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EXECUTIVE SUMMARY
Recent research suggests that future heavy rain events will be more intense in the Pacific Northwest
(e.g., Warner et al. 2015). The UW Climate Impacts Group (CIG) recently developed hourly climate
projections for use in stormwater planning and design at King County (Mauger et al. 2018). These were
limited to just two new regional climate model projections, but recent work by Cliff Mass (UW
Atmospheric Sciences) has resulted in 12 additional regional climate model projections. This is a major
improvement, since previous work has shown that two model projections are insufficient to accurately
characterize the mean and range of projected changes in climate. This technical memo is an addendum
to Mauger et al. (2018), in which the same methodology is applied to the new WRF ensemble.
Since all of the projections are based on the high-end RCP 8.5 scenario, an additional analysis is
included to identify time periods in the RCP 8.5 projections that can be used as an analog for a different
time period in the RCP 4.5 projections. These comparisons suggest that the changes projected for the
2080s in the RCP 4.5 scenario roughly to those projected for the 2050s in the RCP 8.5 scenario.
Our results show the potential for large increases in future rainfall intensity. For example, models project
an increase of +35% (+8 to +81%) in the 10-year hourly precipitation extreme at Sea-Tac, when
considering the full water year (as opposed to a specific season). Results differ by location, metric, and
season; generally showing a larger change for the more extreme events (e.g., the projected change for
the 5-year is generally larger than that for the 2-year event). All data, documentation, and findings are
made available online, including an interactive tool that allows users to easily navigate to the station
and results of interest.
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BACKGROUND
The UW Climate Impacts Group (CIG) recently developed hourly climate projections for use in
stormwater planning and design at King County (Mauger et al. 2018). These were limited to just two
new regional climate model projections. Simulations were produced using the Weather Research and
Forecasting (WRF, http://www.wrf-model.org; Skamarock et al., 2005) community mesoscale model,
following the configuration developed in previous work (e.g., Salathé et al., 2010).
Although selected to bracket the range among projections, the project results have highlighted the
importance of using a larger ensemble of projections to support decision-making. In particular, the two
models do not consistently bracket the range among projections for all sites and precipitation
durations. A larger ensemble would permit a more robust assessment of the range among projections
for any particular location or metric of interest.
Using funds from the Amazon Catalyst program, Cliff Mass has recently produced 12 additional WRF
projections, using the same model configuration. All of the new projections are based on the high-end
RCP 8.5 scenario.
This technical memo is an addendum to the previous work described by Mauger et al. (2018),
summarizing the results for the larger WRF ensemble by applying the same methodology used in the
previous report, while providing additional context for interpreting the new projections and information
on the relationship between projections produced using the high-end RCP 8.5 vs. the low-end RCP 4.5
scenario.
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GLOBAL CLIMATE MODEL (GCM) PROJECTIONS
GCM projections were obtained from the Climate Model Inter-comparison Project, phase 5 (CMIP5;
Taylor et al., 2012). The 11 GCMs used in the new WRF ensemble were chosen based on Brewer et al.
(2016) and are listed in Table 1. All of the new projections are based on the high-end RCP 8.5 scenario
(Van Vuuren et al., 2011).
Table 1. Global climate models (GCMs) used as input to the regional model simulations. All simulations are
based on the high-end RCP 8.5 greenhouse gas scenario (Van Vuuren et al., 2011).
Model

Center

Resolution

Vertical
Levels

ACCESS1-0

Commonwealth Scientific and Industrial Research
Organization (CSIRO), Australia/ Bureau of Meteorology,
Australia

1.25 x 1.88

38

ACCESS1-3

Commonwealth Scientific and Industrial Research
Organization (CSIRO), Australia/ Bureau of Meteorology,
Australia

1.25 x 1.88

38

bcc-csm1-1

Beijing Climate Center (BCC), China Meteorological
Administration

2.8 × 2.8

26

CanESM2

Canadian Centre for Climate Modeling and Analysis

2.8 × 2.8

35

CCSM4

National Center of Atmospheric Research (NCAR), USA

1.25 × 0.94

26

CSIRO-Mk3-6-0

Commonwealth Scientific and Industrial Research
Organization (CSIRO) / Queensland Climate Change
Centre of Excellence, Australia

1.8 × 1.8

18

FGOALS-g2

LASG, Institute of Atmospheric Physics, Chinese Academy
of Sciences

2.8 × 2.8

26

GFDL-CM3

NOAA Geophysical Fluid Dynamics Laboratory, USA

2.5 × 2.0

48

GISS-E2-H

NASA Goddard Institute for Space Studies, USA

2.5 × 2.0

40

MIROC5

Atmosphere and Ocean Research Institute (The University
of Tokyo), National Institute for Environmental Studies,
and Japan Agency for Marine-Earth Science and
Technology

1.4 × 1.4

40

MRI-CGCM3

Meteorological Research Institute, Japan

1.1 × 1.1

48

NorESM1-M

Norwegian Climate Center, Norway

2.5 × 1.9

26
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Figure 1. Update of Figure 3.1 from Mauger et al. (2018), showing the models selected by Cliff Mass for
downscaling with WRF (blue text), along with those selected by Rupp et al. (2013; arrows). The figure shows the
relative error for each model and metric, for the metrics selected by Mauger et al. (2018). Models are ordered
from least (left) to most (right) mean relative error, where mean relative error is the mean of relative errors
from all metrics.

Mauger et al. (2018) described results from two WRF projections: (1) ACCESS 1.0, RCP 4.5, and (2) GFDLCM3, RCP 8.5. In creating the new larger ensemble described for the current report, an error was found
in the WRF boundary conditions used for the GFDL-CM3 simulation. Although the error has been
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corrected in the new ensemble, this means that the GFDL-CM3 results from Mauger et al. (2018) should
be disregarded.
The selection of models listed in Table 1 differs substantially from those identified in previous CMIP5
GCM evaluations for the Pacific Northwest (Figures 1 and 2). Specifically, ACCESS 1.3 was not evaluated
by Mauger et al. (2018). Of the other models, only four (ACCESS1-0, CanESM2, GFDL-CM3, and
NorESM1-M) were retained as the top-performing models in that analysis. Similarly, of the top 10 GCMs
selected by Rupp et al. (2013), Table 1 only includes three GCMs (CCSM4, CSIRO-Mk3-6-0, and
CanESM2). This is a well-known limitation of GCM evaluation: Previous research has shown that model
ranking can differ substantially depending on the criteria used for GCM evaluation (e.g., Brekke et al.

CanESM2
CESM1-WACCM
CESM1-CAM5
MPI-ESM-MR
MPI-ESM-LR
NorESM1-M
GFDL-ESM2G
MRI-ESM1
GFDL-CM3
ACCESS1-0
IPSL-CM5A-LR
EC-EARTH
IPSL-CM5A-MR
HadGEM2-ES
inmcm4
CNRM-CM5
bcc-csm1-1
CESM1-FASTCHEM
CSIRO-Mk3-6-0
BNU-ESM
CEMS1-BGC
CCSM4
HadGEM2-AO
MIROC-ESM
MIROC5
HadGEM2-CC
MRI-CGCM3
HadCM3
bcc-csm1-1-m
FGOALS-g2
GISS-E2-H
GISS-E2-R

2008). Fortunately, studies also suggest that ensembles of more than 6-10 models tend to converge on

Figure 2. Update of Figure 3.2 from Mauger et al. (2018), showing the models selected by Cliff Mass for
downscaling with WRF (blue text), along with those selected by Rupp et al. (2013; arrows). The figure shows the
normalized error score from principal components analysis of 17 performance metrics. Mauger et al. (2018)
ranked models based on the first 3 principal components (green stars).
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the same average projection. However, this does not address the impact of model selection on the
range among projections. Although the range of the ensemble used in this study is probably related to
the true uncertainty in future precipitation extremes, it is important to bear in mind that it is an
approximation of the uncertainty, and that it may be different if a different subset of global climate
model projections were selected.
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USING RCP 8.5 PROJECTIONS AS A PROXY FOR RCP 4.5
Although all of the new regional climate model projections are based on a high-end greenhouse gas
scenario (RCP 8.5), managers and decision-makers may be interested in the implications of a low-end
emissions trajectory. Figure SPM.10 in the recent IPCC report (IPCC, 2013) gives one example of this, by
relating changes in global average temperature with accumulated global CO2 emissions over time. In
this section we take a more localized look at the same issue, focusing on projected changes for Puget
Sound.

Figure 3. Average change, among all CMIP5 GCMs, in annual average temperature over Puget Sound. Results
are shown for the high-end RCP 8.5 (red) and low-end RCP 4.5 (blue) greenhouse gas scenarios. Temperature
change is plotted against the “radiative forcing” – the total warming potential of all greenhouse gases – for
each scenario, and each decade is labeled along the two scenarios. Each line shows the average for all CMIP5
GCM simulations for which surface temperature projections are available. Changes are assessed relative to the
average for 1950-1999.
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Figure 3 compares projected changes in annual average temperature for the two greenhouse gas
scenarios, showing the average change among all CMIP5 GCMs (results were similar when considering
only the 12 GCMs which were used to drive the new WRF projections). In order to minimize the effect of
natural variability and focus uniquely on the long-term change, the projected change in temperature for
each decade is calculated using a Gaussian-weighted average with a standard deviation of 10 years. The
Gaussian window was found to more effectively average out natural variability than a simple moving
average. Based on this comparison, users can identify analogs between the two scenarios. For example,
the 2080s in the RCP 4.5 projections appear to correspond approximately to the 2040s or 2050s in the
RCP 8.5 projections.
In Figure 4 we show the same comparison for the winter (Oct-Mar) maximum in average precipitable
water over Puget Sound. “Precipitable water” refers to the total amount of water vapor in the
atmosphere over a particular point. Previous research has shown that maximum daily precipitable water
is closely related to heavy precipitation in western Washington (Warner et al., 2012). The results of this

Figure 4. As in Figure 3 except showing changes in the maximum daily value of precipitable water for each
winter (Oct-Mar), averaged over Puget Sound.
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comparison are similar to those for average annual temperature, though the 2080s in RCP 4.5
corresponds to a slightly later time – closer to the 2050s in the RCP 8.5 projections.
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RESULTS
The format and organization of the results is summarized in Mauger et al. (2018), all of which are linked
on the project web page:
https://cig.uw.edu/our-work/applied-research/heavy-precip-and-stormwater/
Projected changes in the 1-hour precipitation statistics are summarized in Table 2, for the 2080s (20702099) relative to 1970-1999. Projections for other precipitation durations and for the 2030s (2020-2049)
and 2050s (2040-2069) are included in the online data and can be browsed in the Tableau tool
accompanying this report. Each row in the table shows the results for either the total accumulation (1st
row), or for precipitation extremes at different return intervals ranging from the 2- to the 100-year
event. Columns show the results for both WRF simulations for the water year, followed by the statistics
for each season starting in winter (Dec-Feb) and ending in fall (Sep-Nov).
Water Year
Total Precip.
2-yr

Extreme Statistics

5-yr
10-yr
25-yr
50-yr
100-yr

Dec-Feb

Mar-May

Jun-Aug

Sep-Nov

+9%

+15%

+7%

-19%

+10%

(0%, +18%)

(-2%, +44%)

(-16%, +21%)

(-45%, +4%)

(+1%, +30%)

+31%

+24%

+20%

-5%

+33%

(+14%, +52%)

(+3%, +46%)

(+7%, +35%)

(-30%, +38%)

(+11%, +49%)

+36%

+29%

+22%

+6%

+37%

(+16%, +76%)

(-0%, +50%)

(-6%, +45%)

(-30%, +88%)

(+13%, +74%)

+39%

+33%

+24%

+12%

+39%

(+12%, +101%)

(-7%, +56%)

(-12%, +70%)

(-32%, +114%)

(+14%, +92%)

+45%

+41%

+29%

+20%

+41%

(+1%, +145%)

(-17%, +88%)

(-20%, +118%)

(-36%, +138%)

(+11%, +116%)

+51%

+49%

+34%

+26%

+42%

(-7%, +189%)

(-25%, +124%)

(-24%, +170%)

(-44%, +149%)

(+6%, +134%)

+58%

+59%

+41%

+32%

+43%

(-15%, +243%)

(-32%, +182%)

(-28%, +238%)

(-51%, +155%)

(-3%, +152%)

Table 2. Update of Table 8.1 from Mauger et al. (2018). Projected changes (%) in 1-hour
precipitation statistics for the WRF grid point closest to the COOP Sea-Tac rain gauge
(#457473), for the 2080s (2070-2099) relative to 1970-1999. The table shows the changes for 11
WRF projections (average, minimum, and maximum), all based on a high-end greenhouse gas
scenario (RCP 8.5). Columns show results for the full water year (Oct-Sep), as well as for winter
(Dec-Feb), spring (Mar-May), summer (Jun-Aug), and fall (Sep-Dec). Rows show the projected
change in the total precipitation for each time period as well as the extreme statistics
corresponding to the 2-, 5-, 10-, 25-, 50-, and 100-year events.
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The percent change in total precipitation is included for comparison with the extreme statistics: models
generally show much smaller changes in seasonal and annual totals, whereas changes are larger for the
extreme statistics. Focusing on the 10-year event (10% annual chance of exceedance), Table 2 shows a
projected change of +35% (+8 to +81%) when considering the full water year. Projected changes are
similar for all seasons. Overall the projections are quite consistent in showing overall increases in

Figure 5. Time series of the water year maximum in 1-hour (top row) and 24-hour (bottom row)
precipitation for the Sea-Tac NOAA COOP weather station site (ID: 457473. Results are shown for all 11
RCP 8.5 WRF projections (light grey lines), and for the average among all models for each water year
(thick black line). To simplify interpretation, the model average is smoothed using a 31-point Gaussian
filter.
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precipitation extremes, and larger changes for the more extreme events (e.g., the average change for
the 5-year is greater than for the 2-year event). Whereas Mauger et al. (2018) found evidence of a
decrease in summer precipitation, the new projections suggest that an increase is more likely: only a
few models project a decrease in summer precipitation extremes.
Figure 4 shows the time series of the annual maximum for 1-hour and 24-hour precipitation for each
water year. Consistent with Table 2, these show a clear tendency towards larger events, with significant
variability about that trend – both due to differences among models and due to random natural
variability. The time series also show that the intermittency of the largest events. Although most of
these are within the range of expectations, there is one particularly large hourly precipitation event
around 2050 (specifically, an hourly precipitation of 60.6 mm at 6AM on 06-29-2050). This occurs in
only the GFDL CM3 (RCP 8.5) simulation, and based on initial inspection it appears to be primarily
isolated to the vicinity of Seattle. Given how anomalous this one event is, additional study is needed to
better understand its origin, and the extent to which it represents a credible model result.
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