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            Abstract
Large interannual variations in the measured growth rate of atmospheric carbon dioxide (CO2) originate primarily from fluctuations in carbon uptake by land ecosystems1,2,3. It remains uncertain, however, to what extent temperature and water availability control the carbon balance of land ecosystems across spatial and temporal scales3,4,5,6,7,8,9,10,11,12,13,14. Here we use empirical models based on eddy covariance data15 and process-based models16,17 to investigate the effect of changes in temperature and water availability on gross primary productivity (GPP), terrestrial ecosystem respiration (TER) and net ecosystem exchange (NEE) at local and global scales. We find that water availability is the dominant driver of the local interannual variability in GPP and TER. To a lesser extent this is true also for NEE at the local scale, but when integrated globally, temporal NEE variability is mostly driven by temperature fluctuations. We suggest that this apparent paradox can be explained by two compensatory water effects. Temporal water-driven GPP and TER variations compensate locally, dampening water-driven NEE variability. Spatial water availability anomalies also compensate, leaving a dominant temperature signal in the year-to-year fluctuations of the land carbon sink. These findings help to reconcile seemingly contradictory reports regarding the importance of temperature and water in controlling the interannual variability of the terrestrial carbon balance3,4,5,6,9,11,12,14. Our study indicates that spatial climate covariation drives the global carbon cycle response.
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                    Figure 1: Climatic controls on NEE IAV at global and local scales for the period 1980–2013 derived from machine-learning-based (FLUXCOM) and process-based (TRENDY) models.[image: ]


Figure 2: Effects of spatial covariation and scale on temperature versus water control of NEE IAV for FLUXCOM and TRENDY models.[image: ]


Figure 3: Latitudinal patterns of water and temperature driven IAV of gross carbon fluxes (GPP and TER) and NEE for FLUXCOM and TRENDY models.[image: ]


Figure 4: Spatial patterns of covariance and correlation of WAI- and TEMP-driven GPP and TER IAV for FLUXCOM models.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Global patterns of NEE IAV for FLUXCOM (left) and TRENDY (right).
Maps of NEE IAV magnitude (mean of ensemble members; a, b) defined as standard deviation of annual NEE normalized by the mean standard deviation (values above 1 indicate above-average IAV). Dashed lines separate areas north and south of 30° N. Time series of integrated NEE over broad latitudinal bands (c–f) or global (g, h) for 1980–2013 normalized by the standard deviation (s.d.) of globally integrated NEE. Black lines show the mean of FLUXCOM or TRENDY ensemble members and the shaded area refers to the ensemble spread (1 s.d.). Independent estimates from the GCP, the Jena and the RECCAP inversions (see Methods) are presented with coloured lines (see key); correlation coefficients with those are given in the same colour. See Supplementary Information section 1 for further cross-consistency analysis.


Extended Data Figure 2 Local versus global dominance of NEETEMP versus NEEWAI for FLUXCOM and TRENDY ensemble members.
Dots show individual ensemble members and the crosses show ensemble means with one standard deviation. Plotted is the difference of local NEEWAI and NEETEMP dominance (the difference of the leftmost blue and green data points in Fig. 2e and f) against the difference of global NEEWAI and NEETEMP dominance (the difference of the rightmost blue and green data points in Fig. 2e and f). The majority of ensemble members as well as ensemble means fall in the lower right quadrant, meaning an overall agreement that NEEWAI dominates at individual grid cells (local) but NEETEMP dominates the globally integrated flux anomaly (global).


Extended Data Figure 3 Spatial patterns of covariance and correlation of WAI- and TEMP-driven GPP and TER IAV for TRENDY models.
Maps of the covariance of annual anomalies (see equation (8) in Methods) of GPP and TER climatic components show large compensation effects (positive covariance) for WAI (a) but nearly no covariance for TEMP (c). Correlations between GPPWAI and TERWAI are large and everywhere positive (b) while correlations among GPPTEMP and TERTEMP are weaker with a distinct spatial pattern of negative correlations in hot regions (d). All results refer to the mean of all TRENDY ensemble members. See Fig. 4 for equivalent FLUXCOM results, and Extended Data Fig. 4 for uncertainties.


Extended Data Figure 4 Ensemble spread of covariation between TEMP and WAI components of GPP and TER for FLUXCOM and TRENDY.
Plots show mean covariance (left) and correlation (right) between GPPTEMP and TERTEMP and GPPWAI and TERWAI for latitudinal bins of 5° for individual ensemble members (thin dotted lines) and ensemble mean (thick solid line with shaded area for 1 s.d.). Despite uncertain magnitudes of GPPTEMP and TERTEMP correlation (large green-shaded area in right panels, b and d) their covariance is negligible (small green-shaded area in left panels, a and c). In comparison, there is large positive covariance of GPPWAI and TERWAI but its magnitude differs substantially among ensemble members (large blue-shaded area in left panels, a and c).
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        Editorial Summary
Temperature drives changes in the land carbon sink
It has not been clear to what extent temperature and water availability control the yearly variations in the global land carbon sink. Here, Martin Jung et al. have studied the effect of changes in temperature and water availability on gross primary productivity, terrestrial ecosystem respiration and net ecosystem exchange. They reveal that, at the global scale, interannual changes in the land carbon sink are mostly driven by temperature fluctuations, as a result of two compensatory water effects. However, water availability is found to be a predominant driver at the local scale.
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