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Measurements of atmospheric carbon dioxide and satellite-derived measurements of 
temperature and the vegetation index were used to investigate relationships among 
climate, carbon dioxide, and ecosystems. At the global scale, lagged correlations be- 
tween temperature and carbon dioxide growth rate were found, indicating modulation 
by biogeochemical feedbacks. Spatial analysis of the temperature and vegetation index 
data suggests that the global correlations are a composite of individualistic responses 
of different ecosystems. The existence of biome-specific time scales of response implies 
that changes in global ecosystem distributions could indirectly alter the relationships 
between climate and carbon storage. 

I n  analyses of global change, predicting 
terrestrial carbon exchange is crucial (1 ,  
2). If biospheric carbon storage increases, 
anthropogenic emissions will be offset (3) .  
However, if terrestrial carbon is lost to  the 
atmosphere, climate change could be ex- 
acerbated and mitigation costs increased 
(2 ,  4 ,  5 ) .  Ecosystem models have previ- 
ously been used to project changes in the 
terrestrial carbon 'cycle, but their predic- 
tions differ in magnitude and sometimes in 
the sign of their response (1 ,  4). Here, we 
examined the atmospheric CO, record 
along with global, satellite-derived tem- 
perature and vegetation index data in or- 
der to  gain insight into the mechanisms - - 
controlling the response of terrestrial car- 
bon storage to climate variability. 

A number of recent analyses that used 
global measurements of the concentra- 
tions of atmospheric CO,, its isotopes, and 
0, have demonstrated the importance of 
the terrestrial biosphere in the global car- 
bon cvcle (6-8). Both immediate and de- 

havior on  interannual time scales in re- 
sponse to climatic perturbations. The 
measurements consisted of atmospheric 
CO, concentration data from flask sam- 
ples, collected by the Climate Monitoring 
and Diagnostics Laboratory (CMDL) (1 1 ), 
and two global remote sensing measure- 
ments: lower tropospheric temperature 
anomalies detected by the microwave 
sounding unit (MSU) (12) and the nor- 
malized difference vegetation index 
(NDVI) (1 3)  from the advanced very high 
resolution radiometer (AVHRR). The  
data sets are documented elsewhere (1 1 - 
14),  and we applied some additional pro- 
cessing to facilitate the analvsis. 

~ o k t h l y  averaged CO, growth rates 
(1979 through 1994) were calculated for 
two stations, Mauna Loa, Hawaii (MLO), 
and the south pole (SPO), by taking the 
first difference of the time series. W e  
then removed the seasonal cycle in a 
similar fashion to Keeling e t  al. (9) by 
fitting a fourth-order harmonic function 

W e  calculated autocorrelograms and 
pairwise cross correlograms of monthly 
global and hemispheric mean temperature, 
NDVI, and CO, growth rate, defining the 
lags such that temperature always led 
the other variables. and such that NDVI 
led CO, growth raie. Regional-scale eco- 
system changes can affect climate, but the 
direction of causality we consider (tem- 
perature effects on  ecosystems) shall be 
the most significant on the time and space 
scales discussed here. Lagged correlations 
could arise either from coordinated 
temperature-precipitation changes or, spu- 
riously, from periodicities in the data. The  
autocorrelation functions for all three 
variables (temperature, CO,, and NDVI), 
however, decrease steadily on time scales 
less than 4 years, with apparent oscillatory 
behavior emerging only on  longer time 
scales, perhaps associated with the El Nifio- 
Southern Oscillation (17). Also, the 
quasi-periodic behavior of the temperature 
autocorrelations occurs at time scales that 
are incompatible with the observed lagged 
correlations (Figs. 1 and 2). Precipi- 
tation anomalies are usually more local- 
ized than temperature anomalies, thus 
their global effect on lagged correla- 
tions is unlikely but cannot be rigorously 
excluded. 

A significant relationship between 
CO, growth rate and temperature can be 
seen in Fig. l A ,  centered around a 2-year 
lag. A positive NDVI anomaly with a 
similar time delay is shown in Fig. 1B. 
These apparent lagged responses suggest a 
greater role for indirect versus direct ef- 
fects of climate on  net ecosvstem carbon , . ,  " 

layed temperature responses can be seen in and smoothing the data with a 3-month exchange. Keeling e t  al. (7)  suggested that 
the atmospheric CO, record and have moving window (15). The  gridded satel- such a response could have been respon- 
been attributed to the activity of terrestri- lite data were spatially and temporally re- sible for a negative CO, anomaly that 
a1 vegetation (7-9). Because trends are aggregated to a common global lo  by lo  began before the Mount Pinatubo erup- 
difficult to  discern unambiguously with grid with a time interval of 1 month (1 6) .  tion in 1991 and continued downward 
the existing time series observations, we For all three data sets, statistically sig- until late 1993. Terrestrial responses to 
focus on the issue of interannual variabil- 
ity as a means to understand controls over 

Table 1. Vegetation classes (18) used in the spatial analysis to determine significant interannual lags in CO, exchange. NDVI response to temperature. Class numbers are referred to in Figs. 2 and 3. 
We  used three data sets to  indepen- 

dently evaluate the hypothesis (10) that Dominant vegetation type Number of pixels Area (1 O6 km2) 
terrestrial ecosvstems exhibit comulex be- 
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temperature changes appear to result in 
either enhanced plant production, re- 
duced heterotrophic respiration, or both, 
such that global net ecosystem produc- 
tion is positive about 2 years after a 
warm anomaly. Conversely, a cool anom- 
aly should lead to reduced terrestrial 
uptake. 

In a second ex~eriment. we examined 
the temperature-NDVI correlations spa- 
tially, using annual averages of the two 
satellite data sets. The data were aggregat- 
ed into global land cover classes according 
to the map of DeFries et al. (18) (Table 1). 
Within each class, and for each year, mul- 
tiple linear regressions of NDVI anomaly 
against temperature anomaly were per- 
formed, yielding correlations between the 
spatial patterns of the two variables. The 
dependent variable in the regression was 
"current" NDVI, and the independent 
variables were temperature in the previous 
year, temperature in the last year, and so 
on (1 9). Thus, we treated within-class pix- 
els as replicate measurements. Regression 
coefficients b, (slopes) were estimated for 
each biome and for each year that 
represent the current and lagged ecosys- 
tem sensitivity to temperature anomalies 
but are not affected by year-to-year chang- 
es in the mean (20). This technique is an 

Fig. 1. Cross-correlation functions for lagged 
temperature versus (A) atmospheric CO, growth 
rate and (B) NDVI. In both panels, the sol~d line 
represents global mean (area-weighted) values, 
the dashed line represents the Southern Hemi- 
sphere correlations, and the dotted line, the 
Northern Hemisphere correlations. Outside the 
shaded region, values are significantly (P < 0.05) 
different from zero. Within the bracketed period 
(1 to 3 years), both CO, and NDVl are weakly 
correlated with lagged temperature. We focus 
on these time scales in the spatial analysis (Figs. 
2 and 3). 

alternative to direct time-series compari- 
sons (Fig. l), guided by the assumption 
that spatially adjacent ecosystems, which 
are also morphologically and physiologi- 
cally similar, manifest similar responses to 
temperature. 

The spatial method requires some spe- 
cial considerations. Pooled within-biome 
data are not independent because of their 
proximity to one another. Therefore, we 
accounted for the spatial autocorrelation 
in the data by estimating regression coef- 
ficients using the method of weighted least 

squares (21, 22) to avoid spuriously high 
correlations. The weights were determined 
from an estimated semivariogram (23) of 
the residuals for each biome class. In ad- 
dition to spatial correlations, there poten- 
tiallv exists tem~oral  autocorrelation be- 
tween the independent (lagged tempera- 
ture) variables, so we performed a "back- 
ward" stepwise variable selection process 
(24). 

The spatio-temporal analysis of the 
temperature and NDVI data (19, 22, 24) 
reveals correlations on all of the time 
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Fig. 2. (A to L) Statistically significant (P < 0.05) standardized regression coefficients of a multiple linear 
regression of current NDVl on present (zero lag) and past (1 - and 2-year lag) temperature. Circles, zero 
lag; triangles, 1 -year lag; squares, 2-year lag. The regressions were performed spatially, and within 
biome, for each year by using annual mean NDVl and temperature anomalies, with means centered on 
6-month intervals. The data were corrected to exclude snow cover and below-freezing temperatures. 
The coefficients (slopes) p represent the relative spatial variation in NDVl anomaly associated with spatial 
variation in past or present temperature anomaly. Correlation coefficients are typically low, and insignif- 
icant slopes are not plotted. 
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Fig. 3. Frequency of either positive 
or negative significant correlation 
coefficients for the spatial regres- 
sion of NDVl versus lagged temper- 
ature (Fig. 2). Negative values indi- 
cate the number of significant anti- 
correlations. The vegetation class- 
es are listed in Table 1. Black bars 
represent zero lag, white bars rep- 
resent a 1-year lag, and gray bars 
represent a 2-year lag. 
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scales analyzed (0  to 2 years). Significant 
lagged correlations were nearly as frequent 
as immediate (25) correlations (Fig. 2), 
and patterns of correlation varied signifi- 
cantlv between ecosvstems. T e m ~ e r a t e  
and boreal regions tended to show positive 
zero-lag correlations, indicating an  initial 
positive response to warmer conditions (or 
negative response to colder conditions), 
often followed by negative lagged cor- 
relations (Fig. 3 ) .  In contrast, tropical and 
arid ecosystems often showed negative 
initial correlations, indicating reductions 
in NDVI during warm years. This con- 
trast suggeststhat, whereas NDVI (and by 
extension, vegetation activity) responds 
directly and positively to temperature 
anomalies in colder ecosystems, tem- 
perature may have direct negative effects 
on  plant growth, or may increase water 
stress in semiarid ecosystems (classes 7, 
8, and 9 in Fig. 3) .  Note that C3 (temper- 
ate) and C4 (semiarid and tropical) 
grasslands and savannas have opposite 
zero-lag correlations (Fig. 3; classes 7 and 
8 compared with classes 10 and 11). Thus, 
regional climate anomalies occurring in 
different ecosvstems could have 
qualitatively different effects on  global 
CO,. 

Lagged correlations are frequently of 
opposite sign to the immediate (same 
year) correlations. This may arise from a 
tradeoff between plant and microbial ac- 
tivity. Changes to plant growth affect the 
input of biomass to heterotrophic micro- 
organisms as leaves and roots are shed 
seasonallv. Increases (decreases) in bio- 
mass inputs in a given year, resulting from 
temDerature anomalies, could cause in- 
creased (decreased) microbial competition 
for nutrients and reduced ~ l a n t  growth in - 
subsequent years, producing the pattern of 
correlation and lagged correlation in most 
ecosystem types (Fig. 3 )  (10, 26). Analo- 
gous delayed effects due to long turnover 
times of deep soil moisture are also possi- 
ble (27). 

The  coordinated lags in monthly NDVI 
and C02  growth rate anomalies with tem- 
perature suggest that,  at the global scale, 
increased plant growth removes additional 
C02  from the atmosphere 1.5 to 2 years 
after warm anomalies, while absorbing 
lower than average amounts after cold - 
anomalies. Although the data we evaluat- 
ed do not  directly implicate nutrient and 
water cycling, the lags in the temperature 
versus C02 and NDVI correlations are 
consistent with the time scales of biogeo- 
chemical regulation and inconsistent with 
instantaneous physiological adjustment. 
The  biome-level responses show that, al- 
though global correlations exist, they are a 
composite of individualistic responses a t  

different locations and also reflect the sDa- 
tial structure of climate anomalies. This 
diversity of terrestrial response to temper- 
ature implies that if the global distribution 
of ecosystems were to change, the response 
of the biosphere to climate could be al- 
tered (4). 
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