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            Abstract
Land ecosystems absorb on average 30 per cent of anthropogenic carbon dioxide (CO2) emissions, thereby slowing the increase of CO2 concentration in the atmosphere1. Year-to-year variations in the atmospheric CO2 growth rate are mostly due to fluctuating carbon uptake by land ecosystems1. The sensitivity of these fluctuations to changes in tropical temperature has been well documented2,3,4,5,6, but identifying the role of global water availability has proved to be elusive. So far, the only usable proxies for water availability have been time-lagged precipitation anomalies and drought indices3,4,5, owing to a lack of direct observations. Here, we use recent observations of terrestrial water storage changes derived from satellite gravimetry7 to investigate terrestrial water effects on carbon cycle variability at global to regional scales. We show that the CO2 growth rate is strongly sensitive to observed changes in terrestrial water storage, drier years being associated with faster atmospheric CO2 growth. We demonstrate that this global relationship is independent of known temperature effects and is underestimated in current carbon cycle models. Our results indicate that interannual fluctuations in terrestrial water storage strongly affect the terrestrial carbon sink and highlight the importance of the interactions between the water and carbon cycles.
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                    Fig. 1: IAV in CGR and TWS.


Fig. 2: Correlations between CGR and meteorological drivers over different spatial domains at monthly and yearly scale.


Fig. 3: Confounding effects of water storage and temperature on correlations with CGR.


Fig. 4: Observed and modelled relations between global water storage, temperature and carbon fluxes.
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Extended data figures and tables

Extended Data Fig. 1 Ecosystems respond to water storage.
Water storage is more relevant than precipitation when investigating the impacts of changes in water availability on ecosystems.


Extended Data Fig. 2 Reproduction of Fig.Â 1c, d with GRACE-REC.
Composite meanÂ TWS anomalies associated with the 5% highest (a) and 5% lowest (b) monthly CGR (nâ€‰=â€‰20 months in each case) based on GRACE-REC (that is, covering the 1980â€“2016 time period). Inset bar plots indicate the season of the monthsÂ used in the composite.


Extended Data Fig. 3 ENSO, precipitation and TWS.
Because it integrates precipitation anomalies, water storage is slightly phase-shifted with respect to ENSO and precipitation time series. Here, El NiÃ±o (La NiÃ±a) conditions correspond to the periods where the Multivariate ENSO Index (MEI) exceeds 0.5 (âˆ’0.5). The strongest ENSO events (MEIâ€‰>â€‰1 or MEIâ€‰<â€‰âˆ’1) are shown in darker colours.


Extended Data Fig. 4 Dominant contribution of precipitation to TWS anomalies.
a, Global means of GRACE,Â GRACE-REC and GRACE-REC driven only with precipitation anomalies. The statistical reconstruction of GRACE (GRACE-REC) is calibrated with both precipitation and temperature information15. We use this model to predict the precipitation-driven component of the TWS signal (by setting temperature variability to zero). Most of the global TWS signal can be reconstructed based on precipitation anomalies only. b, Performance of the GRACE-REC model at the grid scale. c, Contribution of precipitation to the locally reconstructed TWS. A comparison between GRACE-REC, global hydrological models and GRACE can also be found in ref. 15.


Extended Data Fig. 5 Reproduction of Fig.Â 3 with mean precipitation.
Same as Fig.Â 3, but using yearly precipitation P from the Global Precipitation Climatology Project (with a 4-month lag) instead of TWS from GRACE. Significance (Pâ€‰<â€‰0.05, nâ€‰=â€‰15; Methods) is indicated with crosses.


Extended Data Fig. 6 Illustration of soil moisture signals with different fractions of IAV.
The fraction of IAV quantifies the importance of low frequency variability in the overall variance of a given signal. Here, it is defined as the ratio between the variance of the yearly (de-trended) time series (b) and the variance of the monthly anomalies (a) (seeÂ Methods). The fraction of IAV tends to increase when deeper soil layers are includedÂ (c). This is because deeper layers have a longer residence time (or memory) and thus respond more slowly to changes in the meteorological forcing. Illustrative data based on GLDAS2-Noah, extracted for Spain (4.25Â° W, 40.25Â° N).


Extended Data Fig. 7 Fraction of IAV in water storage changes.
a, Average fraction of IAV in water storage changes simulated by DGVMs and FluxCom (which typically only include root-zone soil moisture). b, Fraction of IAV in water storage changes observed by GRACE (which include all water reservoirs). To ensure comparability between models and GRACE, model outputs were first averaged to the spatial resolution of GRACE. We note that unlike modelled soil moisture, GRACE observations suffer from measurement errors that tend to increase the high-frequency (month-to-month) variability. Therefore, the fraction of IAV retrieved from GRACE would be even higher if there were no measurement errors in GRACE.


Extended Data Fig. 8 Distribution of the fraction of IAV by land cover classes.
This compares the values shown in the maps of Extended Data Fig.Â 7 for different land-cover classes. The fraction of IAV found in GRACE TWS (dark blue) is higher compared to models (green). Because GRACE observations are contaminated by high-frequency measurement errors, the fraction of IAV found in GRACE is shifted towards lower values. Here, the fraction of IAV derived from GRACE-REC (light blue) may provide a more robust estimate of the actual fraction of IAV in TWS. Adding GRACE measurement errors (as provided with GRACE NASA-JPL data) to the GRACE-REC data reproduces very well the overall shift (dashed light blue) towards lower values that occurs with original GRACE data.


Extended Data Fig. 9 Relationship between the fraction of IAV in modelÂ water storage and the fraction of IAV in NEEwater.
a, c, Mean fraction of IAV obtained at all grid cells for TRENDY (a) and FluxComÂ (c), with point cloud density indicated by the colour shading. The fraction of IAV in NEEwater is directly limited by the fraction of IAV present in the underlying water storage signal. b, d, The same as a and c, stratified by land-cover class. In land-cover classes that are typically moisture-limited (for example, semi-arid), the fraction of IAV in NEEwater is potentially strongly limited by the fraction of IAV in water storage. e, This relationship is also found for the global mean signals of the individual models.


Extended Data Fig. 10 Contribution of six different land cover types to the global water storage signal.
a, GRACE TWS anomalies by land-cover type, smoothed with a 6-month moving average and offset for readability. b, Regional contributions to the global water storage signal. High values indicate that a region bears a high contribution to the overall global mean water storage signal. This metric is based on the definition proposed in ref. 27 for analysing regional contributions to global net biome production. The value reported for the models is the mean across all models.
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