panel
on Climate Change, many studies have confirmed that
the variability of CO, fluxes is mostly due to land fluxes,
and that tropical lands contribute strongly to this sig-
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nal™. For instance, three different inversion ensembles
from Bousquet et al.2¥, Rédenbeck et al.® and Baker
et al. 2% also indicate that tropical rainforest and nearby
grassland make the greatest contribution to the interan-
nual variation of land-atmosphere fluxes in the year of
1987. Although the correlation between the CGR and
temperature anomaly of biomes with shrubs and bare
ground is significant, we would not attribute these bi-
omes to a major source for the 1987 anomaly because
their potential for atmospheric carbon assimilation and
storage is low.

Our results have two important and clear implications.
First, our results indicate that the largest atmospheric
CO, anomaly, during the El Nifio year of 1987, was
caused by tropical biomes (tropical rainforest, wooded
C4 grassland, and C4 grassland) as they responded to
temperature. Second, the tropical rain forest, boreal for-
est, tropical savanna and C4 grassland are the major
climate-sensitive sources/sinks for the interannual vari-
ability of atmospheric CO,. These four biomes occupy
39% of the total global land surface area (Table 1) and
account for approximately 57% of the total land carbon
storagem. Each of these biomes, however, influences the
CGR through unique responses to climate perturbations.
Our correlation analysis indicates that the boreal forest
influences the CGR through responses to anomalies in
PAR and temperature; the tropical rainforest influences
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