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            Abstract
Future projections of global mean precipitation change (Î”P) based on Earth-system models have larger uncertainties than projections of global mean temperature changes (Î”T)1. Although many observational constraints on Î”T have been proposed, constraints on Î”P have not been well studied2,3,4,5 and are often complicated by the large influence of aerosols on precipitation4. Here we show that the upper bound (95th percentile) of Î”P (2051â€“2100 minus 1851â€“1900, percentage of the 1980â€“2014 mean) is lowered from 6.2â€‰per cent to 5.2â€“5.7â€‰per cent (minimumâ€“maximum range of sensitivity analyses) under a medium greenhouse gas concentration scenario. Our results come from the Coupled Model Intercomparison Project phase 5 and phase 6 ensembles6,7,8, in which Î”P for 2051â€“2100 is well correlated with the global mean temperature trends during recent decades after 1980 when global anthropogenic aerosol emissions were nearly constant. Î”P is also significantly correlated with the recent past trends in precipitation when we exclude the tropical land areas with few rain-gauge observations. On the basis of these significant correlations and observed trends, the variance of Î”P is reduced by 8â€“30â€‰per cent. The observationally constrained ranges of Î”P should provide further reliable information for impact assessments.
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                    Fig. 1: Observational constraints on the future Î”P.[image: ]


Fig. 2: Discrepancies between observed precipitation datasets.[image: ]


Fig. 3: Spatial patterns of differences in future temperature and precipitation changes.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Relationships between future Î”T and Î”P.
Horizontal and vertical axes indicate the future (2051â€“2100 minus 1851â€“1900) Î”T (Â°C) and Î”P (% of the 1980â€“2014 mean), respectively. Crosses and diamonds are CMIP5 and CMIP6 ESMs (ensemble mean for each ESM), respectively. Pearsonâ€™s correlations of the CMIP5 and CMIP6 ESMs are denoted in the panel. Those correlations are significant at the 5% level.


Extended Data Fig. 2 Definition of P*.
White shaded areas in the top panels indicate tropical (30Â° Sâ€“30Â° N) land regions where 1980â€“2014 mean numbers of rain gauge observations37 (Methods) are less than (a) 1, (b) 2 and (c) 3. Panels (d), (e) and (f) show P* anomalies relative to the 1980â€“2014 mean (%). Here P* represents the precipitation averaged over the pink shading areas of panels (a), (b) and (c), respectively. Solid lines are GPCP34 (red), MSWEP235 (green) and GSWP336 (blue). Dashed lines show their linear trends. Panel (e) is the same as Fig. 2b. We mainly focus on the case of panels (b) and (e) in this paper. (g) Relationships between the 1980â€“2014 trends of P and P* (P* in the case of (e)). Vertical and horizontal axes indicate the 1980â€“2014 trends of P and P* (% per 35 yr), respectively. Crosses and diamonds are CMIP56 and CMIP67,8 ESMs (ensemble mean for each ESM), respectively. Dashed line indicates the linear regression. Pearsonâ€™s correlation of the CMIP5 and CMIP6 ESMs is denoted in the panel. This correlation is significant at the 5% level. Grads was used to draw the maps.


Extended Data Fig. 3 Observational constraints on the future Î”P using only CMIP5 or CMIP6.
Horizontal axes show the recent past (1980â€“2014) trends of (top) T (Â°C per 35 yr) and (bottom) P* (% per 35 yr) for (left) CMIP5 and (right) CMIP6. Vertical axes indicate the future Î”P (2051â€“2100 minus 1851â€“1900 of hist+4.5, % of the 1980â€“2014 mean values). P* indicates precipitation averaged over the world except for some tropical land regions with few rain gauge observations (Extended Data Fig. 2b). Crosses and diamonds are CMIP5 and CMIP6 ESMs (ensemble mean for each ESM), respectively. Purple crosses/diamonds denote the ESMs whose recent past T trends are higher than the upper bound of HadCRUT4. Pearsonâ€™s correlations of the ESMs are denoted in the panels. Those correlations are significant at the 5% level. Dashed lines show the linear regressions. Horizontal bars indicate the 5â€“95% ranges of HadCRUT4 (light blue), GISTEMP4 (light green), GPCP (red), MSWEP2 (green) and GSWP3 (blue) (Methods). Box plots show the average (white line), 17â€“83% range (box), and 5â€“95% range (vertical bar) for the raw ESMs (black) and the constrained ranges using the observations (colours; navy and yellow for Had+GIS and GP+MS+GS, respectively).


Extended Data Fig. 4 Past trends of P due to individual and all forcing factors.
(a) Long-term (left, 1851â€“2014, % per 164 yr) and recent (right, 1980â€“2014, % per 35 yr) past trends of P in the ensembles of hist-GHG (red), hist-aer (blue) and hist-nat (green). (b) Horizontal and vertical axes are the long-term past trends of P (% per 164 yr) in hist+4.5 and hist-GHG, respectively. (c) Horizontal and vertical axes are the recent past trends of P (% per 35 yr) in hist+4.5 and hist-GHG, respectively.


Extended Data Fig. 5 Observational constraints on the future Î”P using historical P trend.
Vertical axis indicates the future Î”P (2051â€“2100 minus 1851â€“1900 of hist+4.5, % of the 1980â€“2014 mean values). Horizontal axis shows the recent past (1980â€“2014) trends of P (% per 35 yr). Crosses and diamonds are CMIP5 and CMIP6 ESMs (ensemble mean for each ESM), respectively. Purple crosses/diamonds denote the ESMs whose recent past T trends are higher than the upper bound of HadCRUT4. Dashed line shows the linear regression. Horizontal bars indicate the 5â€“95% ranges of GPCP (red), MSWEP2 (green) and GSWP3 (blue) (see Methods). Box plots show the average (white line), 17â€“83% range (box), and 5â€“95% range (vertical bar) for the raw CMIP5 and CMIP6 ESMs (black) and the constrained ranges using the observations (colours; yellow for GP+MS+GS). Triangle and asterisk symbols denote the 5â€“95% ranges using only the CMIP5 or CMIP6 ESMs, respectively. Pearsonâ€™s correlations of the CMIP5 and CMIP 6 ESMs are denoted in the panel. Those correlations are significant at the 5% level.


Extended Data Fig. 6 Discrepancies between observed precipitation datasets over the ocean and land.
Solid lines indicate the time series of precipitation anomalies relative to the 1980â€“2014 mean (%) averaged over (a) the ocean area plus Antarctica and (b) the land area except for Antarctica. Dashed lines show the linear trends. Red, green, blue and black (only for (b)) lines are GPCP, MSWEP2, GSWP3 and GPCC, respectively.


Extended Data Fig. 7 Effects of difference in the P* definition on the constraints.
Vertical axes indicate the future Î”P (2051â€“2100 minus 1851â€“1900 of hist+4.5, % of the 1980â€“2014 mean values) of the CMIP5 and CMIP6 ESMs. Box plots show the average (white line), 17â€“83% range (box), and 5â€“95% range (vertical bar) for the raw CMIP5/6 ESMs (black) and the constrained ranges using the P* trends of GP+MS+GS (yellow). The horizontal axis indicates the thresholds of rain gauge numbers used for the calculation of P*.


Extended Data Fig. 8 Relationships between past and future dP/dT (% per Â°C).
Vertical axes indicate the future dP/dT (calculated by dividing Î”P by Î”T of â€˜2051â€“2100 minus 1851â€“1900â€™). Horizontal axes show the recent past (a) dP/dT and (b) dP*/dT (calculated by dividing the 1980â€“2014 trends of P and P* by the 1980â€“2014 T trends). Pearsonâ€™s correlations of the CMIP5 and CMIP6 ESMs are denoted in the panels. Those correlations are significant at the 5% level except for the CMIP5 of (b). Horizontal bars indicate the 5â€“95% ranges of GPCP (red), MSWEP2 (green) and GSWP3 (blue). Box plots show the average (white line), 17â€“83% range (box), and 5â€“95% range (vertical bar) for the raw CMIP5 and CMIP6 ESMs (black) and the constrained ranges using observations (colours). Because all the CMIP5 and CMIP6 ESMs are out of the range of MSWEP2/GISTEMP4 in (a), the corresponding constrained range is not available. Triangle and asterisk symbols denote the 5â€“95% ranges using only the CMIP5 or CMIP6 ESMs, respectively.


Extended Data Table 1 The analysed CMIP6 (left) and CMIP5 (right) ESMs and their ensemble sizesFull size table


Extended Data Table 2 The mean values and the constrained 5â€“95% ranges of the future Î”P (2051â€“2100 minus 1851â€“1900, % of 1980â€“2014)Full size table
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