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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). Past studies have not accounted for this change, either because the methods cannot 

reliably capture changes in rainfall intensity (e.g., Abatzoglou and Brown 2012), or because previous 

studies did not evaluate changes in short-duration precipitation (e.g., hourly) that are of relevance to 

stormwater planning (e.g., Salathé et al. 2010).  

The purpose of this project was to develop projections of 21st century changes in precipitation that can 

be used to inform stormwater and wastewater management in Thurston County. The work was funded 

by the Thurston County Stormwater Utility. 

The specific objectives of the project were to: 

1. Produce three new Regional Climate Model projections: Evaluate global models and develop 

projections representing a range of potential changes in 21st century precipitation extremes.  

2. Synthesize projections to support stormwater planning needs: Develop hourly precipitation 

time series (1970-2099) for hydrologic model input points. Evaluate changes in the intensity, 

duration, and magnitude of heavy precipitation events at specific locations across the county. In 

addition, provide gridded estimates of changing precipitation statistics that can be used to 

evaluate differences in risk across the county. 

Using the Weather Research and Forecasting (WRF, Skamarock et al. 2005) regional climate model, we 

collaborated with UW Professor Cliff Mass, in the department of Atmospheric Sciences, to produce an 

ensemble of 12 new “dynamically downscaled” projections of future climate. A key feature of these 

projections is that they provide hourly estimates of future weather conditions (temperature, precipitation, 

humidity, wind, etc.). This is critical, given that many stormwater facilities are designed based on short-

duration rainfall intensities. Results from each simulation were evaluated for 19 rain gauge sites that are 

currently operated by Thurston County.  

Our results show the potential for large increases in future rainfall intensity, for example showing an 

increase of +30% (+10 to +53%) in the 2-year hourly precipitation extreme at Olympia Airport, 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 

Changes in the intensity, duration, and frequency of precipitation may negatively affect stormwater and 

wastewater facilities, exacerbate landslide and urban flood risk, and lead to other public safety and water 

quality concerns. Recent research has shown that heavy rain events are projected to become more intense 

with climate change (e.g., Warner et al. 2015, Trenberth 2011). This has altered the calculus regarding 

climate change impacts in the Pacific Northwest, since previous research suggested very little change in 

precipitation for the region. This is in part due to new methods of “downscaling” the large-scale changes 

projected by global climate models (GCMs) to smaller-scale changes of relevance to impacts assessment. 

Studies have shown that a physics-based approach (“dynamical downscaling”), is needed to capture 

changes in precipitation extremes and the associated impacts (Salathé et al. 2014). Previous approaches 

relied primarily on an empirical approach (“statistical downscaling”), which does not provide reliable 

estimates of changes in extremes. In dynamical downscaling, a regional climate model is used to simulate 

local-scale changes in climate, leading to a better representation of changes in the physical processes at 

these scales. This distinction is particularly important for precipitation, since dynamical downscaling can 

explicitly represent the interactions of weather systems with the complex terrain of the Pacific Northwest. 

Regional weather and climate patterns can be influenced by conditions in other parts of the globe. As a 

result, regional climate model (RCM) simulations can only be produced by using the outputs from a global 

climate model as boundary conditions. Heavy rain events in the Pacific Northwest are typically driven by 

“Atmospheric River” (AR) events, in which narrow bands of concentrated moisture are carried into the 

region from lower latitudes. Previous studies have shown that global models are capable of representing 

the key aspects of Atmospheric Rivers (e.g., Flato et al., 2013), but lack the resolution to capture the local 

consequences for precipitation given the complex topography of the Pacific Northwest. This means that: 

(1) regional climate models are needed to estimate local-scale changes in extreme precipitation, and (2) 

global climate models are appropriate to use as boundary conditions for these regional climate 

simulations. 

King County and the Amazon Catalyst program recently provided funding to develop an ensemble of 

new regional climate model simulations of changing precipitation. This report leverages that funding, 

summarizing the results for Thurston County. 
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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). As part of the CMIP5 project, international modeling groups coordinate to create a set of 

consistent future simulations, driven by predetermined greenhouse gas scenarios (“Representative 

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 

 



 

 
6 

CLIMATE IMPACTS GROUP 

Concentration Pathways”, or RCPs, van Vuuren et al. 2011; for more information see Section 1 of Mauger 

et al., 2015). Mauger et al. (2018) described results for just two GCM projections: (1) the ACCESS 1.0 

projection based on the low-end RCP 4.5 scenario, and (2) the GFDL-CM3 projection based on the high-

end RCP 8.5 scenario. The new updated ensemble includes these two simulations, except that the GFDL-

CM3 simulation has been replaced after an error was identified in the WRF boundary conditions. In 

addition, 11 new projections were added. Models 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). This includes including a new ACCESS 1.0 projection, meaning that for this model there are two 

projections: one each for RCP 4.5 and RCP 8.5. 

The selection of models listed in Table 1 differs substantially from those identified in previous CMIP5 

GCM evaluations. 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. 2008). Fortunately, studies also suggest that ensembles of more 

than 6-10 models tend to converge on 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 available global climate model projections were selected.  
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REGIONAL CLIMATE MODEL SIMULATIONS 

Regional climate model simulations were performed 

using the Weather Research and Forecasting (WRF, 

http://www.wrf-model.org; Skamarock et al., 2005) 

community mesoscale model. WRF is a 

nonhydrostatic and mesoscale numerical weather 

model.  

Simulations were performed using WRF version 3.2 

implemented following Salathé et al. (2010, 2014). 

Initial and boundary conditions were provided by the 

GCMs listed in Table 1, all driven by the high-end RCP 

8.5 greenhouse gas scenario (Van Vuuren et al., 2011). 

Lateral boundary conditions and sea surface temperature (SST) were updated once every six hours.  

Projections were downscaled to the region using two nested domains (Figure 1). The outermost domain 

at 36-km resolution covers the western North American continent and much of the eastern Pacific Ocean, 

in order to capture the climatological western flow and the evolution of approaching Atmospheric Rivers 

(ARs). The innermost domain, at 12-km resolution, encompasses the U.S. Pacific Northwest. One-way 

nesting was applied in this study. 

Thirty vertical levels were used in the model spanning from the surface to 10 hPa, with the finest vertical 

resolution in the boundary layer. WRF runs were initialized three months prior to the start date of each 

simulation as spin-up. The physics parameterizations for microphysics, cumulus parameterization, 

planetary boundary layer, land surface models, and longwave and shortwave radiation are summarized 

in Lorente et al. (2018). Although we did not perform an extensive validation of the model’s performance, 

previous research has established that it captures the essential characteristics of local-scale weather 

variations in the Pacific Northwest (e.g., Dulière et al. 2011). 

Simulations were performed for the years 1970 through 2099. Results were archived at hourly intervals 

following Greenwich Mean Time (GMT, which is 8 hours ahead of local standard time in the Pacific 

Northwest).  

  

 

Figure 1. Domains for the WRF model: Western US 

at 36-km and Pacific Northwest at 12-km grid. 

http://www.wrf-model.org/
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OBSERVATIONS 

Hourly precipitation observations were obtained from both Thurston County and the NOAA Cooperative 

Observer (COOP) network (Figure 2; Table 1). All values were converted to millimeters (mm) for the 

analysis. Rain gauge observations from Thurston County are quality controlled by county staff. We 

obtained this data and aggregated it from 15-minute observations to hourly intervals for comparison 

with the WRF simulations. Following the convention, each value in our aggregated record represents the 

total for the previous hour.  

Additional observations of hourly precipitation were obtained from Cooperative Observer Network 

(COOP) rain gauge sites through the NOAA National Center for Environmental Information (NCEI; NOAA 

2003). These were quality controlled as described in Mauger et al. (2018). Of the 26 COOP stations in 

western Washington that were evaluated, only one – Olympia Airport – is within Thurston County. 

Finally, two data considerations are worth noting. First, many Thurston County rain gauge records are 

quite short, limiting the accuracy of the precipitation statistics that can be obtained. This is  

 

Figure 2 Rain gauge locations in Thurston County, with topography shown in the background. 
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Table 1. Observing station from which hourly rain data were obtained. In addition to the observations, Thurston 

County identified three “synthetic gauge” locations that are listed below. Precipitation projections were extracted for 

these locations as well. 

Source ID Station Name Latitude / Longitude Dates 

T
h

u
rs

to
n

 C
o

u
n

ty
 

05u Yelm WRF 46.95176 / -122.59726 09/2008-09/2018 

10u Meridian Rd 46.97402 / -122.73863 10/2003-09/2018 

11w Rainier Transfer Station 46.53559 / -122.41546 09/2008-09/2018 

11y Deschutes Falls Park (synthetic) 46.80606 / -122.41575 N/A 

13u Lake Lawrence 46.85780 / -122.57851 11/2006-09/2018 

18u Lacey Fire Dist. 3 Fire Station 47.03678 / -122.81610 04/2002-09/2018 

18w WARC TC 47.06578 / -122.76009 08/2002-09/2018 

20u Southbay Firestation 47.08173 / -122.84514 03/2006-09/2018 

23u Percival Creek Bldg 4 47.02865 / -122.91413 09/2001-09/2018 

24u 24u McLane / Black Lk. Fire Stn. 91  47.04601 / -122.97679 08/2012-09/2018 

27u Boston Harbor 47.13611 / -122.90205 03/2006-09/2018 

32u Kaiser Road 47.07019 / -122.95583 05/2002-09/2016 

33w Griffin FS 47.08536 / -123.01648 06/2008-09/2016 

33x Griffin FS 13-2 47.14990 / -122.94567 10/2016-09/2018 

45u Littlerock 46.90223 / -123.02264 07/2006-09/2018 

45w Rochester Drop Box 46.84762 / -123.04808 07/2009-09/2018 

55u Tenino 46.86129 / -122.84066 06/2006-09/2018 

59u Bloody Run USGS 46.79028 / -122.73417 05/2009-09/2018 

60u Bucoda USGS 46.77222 / -122.92306 05/2009-09/2018 

65u Grand Mound 46.79429 / -123.02449 06/2006-09/2018 

69u Summit Lake 47.05085 / -123.13703 03/2006-09/2018 

CapFrst Capitol Forest (synthetic) 46.94370 / -123.10974 N/A 

nrAlderLk 
Weyerhouser Land near Alder Lake 

(synthetic) 
46.76860 / -122.29813 N/A 

COOP 456114 Olympia Airport 46.97330 / -122.90330 08/1954-12/2013 
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evident in the results that are presented below. As a result, we recommend a focus on the results for the 

stations with over 10 years of data. Additional work is needed to both determine the length of record 

needed to perform an adequate bias correction and explore options for a regionally generalized bias 

correction. Second, although we have attempted to comprehensively remove errors in the observations, 

some anomalous values may remain, and these errors could affect the bias correction of the model 

projections. For this reason, we have included extensive information on model biases, both before and 

after bias correction, in the products outlined below. In addition, we recommend using the percent 

changes from the raw projections as opposed to absolute changes from the bias-corrected model 

projections whenever this is an option. 
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POST-PROCESSING 

WRF data extraction  

The WRF outputs are on a curvilinear 12-km grid. The model outputs separate precipitation estimates 

based on whether it is simulated as a result of the convective parameterization occurring at the sub-grid 

scale or as part of a large-scale process that is resolved by the model. As is typical, precipitation was 

calculated as the sum of these two quantities. 

Hourly data were extracted for the grid point nearest to each rain gauge station (so-called “nearest-

neighbor” interpolation). These constitute the “raw” WRF data for each station dataset. Since the WRF 

resolution is coarse compared to the spacing of the rain gauge stations, many stations have identical raw 

WRF data. 

Although WRF projections represent a substantial improvement over previous downscaled precipitation 

estimates, the simulations do contain biases. Many applications require estimates of absolute 

precipitation totals, especially those that involve continuous simulation of stormwater or other system 

performance. In these cases, it is not always practical to apply a simple percent change to observed 

historical precipitation intensities, such as those typically obtained from an intensity-duration-frequency 

relationship. As a result, the raw WRF data were additionally bias-corrected to match the observations at 

each rain gauge site.  

Bias Correction 

For each station location, the raw WRF hourly precipitation was bias corrected to the historical hourly 

station data. Observed data were quality controlled as described in Section 6, and the full period of record 

was used for each station. 

Although bias correction is a key tool used in many applications, recent work has shown that it can 

introduce artifacts in the case of climate change, especially when considering changes in extremes 

(Mauger et al. 2016). For this study, we applied the “Percentile-Delta” method described in Mauger et al. 

(2018). This approach combines the intensity-based bias correction of the quantile mapping approach 

with the stability of a simple multiplicative scaling. Specifically, the historical WRF (1970-2005) was 

compared to the observations to estimate a separate multiplicative scalar for each percentile (i.e. 0-1, 1-

2, … 99-100). These same scalars were applied to the future WRF simulations (2006-2099). As described 

in Mauger et al. (2018), tests indicate that this method outperforms other approaches. 

Summary Statistics 
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Precipitation totals and extreme statistics were calculated for four 30-year time periods: 1970-1999 

(“1980s”), 2020-2049 (“2030s”), 2040-2069 (“2050s”), and 2070-2099 (“2080s”). Since limited sample size 

can lead to errors in either the multi-year averages or extremes statistics, these were only calculated if 

the following conditions were met: 

1. A minimum of 90% valid observations (< 10% missing values) for each month, for all months, to 

estimate the maximum or total for the water year or seasonal extreme. 

2. A minimum of 5 years of valid observations to compute the long-term average (e.g., of total water 

year precipitation). 

3. A minimum 5 years of valid observations to compute the 2-year extreme, 10 years of valid data 

to compute the 5-, 10-, and 25-year extremes, and 29 years of valid data for the 50- and 100-year 

extremes.  

Extreme Value Analysis 

For many applications, the key metric is the change in the intensity of specific design storms. The raw and 

bias-corrected data were both processed to estimate exceedance values for both monthly and water year 

(Oct-Sep) extremes. These calculations followed the standard block-maximum approach, fitted to an 

extreme distribution using L-moments (Hosking and Wallis 2005).  

To calculate extreme statistics, the Extreme Value type 1 distribution described by Gumbel (EV1), the Log-

Pearson type 3 (LP3), and the generalized Extreme Value (GEV) distribution with L-moments are 

commonly used. In this study we apply the GEV distribution with L-moments to estimate extreme 

precipitation statistics – following the methodology described in Salathé et al. (2014) and Tohver et al. 

(2014) – based on findings that indicate it is superior to the LP3 distribution (Rahman et al. 1999 & 2015, 

Vogel et al. 1993, Nick et al. 2011). 

Calculations were applied to multiple precipitation durations ranging from 1 hour to 15 days, and the 

precipitation intensities estimated for following recurrence intervals: 2-, 5-, 10-, 25-, 50-, and 100-year 

events (50%, 20%, 10%, 4%, 2%, and 1% annual chance of exceedance, respectively). 
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RESULTS 

All results from this study are available online and can be accessed via the project web page: 

https://cig.uw.edu/our-work/applied-research/heavy-precip-and-stormwater/ 

The page includes a direct link to the results, an interactive visualization, and links to previous reports. A 

Google Map has also been created for identifying stations, and to facilitate navigation of the results 

directory. The interactive visualization includes three separate viewers to allow users to view model biases 

relative to observations, view the percent changes for multiple recurrence intervals, and evaluate each of 

these for different precipitation durations. A separate link allows users to download gridded estimates of 

percent changes in precipitation statistics for the region. 

Data Structure 

The organization of the online repository is shown in Figure 3. All files are comma-delimited (.csv), and 

all values are in millimeters (mm). There are five types of output files, with the naming conventions listed 

below. 

 

Figure 3. Data structure for study results. 

Results
Global 

Climate 
Model
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water year 
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monthly 
maxima

statistics

bcc-csm1-1

CanESM2

...

...

bcWRF...

...

gauge name

https://cig.uw.edu/our-work/applied-research/heavy-precip-and-stormwater/
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1. Hourly time series files. Time series including the full record of observational, raw, and bias-

corrected hourly precipitation. For the WRF files these are split into historical (1970-2005) and 

future (2006-2099) files in order to accommodate the maximum number of rows allowed in Excel. 

Since the full 130-year hourly time series creates files that are too long for Excel, additional files 

are provided that separate the historical and future model simulations. 

File naming: 

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.csv 

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.1970-2005.csv 

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.2006-2099.csv 

2. Time series of non-zero precipitation. These are the same as the previous files, except that all 

zero values of precipitation are removed. For the WRF files, any precipitation value less than 0.001 

inch (0.025 mm) were set to zero.  

File naming:  

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.non-zero.csv 

3. Water year maxima. Maximum precipitation for each water year (Oct-Sep), for 11 different 

durations (1-, 2-, 3-, 6-, 12-, 24-, 48-, 72-, 120-, 240-, and 360-hour precipitation). These are used 

as the basis for the extremes calculations described in Section 7. 

File naming: 

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.WYmax.csv 

4. Monthly/Seasonal maxima. Same as #3 except showing the maximum for each month or 

season.  

File naming: 

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.MOmax.csv 

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.SNmax.csv 

5. Extreme Statistics. Extreme statistics, for historical and future time periods, for all return intervals 

and precipitation durations. Two files are included: one listing the absolute totals for each statistic, 

and another listing the percent change for three future time periods. 

File naming:  

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.stats-abs_vals.csv 

<Network>_<ID>_<lat>N_<long>W_<raw/bcWRF>_<model>_<scenario>.stats-pct_chg.csv 

The observational data file naming is slightly different, since these are not based on a specific model. The 

file names for these are identical to those listed above, with the following exceptions: 
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1) The observational data file includes the latitude and longitude of the rain gauge, whereas the WRF 

files list the position of the nearest model grid point. 

2) The WRF-specific suffix ‘<raw/bcWRF>_<model>_<scenario>’ is removed, since it does not apply 

to the observations.  

3) There is no percent change file for the observations, since future changes are not applicable to 

the observational record. 

Summary: Projected Changes in 1-hour Precipitation Extremes 

Projected changes in the 1-hour precipitation statistics are summarized in Table 2, for the 2080s (2070-

2099) relative to 1970-1999. Projections for other precipitation durations and for the 2030s (2020-2049) 

and 2050s (2040-2069) are included in the data files and in the Tableau tool accompanying this report. 

Each row in the table shows the results for either the total precipitation (1st row), or for different return 

intervals ranging from the 2- to the 100-year event. Columns show the results for both WRF simulations 

  Water Year Dec-Feb Mar-May Jun-Aug Sep-Nov 

Total Precip. 
+5% 

(-8%, +20%) 

+12% 

(-6%, +56%) 

+4% 

(-27%, +18%) 

-25% 

(-54%, +4%) 

+3% 

(-11%, +24%) 

Ex
tr

em
e 

St
at

is
ti

cs
 

2-yr 
+29% 

(+6%, +45%) 

+31% 

(+5%, +48%) 

+22% 

(+8%, +37%) 

-17% 

(-52%, +12%) 

+28% 

(+6%, +49%) 

5-yr 
+32% 

(+4%, +50%) 

+36% 

(+4%, +57%) 

+21% 

(+1%, +46%) 

-5% 

(-34%, +24%) 

+31% 

(+9%, +70%) 

10-yr 
+33% 

(+2%, +67%) 

+39% 

(+5%, +71%) 

+20% 

(+0%, +56%) 

+5% 

(-17%, +33%) 

+34% 

(+4%, +87%) 

25-yr 
+35% 

(-11%, +95%) 

+42% 

(+7%, +96%) 

+18% 

(+3%, +68%) 

+22% 

(-1%, +46%) 

+38% 

(-4%, +113%) 

50-yr 
+37% 

(-20%, +121%) 

+44% 

(-9%, +119%) 

+16% 

(-10%, +78%) 

+37% 

(+7%, +68%) 

+42% 

(-11%, +135%) 

100-yr 
+40% 

(-28%, +152%) 

+48% 

(-25%, +144%) 

+15% 

(-22%, +88%) 

+56% 

(+13%, +107%) 

+47% 

(-22%, +160%) 

Table 2. Projected changes (%) in 1-hour precipitation statistics for the WRF grid point closest to the 

COOP Olympia rain gauge (#456114), for the 2080s (2070-2099) relative to 1970-1999. Columns show 

the changes for 11 WRF projections, all based on a high-end greenhouse gas scenario (RCP 8.5). Results 

are shown 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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for the water year, followed by the statistics for each season starting in winter (Dec-Feb) and ending in 

fall (Sep-Nov).  

The percent change in total accumulated precipitation is included for comparison with the extreme 

statistics: models generally show smaller changes in seasonal and annual totals, whereas changes are 

larger for the extreme statistics. It is worth noting the significant difference between total precipitation 

and the extremes statistics. The total includes all precipitation occurring in a season or water year – 

including atmospheric rivers, but also smaller storms, drizzle, thunderstorms, etc. In contrast, the extremes 

are estimated based on only the largest value in each year. This means that changes in total precipitation 

can be markedly different than projected changes in the extremes. 

Focusing on the 2-year event (50% annual chance of exceedance), Table 2 shows a projected change of 

+30% (+10 to +53%) when considering the full water year. Projected changes are similar for all seasons 

except summer (Jun-Aug), for which they tend to be much smaller. Overall the projections are consistent 

in showing wetter conditions in the future, 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). Mauger et al. (2018) found evidence 

of a decrease in summer precipitation. The new projections also show that total summer precipitation will 

decrease, but also suggest that the biggest precipitation events in summer could increase at the same 

time. 

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. 

Interpretation of these results, particularly given the focus on rare extreme events, can be challenging. 

Mauger et al. (2018) listed a number of consideration that are important to bear in mind when evaluating 

the current results. For convenience, these are repeated below: 

• Projected changes will always be governed by a combination of random variability and long-term 

trends due to climate change. This is particularly true for changes in extremes: Since by definition 

these events are rare, it is difficult to accurately assess how rapidly they will change. Although 

even the 2080s projections can be significantly influenced by natural variability, we recommend 

focusing on these late century projections since this is when the projected changes will be largest 

relative to natural variability.  
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Figure 4. Time series of the water year maximum in 1-hour (top row) and 24-hour (bottom row) 

precipitation for the Olympia NOAA COOP weather station site (ID: 456114. Results are shown for all 11 

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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• The extremes estimates are limited by sample size. Whereas the 2- and 5-year events are relatively 

well captured in a 30-year record (e.g., 1970-1999, 2070-2099), extrapolation is needed to 

estimate the 50- and 100-year extremes. This means that the 50- and 100-year estimates are more 

prone to noise. For example, if the simulation includes one particularly large storm in the historical 

record, this could artificially mute the projected change estimates even if, on average, most storms 

do become more intense. The converse is also true: a large storm at the end of the 21st century 

could artificially inflate the estimated change.  

• Projected changes differ substantially for different precipitation durations. In general, changes 

appear to be largest for 1-hour precipitation and smallest for the longest durations. This is 

consistent with previous research projecting a change in atmospheric river events yet very little 

change in seasonal precipitation. 

• The WRF model used in this study has a spatial resolution of 12 km. This is not enough to explicitly 

resolve convective precipitation, such as thunderstorms. Although these are represented 

statistically by the model, researchers generally consider that a finer resolution is needed to 

accurately capture convective events. This means that the current projections should be viewed 

primarily as an estimate of the change in the intensity of large-scale heavy precipitation events 

such as atmospheric rivers. Since thunderstorms are most prevalent in summer, this limitation in 

the WRF model is most likely to affect projected changes in summer precipitation events. 

• In this study, extremes were estimated by fitting a GEV distribution with L-moments (Section 6). 

This approach will result in different estimates than the standard (e.g., Bulletin 17B, 1982) methods 

that are prescribed in certain applications. In most cases, these differences should be minor. 

However, we recommend repeating the calculations using the prescribed methodology to ensure 

consistent results and interpretation. 

• The science of climate change will continue to evolve over time due to changes in greenhouse 

gas scenarios, global climate models, and the downscaling approaches used to make localized 

precipitation estimates. This means that the current projections may need to be updated in the 

future. Although it is not possible to know exactly when such an update would be warranted, it is 

unlikely that the current dataset will remain up to date 10 years from now, and it is possible that 

it could be superceded in the next few years. We recommend consulting with an expert to 

determine if an update is needed.   

Discussion 

There are two primary achievements in the current study: 
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1. Successful application of dynamical downscaling to the new set of global climate model 

projections,  

2. Application of a large ensemble of dynamically downscaled projections, and 

3. Development of an approach to tailoring the new results for use in stormwater planning. 

This entailed a number of efforts, ranging from model evaluation and selection, refinement of bias 

correction approaches, and the development of specific products that can be used in settings ranging 

from rural stormwater to urban wastewater.  

A key challenge in this work is the characterization of extreme events. By definition, these are rare, making 

it difficult to obtain the sample size needed to obtain reliable estimates of changes. Future work could 

improve on this by developing regionalized precipitation statistics based on the model results. Extreme 

precipitation statistics can be “regionalized” by assuming that extremes across the county follow a similar 

distribution. This improves the reliability of extremes estimates, particularly for gauges with short records. 

This information could also be used to further improve the bias correction approach.  

We also note that the domain of the WRF model used to develop these projections covers the entire 

Pacific Northwest, stretching from northern California to British Columbia and from the west coast 

through the Rocky Mountains of Montana and Wyoming. This means that the results of these new 

projections can be evaluated for other communities around the region. As interest in this work grows, 

additional coordination may be warranted to capitalize on similar economies of scale. 
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