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Figure 1 Historical milestones in the understanding of anthropogenic influence on precipitation changes
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Figure 2 Changes in observed precipitation. (a—c) Observed precipitation trends over 1980-2019 based on different datasets (units: mm/a/decade).
x marks denote non-significant trends. (d) Annual time series and decadal means relative to the 1981-2010 climatology. From Ref. [25]
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Figure 3 Linear trends of precipitation inter-seasonal difference (September-to-November minus March-to-May) during 1979-2019. (a) observations,
(b) externally forced responses. Black dots indicate the trend is significant at the 90% confidence level. From Ref. [21]
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Figure 4 Trends of frequency in different intensity intervals in 8 regions of China over 1961-2021, including observed changes (left) and simulated
changes by CMIP6 ensemble simulations (historical and SSP5-8.5) (right). X-axis represents subregions (NC: North China; SE: Southeast China; WNC:
Western North China; YZ: Yangtze River basin; SW: Southwest China; NE: Northeast China; NW: Northwest China; XZ: Xizang), y-axis denotes
different precipitation intensity intervals. Shadings denote trends in frequency (unit: %/°C). White crosses indicate significant change at 0.1 significance

level. From Ref. [67]
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Figure 5 Observed trends in annual maximum daily precipitation (Rx1day) during 19502018 at 8345 stations with sufficient data. (a) Percentage of
stations with statistically significant trends in Rx1day; green dots show positive trends and brown dots negative trends. Box and ‘whisker’ plots indicate
the expected percentage of stations with significant trends due to chance estimated from 1000 bootstrap realizations under a no-trend null hypothesis.
The boxes mark the median, 25th percentile, and 75th percentile. The boxes mark the 2.5th, 25th, 50th, 75th, 97.5th percentiles, respectively. Maps of

stations with positive (b) and negative (c) trends. The light colour indicates stations with non-significant trends, and the dark colour stations with
significant trends. Significance is determined by a two-tailed test conducted at the 5% level. From Ref. [94]
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Synthesis of assessment of observed change in heavy precipitation and
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Figure 6 Synthesis of observed and attributable regional changes in heavy precipitation since the 1950s. The colors represent observed changes. The
number of dots indicates the confidence level for the human influence on these observed changes. From Ref. [107]
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Figure 7 Changes in daily precipitation variability over 1900-2020 (unit: % anomaly). Dashed curves show observed changes. Regional mean
response of precipitation variability to different external forcings for Europe (a), Australia (b) and eastern North America (c). Different colors represent
different external forcings, including all external forcings (red), greenhouse gas forcing (brown), anthropogenic aerosol forcing (blue), and natural
forcing (gray). Solid curves and shadings denote the mean and multi-model spread. From Ref. [24]
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Human activities since the pre-industrial era have exerted extensive impacts on precipitation — a fundamental component of
the hydrological cycle. This review synthesizes the current scientific understanding of anthropogenic influences on long-
term changes in precipitation in multiple aspects, including mean precipitation, seasonal cycle, precipitation spectrum,
extreme precipitation, and precipitation variability. For each aspect, the observed change, detection and attribution, and
underlying physical mechanisms are assessed.

At the global scale, land mean precipitation has shown an increasing trend in recent decades, especially after the 1980s.
Large-scale patterns of mean precipitation change, including the zonal structure and the strengthened contrast between
tropical wet and dry regions, can be attributed to anthropogenic influences. In terms of seasonal cycle, precipitation
seasonal cycle has enhanced globally since the 1980s, leading to enhanced wet-dry season contrast, which is dominated by
large precipitation increases in the wet season. Over northern hemispheric tropical land, the precipitation seasonal cycle has
also delayed in phase since the 1980s. The observed enhanced and delayed precipitation seasonal cycle at large spatial
scales is primarily attributed to anthropogenic influence, especially greenhouse gas emissions, while aerosol forcing is also
important in some regions.

At the daily scale, most land regions have experienced decreases in weak and moderate precipitation while increases in
heavy precipitation. The increasing rate of daily extreme precipitation at the global scale since the 1950s corresponds
roughly to the Clausius-Clapeyron relation, while hourly extreme precipitation can increase at super Clausius-Clapeyron
rates at the regional scale. In addition, precipitation variability has amplified globally over the past century, leading to
amplified swings between wet and dry episodes, which is evident over ~75% of land areas with sufficient observations.

Overall, the observed increases in mean precipitation, seasonality, extreme precipitation and precipitation variability at
the global scale are consistent with theoretical understanding and model simulations. Many of these observed changes have
already emerged from internal variability and can be attributed to anthropogenic greenhouse gas emissions to first order.
Physically, the thermodynamic responses to anthropogenic greenhouse gas emissions, i.e., atmospheric warming and
moistening, are the main driver of the aforementioned precipitation changes. The thermodynamic response, which is
clearly established in theory and well represented by climate models, is also the main basis of confidence in attribution
results. It should also be noted that regional precipitation changes are more complicated, where regional external forcings
such as time-evolving aerosol emissions and internal decadal variability have played an important role in modulating
observed precipitation trends, which can even outweigh the greenhouse gas effect.

Finally, future research priorities are discussed to improve the attribution and understanding of regional precipitation
changes. Multiple lines of effort are needed across the “observations—process understanding—modeling” nexus. First is to
strengthen the observational network especially over data sparse regions. Second is to better understand the dynamic
responses in precipitation, including atmospheric circulation, feedbacks between multi-scale processes, and cloud
microphysics, etc. Third is to better understand the effects of regional forcings (e.g., aerosols, land use and land cover
change, urbanization) and internal climate variability on precipitation. Fourth is to improve climate model capability in
simulating precipitation and related processes, such as kilometer-scale convection permitting modeling.

precipitation, climate change, anthropogenic influence, internal variability, thermodynamic effect, dynamic effect
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