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Key messages 
• The present: 
• Precipitation extremes are changing (but the chances of detecting 

change in your backyard are slim)
• The future in a changing climate:
• Models project further changes in precipitation extremes 

consistent with CC-scaling in most mid-latitude land areas
• There is no free lunch:
• ”Binning scaling” based on observations can’t be used to project 

future extremes
• The “future” in a static climate:
• The engineering community is seeking return level estimates for 

much longer return periods to enable “uniform risk” design 
practices – standard tools may not be up to the task
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The present (and recent past):
Precipitation extremes are changing



• Observational studies suggest intensification is occurring
• Supported by a growing number of global and “detection and 

attribution” studies of long-term changes in extreme precipitation
• Min et al., 2011; Zhang et al., 2013; Dong et al., 2020 (submitted); 

Kirchmeier-Young and Zhang, 2020
• Local detection of change is very hard
• Westra et al., 2013; Barbero et al., 2017; Li et al., 2019a; Sun et al., 2020a 

(submitted)
• Rate of intensification is in observed areas is roughly consistent with 

Clausius-Clapeyron (i.e., ~6-7% intensification per 1°C warming)

Precipitation extremes
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Figure 2. Summary of Mann-Kendal trend analyses for the period 1950-2018 for 8356 stations. 
(a) and (d), maps of locations of stations with trends for RX1day and RX5day, respectively. Light 
blue dots indicate increasing trend and light red dots mark decrease trend. Sold blue and red dots 
indicate significant increasing and decreasing trend at the 5% level. (b), (c), (e) and (f), percentage 
of stations with statistically significant increasing and decreasing trends. The histogram represents 
the distribution of percentage of stations with significant trends from 1000 bootstrap realizations. 
The red dots represent the values from the observational data.

Observed trends in annual maximum 1-day precipitation
8354 stations, 1950-2018
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FIG. 2. Summary of Mann-Kendal trend analyses for the period 1950–2018 for 8354 stations. (a) 855 

and (d), maps of locations of stations with trends for Rx1day and Rx5day, respectively. Light 856 

blue dots indicate increasing trends and light red dots mark decreasing trends. Sold blue and red 857 

dots indicate statistically significant trends as determined by a two-sided test conducted at the 858 

5% level. (b), (c), (e) and (f), percentage of stations with statistically significant increasing and 859 

decreasing trends. The histogram represents the distribution of percentage of stations with 860 

significant trends from 1000 bootstrap realizations when the connection between time and the 861 

occurrence of annual extremes is broken. The red dots represent the values from the 862 

observational data.863 
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Bootstrap estimate of expected rejection rates in 
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 864 

FIG. 3. Estimated local sensitivity of precipitation extremes to temperature change (percent 865 

change per 1 K increase in global mean surface temperature) during the period 1950–2018 for 866 

Rx1day (a and b) and Rx5day (c and d). The red dots in (b) and (d) represent median sensitivity 867 

amongst global land based observing stations while the box-and-whisker plots summarizes the 868 

breadth of the estimated distribution of the sensitivity from 1000 bootstrap realizations under 869 

conditions when the null hypothesis that the sensitivity is zero is true (i.e., the resampling 870 

process has broken the link between temperature and precipitation). In these plots, the 25th/75th 871 

percentiles are shown as upper and lower edges of the boxes while the median is marked by the 872 

center line; The upper and lower whiskers show the 97.5th and the 2.5th percentiles. The 873 

observed median sensitivity estimate is evidently significantly larger than zero.  874 
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The future in a changing climate:
Some preliminary CMIP6 results

Photo: F. Zwiers (Squall on Juan de Fuca Strait)
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Figure 3: Projected future changes in the intensity of temperature and precipitation
extremes. Panels show the multi-model median changes in the 50-year return values of annual
maximum daily maximum temperature (TXx), annual minimum daily minimum temperature
(TNn), annual maximum 1-day precipitation (Rx1day) and 5-day precipitation (Rx5day) at the
end of this century (2071-2100) relative to the recent past (1985-2014) under the lower (SSP126)
and higher (SSP585) forcing scenarios.
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Figure 3: Projected future changes in the intensity of temperature and precipitation
extremes. Panels show the multi-model median changes in the 50-year return values of annual
maximum daily maximum temperature (TXx), annual minimum daily minimum temperature
(TNn), annual maximum 1-day precipitation (Rx1day) and 5-day precipitation (Rx5day) at the
end of this century (2071-2100) relative to the recent past (1985-2014) under the lower (SSP126)
and higher (SSP585) forcing scenarios.
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Projected change in 50-year 1-day extreme precipitation

• CMIP6 SSP585 
• 1985-2014 vs 

2071-2100 
• Preliminary 

analysis based 
on 7 models
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50−year event 2−year event
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Figure 6: The scaling rates of temperature and precipitation extremes with respect
to global annual mean surface air temperature increase. Panels show the estimated
multi-model median scaling rates for the 50-year and 2-year return values of annual maximum
daily maximum temperature (TXx), annual minimum daily minimum temperature (TNn),
annual maximum 1-day precipitation (Rx1day) and 5-day precipitation (Rx5day) with respect to
global annual mean surface air temperature increase. White curves show the 1 �/� contours of
the scaling rates for temperature extremes.
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to global annual mean surface air temperature increase. Panels show the estimated
multi-model median scaling rates for the 50-year and 2-year return values of annual maximum
daily maximum temperature (TXx), annual minimum daily minimum temperature (TNn),
annual maximum 1-day precipitation (Rx1day) and 5-day precipitation (Rx5day) with respect to
global annual mean surface air temperature increase. White curves show the 1 �/� contours of
the scaling rates for temperature extremes.
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Intensification of 1-day extreme precip per 1°C warming

50-year 
event 2-year 

event

CMIP6, all SSPs, all time horizons, preliminary results based on 7 models
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The future in a changing climate:
Intensification depends on rarity
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in the scaling rate estimation as is available from a single simulation for
an individual grid cell, which can substantially reduce uncertainty in
the estimates of the scaling rate caused by internal variability. We select
a subset of grid cells from the 7 ! 7 region so as to make
computations manageable.

We diagnose the thermodynamic and dynamic scaling rates for precipita-
tion extremes using the method in Emori and Brown (2005), which is
based on the empirical relationship between precipitation intensity
and vertical velocity at 500 hPa. The diagnosed thermodynamic scaling
rate represents the response of extreme precipitation to changes in atmo-
spheric moisture conditional on the present!day circulation, while the
diagnosed dynamic scaling rate represents its response to circulation
changes acting on the present!day moisture distribution. We consider
the sum of these thermodynamic and dynamic scaling rates as the diag-
nosed total scaling rate. We note that the diagnosed total scaling rate in
the CanRCM4 simulations agrees well with the direct estimate from
the simulations by quantile regression (e.g., Figures 1a and 1b vs.
Figures 2a and 2d).

The choice of an empirical method for diagnosing thermodynamic and
dynamic scaling rates is necessary here since vertical velocities were only
archived from the CanRCM4 simulations at three vertical levels (i.e., 800,
500, and 200 hPa), which is insuf!cient for the implementation of more
physically based approaches such as the diagnostic of O'Gorman and
Schneider (2009) or the moisture budget analysis of Norris et al. (2019).
As this statistical method is based on the empirical correlation between
precipitation intensity and vertical velocity at 500 hPa, it can become less
reliable in regions where the correlation is weak. It is veri!ed that for all
land grid cells in North America, the correlation between precipitation
and vertical velocity at 500 hPa is greater than 0.3 for all studied accumu-
lation durations in the CanRCM4 simulations when the vertical velocity is
upward, that is, when precipitation is expected to occur.

3. Results
3.1. Larger Increases in More Extreme Local Precipitation Events
in Response to Warming

Consider as an example the estimated scaling rates for 6!hr extreme preci-
pitation events. The magnitude of extreme 6!hr precipitation events
increases almost everywhere across North America regardless of their
intensity (Figures 1a and 1b), except for southern subtropical regions
around Mexico and Greater Antilles where moderate events become less
intense (e.g., Figure 1a for 2!year events). In general, the rate of increase

is smaller over western interior regions than elsewhere. This is the case for all studied intensity levels,
though spatial gradients are somewhat sharper for relatively less extreme events (Figure 1a vs. 1b).
Similar results are found for extreme precipitation events of longer durations (Figures S2 and S3). These
results are consistent with those reported in our previous study (Li et al., 2018), where a generalized extreme
value distribution with temperature!dependent parameters is used for scaling rate estimation. The size of the
large ensemble simulation, with its 35 runs, ensures that the estimated scaling rates are robustly constrained
across almost all of North America for all studied extreme precipitation events, with the absolute value of the
ratio between the scaling rate estimate and its standard error being substantially greater than 5 (e.g.,
Figures 1c and 1d and Figures S2 and S3). These robustly constrained estimates provide a basis for a rigorous
statistical test of whether more extreme precipitation events indeed intensify more rapidly than less extreme
events with global warming in CanRCM4 (see online supporting information for details).

Figure 1. Larger increases in more extreme precipitation events than in less
extreme events in response to global warming. (a, b) Estimated scaling
rates (%/°C) for the (a) 2! and (b) 50!year 6!hr precipitation events with
respect to annual global mean surface air temperature. (c, d) Uncertainties
(unitless) in the estimated scaling rates shown in (a) and (b) expressed as
“scaling rate per standard error.” Standard error is estimated via a bootstrap
approach (see online supporting information). (e) Spatial probability distri-
butions of the estimated scaling rate differences between more extreme
precipitation events (shown along the horizontal axis) and the moderate
2!year events. The white line and red dot represent the spatial median and
mean over North America, respectively. The height of the box represents
the interquartile range across the domain, while the whisker extends to the
5–95% range. See Figures S2 and S3 for 12 and 24!hr extreme precipitation
events.
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Intensification of 6-hour extreme precip per 1°C warming
CanRCM4 large ensemble, RCP8.5, all time horizons
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results are consistent with those reported in our previous study (Li et al., 2018), where a generalized extreme
value distribution with temperature!dependent parameters is used for scaling rate estimation. The size of the
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Figure 1. Larger increases in more extreme precipitation events than in less
extreme events in response to global warming. (a, b) Estimated scaling
rates (%/°C) for the (a) 2! and (b) 50!year 6!hr precipitation events with
respect to annual global mean surface air temperature. (c, d) Uncertainties
(unitless) in the estimated scaling rates shown in (a) and (b) expressed as
“scaling rate per standard error.” Standard error is estimated via a bootstrap
approach (see online supporting information). (e) Spatial probability distri-
butions of the estimated scaling rate differences between more extreme
precipitation events (shown along the horizontal axis) and the moderate
2!year events. The white line and red dot represent the spatial median and
mean over North America, respectively. The height of the box represents
the interquartile range across the domain, while the whisker extends to the
5–95% range. See Figures S2 and S3 for 12 and 24!hr extreme precipitation
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Intensification of 6-hour extreme precip per 1°C warming
CanRCM4 large ensemble, RCP8.5, all time horizons

Intensification relative to 2-year event
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The future in a changing climate:
No free lunch from binning scaling



NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 3

PERSPECTIVENATURE GEOSCIENCE DOI: 10.1038/NGEO2911

the Mediterranean region show an annual cycle that is warmer under 
future forcing scenarios but is otherwise similar to the historical 
annual cycle, and the extreme precipitation–temperature relationship 
established through the binning approach correspondingly shi!s to 
higher temperatures31.

"e response to long-term warming in extreme precipitation is no 
doubt also a#ected by confounding circulation e#ects, but the rela-
tive importance of dynamic and thermodynamic in$uences will be 
very di#erent, and arguably less pronounced, than experienced over 
the course of an individual annual cycle or season. "e dynamical 
response to global warming is generally felt to be uncertain and mod-
est36–38, as is also supported indirectly by the absence of detection and 
attribution results concerning storm frequency, intensity or location. 
To the extent that long-term changes in circulation do occur in some 
regions as the climate warms, for example, due to possible storm track 
changes, the impact on extreme precipitation may nevertheless dif-
fer in character from extreme precipitation changes associated with 
an equivalent temperature change in the course of the annual cycle. 
"us, from a physical perspective, results obtained from the binning 
approach will not necessarily re$ect changes in precipitation intensity 
under global warming.

Conditional quantile-based scaling not a reliable predictor
Historical changes in extreme precipitation are di%cult (although 
not impossible) to discern, and scale di#erently with temperature 

change than the scaling that is inferred from the analysis of condi-
tional quantiles, as can be illustrated with long records of high-quality 
hourly precipitation from &ve observing stations in the Netherlands 
(Methods). Figure' 1a illustrates the very clear warming trend in 
summer wet-day dew-point temperature at these stations, which is 
consistent with warming that has occurred over most of the world39. 
Despite the signi&cant long-term trend in temperature, the long-term 
trend in extreme hourly precipitation is very uncertain and not statis-
tically distinguishable from zero (Fig.'1b). Nevertheless, the relation-
ship between summer maximum hourly precipitation and the local 
seasonal mean dew-point temperature or wet-day dew-point tem-
perature is signi&cant (Fig.'1c). "e median of maximum 1-hour pre-
cipitation increases by 7.2% per °C increase in seasonal mean wet-day 
dew-point temperature (Supplementary Table 3), and by 6.3% per °C 
increase in hourly dew-point temperature observed 2 hours prior to 
the extreme rainfall event. "e smaller rate of the latter is probably 
due to larger noise in the hourly dew-point temperature (Methods), 
indicating the need to reduce noise in the predictor by averaging over 
time or space or by pooling data from di#erent locations when estab-
lishing precipitation and temperature relationships. "ese trend scal-
ing rates are consistent with the CC rate. Figure'2 shows the estimated 
binning scaling rates for the same locations based on the 99.9th and 
the 99th percentiles of hourly summer precipitation conditional on 
daily mean dew-point temperatures. Conditioning on daily mean 
temperature gives a similar plot. In contrast with the trend scaling 
estimate, super CC scaling is observed over most of the temperature 
range, consistent with earlier &ndings20,23.

"e largest conditional 99.9th and the 99th percentiles, which are 
the most relevant to impacts, correspond to dew-point temperatures 
of about 19'°C. Under a warming scenario with a 2'°C temperature 
increase and assuming no signi&cant change in circulation, and thus 
no signi&cant change in the mechanisms that produce annual pre-
cipitation extremes, one would expect a shi! to the binning curve as 
reported in refs'31'and 40. "at is, the largest conditional 99.9th and 
the 99th percentiles would have larger values due to an increase in 
atmospheric moisture, and would occur at dew-point temperatures 
of about 21'°C. In contrast, if the binning curves for the current cli-
mate were to be used to project the future by reading o# the condi-
tional quantiles that correspond to 21'°C, a decrease in these extreme 
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Figure 2 | Relationship between extreme 1-hour precipitation and the 
daily dew-point temperatures during wet days in summer. Binning 
method estimates of 99.9th and the 99th conditional percentiles of hourly 
precipitation (conditional on daily dew-point temperature) based on data 
from five observing stations in the Netherlands. Super CC scaling (around 
14% per °C) between precipitation and dew-point temperature is clearly 
seen. The dotted lines represent the 7% per °C (black) and the 14% per °C 
(red) rates. JJA, June–July–August.
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Figure 3 | Schematic representation of possible shifts of binning curves 
in the warmer world assuming no circulation change. The binning curve 
in the warmer climate (red) shifts along the current climate (blue) curve 
if the binning rate is the same as the trend rate (left); it shifts right-
downwards if the binning rate is larger than the trend rate (middle), and 
right-upwards if the binning rate is smaller than the trend rate (right). The 
black lines represent changes in the heaviest precipitation from the current 
to the future climates. The slopes of the binning curves and the black lines 
represent the binning scaling rates and trend scaling rates, respectively.
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• Apparently strong super-CC 

intensification

• And warming is evident

• Tempting to use this for observations-

based projections, but …

• But we don’t see significant long-term 

change in extreme hourly precipitation

14%/K

14%/K

7%/K

JJA 99.9%                 
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What about ”binning scaling”?
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 734 

FIG. 6. Binning scaling rate for P9903 with daily dewpoint temperature during the 1951±2000 735 

and 2051±2100 periods, and trend scaling rate for annual/seasonal maximum precipitation of 3-736 

hour duration precipitation with dewpoint temperature change. (a±c) for the whole year; (d±f) 737 

summer; and (g±i) winter. Units: %/°C. 738 
39 
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Can ”binning scaling” predict future extremes?

CanRCM4 - LE
1951-2000

Binning scaling rate for 99th percentile of 
JJA 3-hour precipitation conditional on Td

Scaling rate (% per °C change in Td)

Intensification of JJA maximum 3-hour 
precipitation per °C warming in JJA Td

CanRCM4 - LE
1951-2100
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Interpretation

• Binning curve describes an 

aspect of precipitation 

climate

• Curve confounds seasonal 

circulation change with the 

effect of warming

• Models tend to shift curves 

upwards and to the right at 

the CC-rate

41 
 

 745 

FIG. 8. Binning curves with daily dewpoint temperature for the CPlains, PacificSW, and 746 

MidAtlantic Bukovsky regions for the whole year, JJA, and DJF 3-hour precipitation extremes 747 

(P9903) during 1951±2000 (blue) and 2051±2100 (red) together with a version of the curve for 748 

1951-2000 that has been shifted by 7% per ℃ of projected warming of dewpoint temperature 749 

between the two periods (gray). Thick lines, circles, and crosses indicate binning curves based on 750 

data for the full year, DJF, and JJA. Shaded areas show the 5 to 95 percentile spread determined 751 

via bootstrapping.  752 

CanRCM4 binning scaling curves for Central Plains region

Td (°C)

• 1951-2000

• 2051-2100

• 1951-2000 shifted 
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The future in a static climate:
Very long period return levels

Photo: F. Zwiers (Xiaoqikong)



18

Relative bias of extreme quantile estimates

Relative bias in 
extreme quantiles of 
CanRCM4 simulated 1-
hour precipitation 
accumulations for 
1951-2000 based on 
fitting a GEV 
distribution to 1750 
annual extremes for 
1951-2000

33 
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Figure 7. Maps of the bias in return levels estimated using GEV-1 distributions (GEV fitted to 647 
annual maximum hourly precipitation) and GEV-10 distributions (GEV fitted to 10-year maxima 648 
of hourly precipitation) using the 35 CanRCM4 historical simulations of the period 1951-2000. 649 
Bias is expressed in % relative to the corresponding empirical estimates. 650 
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Figure 7. Maps of the bias in return levels estimated using GEV-1 distributions (GEV fitted to 647 
annual maximum hourly precipitation) and GEV-10 distributions (GEV fitted to 10-year maxima 648 
of hourly precipitation) using the 35 CanRCM4 historical simulations of the period 1951-2000. 649 
Bias is expressed in % relative to the corresponding empirical estimates. 650 

 651 

 652 

 653 

  654 



24 
 

 480 

Figure 4. Return level estimates based on fitting the GEV distribution to annual maxima at four 481 
different locations A (in (b)), B (in (d)), C (in (f)) and D (in (h)) using one CanRCM4 simulation 482 
of 1951-2000 (50 annual maxima, in blue) and the 35 simulations (1750 annual maxima, in red). 483 
Geographical positions of the four locations are shown in (a). Black dots in panels (b), (d), (f) 484 
and (h) show empirical quantile estimates obtained using the 1750 annual maxima. Estimates of 485 
the shape parameter versus block length based on 1750 years of CanRCM4 simulations are 486 
shown by the black line for the four locations A (in (c)), B (in (e)) , C (in (g)) and D (in (i)). 487 
These panels also show estimated shape parameters based on annual maxima from a single 488 
CanRCM4 simulation (in blue) and the 35 ensemble members (in red), with the extension to 489 
longer blocks reflecting the max-stability assumption. Shading indicates 80% confidence 490 
intervals obtained by bootstrapping. 491 

GEV fits to block maxima at 2 locations
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Relative bias of extreme quantile estimates

Relative bias in 
extreme quantiles of 
CanRCM4 simulated 1-
hour precipitation 
accumulations for 
1951-2000 based on 
fitting a GEV 
distribution to 175 
decadal extremes for 
1951-2000

100-year return level 1000-year return level
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Figure 7. Maps of the bias in return levels estimated using GEV-1 distributions (GEV fitted to 647 
annual maximum hourly precipitation) and GEV-10 distributions (GEV fitted to 10-year maxima 648 
of hourly precipitation) using the 35 CanRCM4 historical simulations of the period 1951-2000. 649 
Bias is expressed in % relative to the corresponding empirical estimates. 650 
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Relative bias in 1000-year return level estimates

34 
 

 803 

Figure 3. Maps of the relative bias of 1000-year RL estimates, over North America, using the 804 
compound approach in (a), the univariate approach in (b), and the univariate approach using the 805 
1750 annual maxima in (c). 806 
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Key messages

Photo: F. Zwiers (First Bridge, Yangtze River at Nanjing)



Key messages 
• The present: 
• Precipitation extremes are changing (but the chances of detecting 

change in your backyard are slim)
• The future in a changing climate:
• Models project further changes in precipitation extremes 

consistent with CC-scaling in most mid-latitude land areas
• There is no free lunch:
• ”Binning scaling” based on observations can’t be used to project 

future extremes
• The “future” in a static climate:
• The engineering community is seeking return level estimates for 

much longer return periods to enable “uniform risk” design 
practices. Standard tools may not be up to the task
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Photo: F. Zwiers (Juan de Fuca Strait)

Questions?

https://www.pacificclimate.org/


