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            Abstract
Snowfall is an important element of the climate system, and one that is expected to change in a warming climate1,2,3,4. Both mean snowfall and the intensity distribution of snowfall are important, with heavy snowfall events having particularly large economic and human impacts5,6,7. Simulations with climate models indicate that annual mean snowfall declines with warming in most regions but increases in regions with very low surface temperatures3,4. The response of heavy snowfall events to a changing climate, however, is unclear. Here I show that in simulations with climate models under a scenario of high emissions of greenhouse gases, by the late twenty-first century there are smaller fractional changes in the intensities of daily snowfall extremes than in mean snowfall over many Northern Hemisphere land regions. For example, for monthly climatological temperatures just below freezing and surface elevations below 1,000 metres, the 99.99th percentile of daily snowfall decreases by 8% in the multimodel median, compared to a 65% reduction in mean snowfall. Both mean and extreme snowfall must decrease for a sufficiently large warming, but the climatological temperature above which snowfall extremes decrease with warming in the simulations is as high as −9 °C, compared to −14 °C for mean snowfall. These results are supported by a physically based theory that is consistent with the observed rain–snow transition. According to the theory, snowfall extremes occur near an optimal temperature that is insensitive to climate warming, and this results in smaller fractional changes for higher percentiles of daily snowfall. The simulated changes in snowfall that I find would influence surface snow and its hazards; these changes also suggest that it may be difficult to detect a regional climate-change signal in snowfall extremes.
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                    Figure 1: Ratios of snowfall for the warm climate compared with the control climate.[image: ]


Figure 2: Ratios of snowfall for the warm climate compared with the control climate as a function of climatological monthly surface air temperature in the control climate.[image: ]


Figure 3: Daily snowfall fraction as a function of daily surface air temperature.[image: ]


Figure 4: Multimodel-median surface air temperatures at which snowfall extremes occur as a function of climatological monthly surface air temperature in the control climate.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Mean snowfall in simulations and observations.
a, The control climate in the multimodel median. b, c, Observational estimates from GPCP/NCEP2 (b) and CloudSat (c). In each case, results are only shown where mean snowfall exceeds 5 cm per year.


Extended Data Figure 2 Daily snowfall extremes in simulations and observations.
a, The control climate in the multimodel median. b, Observational estimate from GPCP/NCEP2. The snowfall extremes shown are the 20-year return values estimated using a fit of the generalized extreme value distribution to the annual-maximum time series. In each case, results are only shown where mean snowfall exceeds 5 cm per year.


Extended Data Figure 3 Mean and extreme snowfall as a function of climatological monthly surface air temperature in simulations and observations.
a–d, The 99.99th (a), 99.9th (b), and 99th (c) percentiles of daily snowfall and mean snowfall (d) are shown for the control climate in the multimodel median (black solid line with circles; shading shows the interquartile range) and as estimated from GPCP/NCEP2 (black dashed line). CloudSat mean snowfall (red dashed-dotted line) is also shown in d. For the observational curves, NCEP2 monthly temperatures were used to define the climatological monthly surface air temperature bins. Only land grid boxes in the Northern Hemisphere (but all surface elevations) are included.


Extended Data Figure 4 Mean and extreme snowfall in different climates as a function of climatological monthly surface air temperature.
a–d, The multimodel-median 99.99th (a), 99.9th (b), and 99th (c) percentiles of daily snowfall and mean snowfall (d) are shown in the control climate (blue line with circles) and warm climate (red line with circles). The snowfall statistics shift left with warming (to some extent) because of the important influence of temperature on snowfall. Also shown are theoretical estimates given by equation (1) for high percentiles of snowfall in the control climate (blue dashed line) and the warm climate (red dashed line). Only land grid boxes in the Northern Hemisphere with surface elevation below 1,000 m are included.


Extended Data Figure 5 Robustness of greater declines in mean snowfall compared with snowfall extremes in ten models from different centres (see Methods).
a, Number of models out of ten in which the fractional decrease in the 20-year return value is less than that for mean snowfall or the 20-year return value increases. b, Ratios of mean snowfall (red) and the 99.99th percentile of daily snowfall (green) for the warm climate compared to the control climate and the −2.5 °C control-climate temperature bin. In a, only land grid boxes with mean snowfall greater than 5 cm per year in the control climate in the multimodel median are shown. In b, only Northern-Hemisphere land grid boxes with surface elevation below 1,000 m are included, and the models are identified by number in the ‘Simulations’ section of the Methods.


Extended Data Figure 6 Snowfall fraction as a function of surface air temperature in simulations and observations.
The snowfall fraction is shown for the control climate in individual models (grey lines) and the multimodel median (solid black line). A functional fit to observations is shown for comparison (black dashed line). The snowfall fraction for models is calculated as the ratio of mean snowfall to mean precipitation in daily temperature bins of width 0.25 °C, as in Fig. 3 but with all surface elevations included. The functional fit to the observed snowfall fraction is for three-hourly observations from Swedish meteorological stations22.


Extended Data Figure 7 Schematic illustrating the effect of climate warming on the joint PDF of temperature T and normalized precipitation rate [image: ], and the resulting change in a high snowfall percentile sq.
a, b, The joint PDF as a function of T at a fixed [image: ] (a), and as a function of snowfall rate [image: ] at T = Tm close to which snowfall extremes tend to occur (b). The joint PDF is shown for the control (blue) and warm (red) climates. Mean snowfall and the probability of snowfall can be inferred to decrease markedly with warming from a, while in b the area under the joint PDF to the right of sq is the same in each climate, and sq experiences a relatively small fractional decrease with warming.


Extended Data Figure 8 Parameters in the theory as a function of climatological monthly surface air in the control climate.
a, b, Shown are the multimodel-medians of the rate parameter γ (a) and shape parameter k (b) in the control climate (blue line; shading shows the interquartile range) and warm climate (red line). Only land grid boxes in the Northern Hemisphere with surface elevation below 1,000 m are included.


Extended Data Figure 9 Multimodel-median changes in snowfall extremes between the control and warm climates as a function of climatological monthly surface air temperature in the control climate.
a–c, 99.99th (a), 99.9th (b) and 99th (c) percentiles of daily snowfall for the simulations (black line with circles), theory estimate from equation (1) (green dashed line), and simple theory estimate from equation (2) (green dashed-dotted line). The simple theory estimate is not independent of percentile for high climatological temperatures because it is constrained to not imply a negative snowfall rate in the warm climate. Only land grid boxes in the Northern Hemisphere with surface elevation below 1,000 m are included.


Extended Data Figure 10 Ratios of snowfall for land grid boxes in the Northern Hemisphere with elevations at or above 1,000 m.
a, b, Ratios are shown for the warm climate compared with the control climate as a function of climatological monthly surface air temperature in the control climate. Multimodel-median ratios of mean snowfall (red line) are shown in both panels. a, Multimodel-median ratios of the 99th, 99.9th and 99.99th percentiles of daily snowfall in increasing order from light to dark grey. b, Multimodel-median ratio of the 99.99th percentile of daily snowfall (grey line; shading shows the interquartile range), and the same ratio according to the theory estimate from equation (1) (green dashed line) and the simple theory estimate from equation (2) (green dashed-dotted line).
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        Editorial Summary
Climate warming — with snowstorms
A warming climate is expected to decrease snowfall dramatically, but will it necessarily reduce the frequency of extremely heavy snow events — those that tend to have the greatest impact on, for example, urban infrastructure and power supplies? Paul O'Gorman shows that by the late twenty-first century, even in a scenario of high emissions of greenhouse gasses, there should be little change in the frequency of heavy snowfall events. O'Gorman links the stability of heavy snow to the presence of a stable threshold between rain and snow, one that is unlikely to be changed by climate warming. The findings suggest that — unlike the case for extreme liquid precipitation — extreme snowfall is unlikely to be a good diagnostic of climate change.
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