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            Abstract
Precipitation efficiency (PE) relates cloud condensation to precipitation and intrinsically binds atmospheric circulation to the hydrological cycle. Due to PEâ€™s inherent microphysical dependencies, definitions and estimates vary immensely. Consequently, PEâ€™s sensitivity to greenhouse warming and implications for climate change are poorly understood. Here, we quantify PEâ€™s role in climate change by defining a simple index Ïµ as the ratio of surface precipitation to condensed water path. This macroscopic metric is reconcilable with microphysical PE measures and higher Ïµ is associated with stronger mean Walker circulation. We further find that state-of-the-art climate models disagree on the sign and magnitude of future Ïµ changes. This sign disagreement originates from modelsâ€™ convective parameterizations. Critically, models with increasing Ïµ under greenhouse warming, in line with cloud-resolving simulations, show greater slowdown of the large-scale Hadley and Walker circulations and a two-fold greater increase in extreme rainfall than models with decreasing Ïµ.
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                    Fig. 1: Climatology and correspondence of precipitation efficiency index Ïµ with temperature.[image: ]


Fig. 2: Time evolution of Ïµ.[image: ]


Fig. 3: Precipitation efficiency Ïµ and the large-scale tropical circulation.[image: ]


Fig. 4: Sensitivity of Ïµ to surface temperature.[image: ]


Fig. 5: Impact of Ïµ on changes in temperature and atmospheric meridional circulation under greenhouse warming.[image: ]


Fig. 6: Role of Ïµ in climate change.[image: ]
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              TRMM data50 are obtained from https://gpm.nasa.gov/missions/trmm and are interpolated from their native 0.25Â° by 0.25Â° resolution to 1Â° by 1Â° to match that of the MODIS monthly data available at https://atmosphere-imager.gsfc.nasa.gov/products/monthly. Monthly surface temperature (http://berkeleyearth.org/archive/data/) and SLP observations (https://psl.noaa.gov/data/gridded/data.hadslp2.html) are also publicly available. Monthly mean NiÃ±o 3.4 SST data are obtained from https://www.ncdc.noaa.gov/teleconnections/enso/indicators/sst/. ERA5 data are downloaded from https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-means and interpolated from their native 0.25Â° by 0.25Â° grid to 1Â° by 1Â° resolution. The CMIP6 data supporting this study are available from https://pcmdi.llnl.gov/CMIP6/. Data from the CRM experiments and satellite-derived observations of \({\it{\epsilon }}\) are available at https://doi.org/10.5061/dryad.g4f4qrfsr65.
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Extended data

Extended Data Fig. 1 Two precipitation efficiency measures in a cloud-resolving model.
Spatial scatterplot of microphysical precipitation efficiency \({\it{\epsilon }}_m\) against precipitation efficiency index \({\it{\epsilon }}\) for the SAM-L simulation (see methods) with 305 K SST.


Extended Data Fig. 2 Comparing metrics of precipitation efficiency.
Snapshots of (a) PE index \({\it{\epsilon }}\) from this study and (b) microphysical PE \({\it{\epsilon }}_m\)5 in the SAM-L simulation (see methods) with 305 K SST. The values at the top of each panel indicate domain averages. Cyan contours outline the region where the precipitable water exceeds 80% of its maximum value in the domain.


Extended Data Fig. 3 Precipitation efficiency and ENSO.
Scatterplot of the relative change of the observed regional precipitation efficiency index \({\it{\epsilon }}\) over the Indo-Pacific Warm Pool (WP; red) and over the Eastern Pacific (EP; blue) against the Nino 3.4 SST index. The solid and dashed lines represent the linear regression across blue and red points, respectively. Each dot is a monthly mean. WP and EP regions are defined in the text.


Extended Data Fig. 4 Decomposition of Changes in Ïµ.
Multi-model mean (solid lines) and spread (shading) of normalized changes in precipitation efficiency index \(log({\it{\epsilon }}/{\it{\epsilon }}_0)\), surface precipitation \(log(P_s/P_{s0})\), and condensed water path \(- log(CWP/CWP_0)\) for (a) positive \(\partial {\it{\epsilon }}/\partial T_s\) models and (b) negative positive \(\partial {\it{\epsilon }}/\partial T_s\) models. Identical models as Fig. 4 are used.


Extended Data Fig. 5 Distribution of convection in the SAM experiments.
Cloud water mixing ratio and precipitable water in the (a) SAM-S and (b) SAM-L simulations. (a) and (b) have identical boundary conditions and physics (see methods) and only differ in the domain size. The purple grid in b demonstrates the relative size of the SAM-S grid. In b the convection is aggregated, under the clump of convection precipitable water exceeds 90 mm. PE is higher in b than in a.


Extended Data Fig. 6 Changes in the Zonal-Mean Atmospheric Circulation under Greenhouse Warming.
Response to warming of the annual- and zonal-mean streamfunction (\({{\Delta }}\psi\); colors) The zonal-mean circulation of the present climate is shown in solid (positive and counter-clockwise) and dotted (negative and clockwise) black lines. Hatching shows locations where 75% or more models agree in the sign of the response for all CMIP6 models used in this study.


Extended Data Fig. 7 Role of \({\it{\epsilon }}\) in Climate Change Normalized by Temperature.
As Fig. 6 except all data are normalized by Effective Climate Sensitivity before calculating the average and standard error.
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