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Executive Summary 

This document presents results for the analysis of extreme wind events and lightning risk 

as simulated in a regional climate model for the historic period 1970-2000 and projected future 

period 2040-2070. These results are based on three regional climate simulations using the WRF 

(Weather Research and Forecasting) regional climate model, each driven by a different global 

climate model. 

Future High Wind. The simulations show no statistically significant change in the 

frequency of heavy surface winds at the intensities of concern to Seattle City Light. Small 

positive trends are simulated at some locations, but these were small compared to natural 

variability. Despite the small ensemble of three regional climate model simulations considered, 

the peak wind results are clearly controlled by large scale winds above the surface, which are 

well-resolved by global climate models. Thus, we were able to also examine the changes in the 

large-scale controls on high surface winds in a larger ensemble of 10 global climate models from 

the recent CMIP5 project. The global model ensemble confirms the results from the regional 

climate models, with no consistent trend toward more extreme wind storms over western 

Washington in future climate projections. We note that this result does not conflict with other 

studies showing more heavy precipitation in future storms. First, heavy precipitation is 

associated with a different weather pattern (atmospheric rivers) than high wind events. Second, 

thermodynamic effects associated with warming are sufficient to drive increases in precipitation 

absent changes in the dynamics of future storms. 

Future Lightning. Lightning risk is conventionally diagnosed from regional weather 

models using an index of atmospheric vertical stability. Lower atmospheric stability is associated 

with higher lightning risk, and the variability of the stability index in time provides a reliable 

indicator of time varying lightning risk. For this study, a commonly used stability index was 

computed from WRF in order to assess the likelihood of future changes in lightning risk in 

western Washington. The current project did not provide for a systematic evaluation of the 

lightning index against observed lightning strike frequencies or lightning damage to SCL 

infrastructure, so these results should be considered preliminary. Nevertheless, results are 

presented for the simulated index and observed lightning strikes in order to assess the suitability 

of the index. Due to the different weather systems that produce lightning at different times of 

year, the relationship between the stability index and lightning risk is not uniform. Thus, we 
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consider each season separately and examine the projected change in the index for future climate 

conditions. This analysis found little evidence for a change in lightning risk in the Seattle area at 

any time of the year. However, the WRF results indicate a potential increase in the North 

Cascades and Boundary dam regions, especially in spring (March-May). 
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1. Regional climate model simulations 

Regional climate simulations are performed using boundary conditions from global 

climate model simulations. For this project, we used global climate model simulations performed 

for the Climate Model Intercomparison Project, CMIP3 and CMIP5. These simulations were 

used in the IPCC Fourth and Fifth Assessment reports and are a standard dataset used for 

evaluating future climate change. We used two sets of simulations:  

1. Current climate scenarios based global climate model results for current-climate 

conditions over the period 1970-2000.  

2. Future climate scenarios in which global model results for future climate conditions, 

2040-2070 are applied to the regional model simulations.  

Results are presented for dynamically downscaled climate projections using the WRF 

model and for global climate model simulations. In both cases, the global model results were 

obtained from the Coupled Model Intercomparison Project (CMIP, e.g., Taylor et al. 2012, 

http://cmip-pcmdi.llnl.gov/cmip5/), a cooperation among global climate model centers to support 

the Intergovernmental Panel on Climate Change (IPCC) assessments with simulations of the past 

and future climate. The CMIP provides a standard experimental protocol for coupled 

atmosphere-ocean general circulation model simulations, and we use global model simulations 

exclusively from CMIP experiments. There are two generations of the Coupled Model 

Intercomparison Project currently in use, CMIP3 (used in the IPCC Fourth Assessment Report 

(AR4)) and CMIP5 (IPCC AR5) (there was no CMIP4). The global models have been 

extensively studied and compared to observations over the PNW region for CMIP3 (Mote and 

Salathé, 2010) CMIP5 (Rupp et al, 2014) simulations. 

The results presented in this study derive from regional climate model simulations using 

the Weather Research and Forecast (WRF) mesoscale model forced by several global model 

simulations (Salathé et al. 2014). The WRF model explicitly represents high-resolution 

processes, such as orographic precipitation, mesoscale weather systems, and land-atmosphere 

feedbacks. These processes can produce localized responses to climate change that are not 

represented in global models. Of particular interest in this study is the model’s ability to resolve 

fine-scale terrain effects and mesoscale weather systems, which have a large impact on high 

winds and lightning. The simulation used here has been extensively evaluated against 
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observations (Dulière et al. 2011) and applied in other climate impacts studies (Salathé et al. 

2014). 

 
Figure 1-1. Nested modeling domains for WRF simulations. 

The WRF modeling approach is described in Salathé et al. (2010) and Zhang et al. 

(2009). Nested grids at 36-, and 12-km resolution (Figure 1-1) are used to downscale from the 

global atmospheric fields with resolutions equivalent to ~100-200 km on a latitude-longitude 

grid. The continental US is covered by a WRF domain at 36-km resolution. The 12-km grid over 

the west extends from northern California to southern British Columbia and from the coastal 

ocean to the Rocky Mountains. The WRF model uses 28 full-sigma levels with an upper-

radiative boundary condition and a model time step of 10 minutes. 6-hourly global fields provide 

boundary conditions to nudge the interior of the outer nest, and to provide initialization fields. 

WRF output was archived at 6-hourly intervals with both the mean wind and maximum 10-

minute winds archived at each interval.  

The following simulations are used in this study: 

1. A baseline simulation using NCAR-NCEP reanalysis to represent current 

conditions (NNRP-WRF; 1950-2010) 

2. Current and future periods using the ECHAM5 global model from the CMIP3 

project and A1b emissions scenario (ECHAM5-WRF; 1970-2070) 

3. Current and future periods using the CCSM3 global model from the CMIP3 

project and A1b emissions scenario as for #3 (CCSM3-WRF; 1970-2070) 

4. Current and future periods using the CCSM4 global model from the CMIP5 

project and RCP4.5 emissions scenario (CCSM4-WRF; 1970-2070) 
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2. Wind and Climate 

A. Changes in Extreme Surface Wind Intensities 

The first task was to examine the intensity of simulated wind events. Wind events were 

selected according to the 95th and 99th percentile 10-m sustained (10 minute) wind speeds from 

the WRF simulation. The fixed wind speed thresholds of 30 and 40 mph used in the SCL 

WindWatch product correspond roughly to the 98th and 99.9th percentile events. Using such high 

thresholds would constrain the sample size, limiting the statistical power of the analysis. Results 

were evaluated for different percentile thresholds and did not appear sensitive to the exact 

threshold chosen; the 95th and 99th percentile values were used for simplicity (for the KSEA 

these corresponds to wind speeds of about 25 and 32 mph, respectively). By using percentiles 

rather than fixed values, we eliminate the need to bias-correct the WRF results as was done for 

WindWatch. The upper threshold is similar to the WindWatch 30 mph threshold and the 

behavior of the two percentiles are indicative of the most extreme wind events. 

The WRF model provides output at 6-hourly intervals. A daily time series of peak 

sustained winds was obtained using the maximum 6-hourly wind from each day. The simulated 

winds for this project use the same WRF model and wind variables as for WindWatch. While the 

simulated winds do not correspond directly to observed gust winds, experience from Wind 

Watch indicates good skill in predicting gust events. Thus, we can interpret the projected trends 

in sustained winds as indicative of trends in gust winds. Regardless of season analyzed, the 

threshold wind values (i.e. 95th and 99th percentiles) were derived from an analysis of Dec-Feb 

daily peak winds in the 1970-2000 period, the season of most severe winds. In the following 

discussion, we compare the simulated number of high wind days in the current climate (1970-

2000) and future climate, where high wind days are selected as days exceeding the 95th 

percentile event during the current climate. The analysis is performed at each grid point in the 

12-km WRF domain and results shown for western Washington. The results are qualitatively the 

same using the 99th percentile winds, which are not shown here, but are available online. 

Results for the percent change in the number of high wind days (95th percentile) the 

current to future climate are shown in Figure 2-1 for the three climate change simulations and the 

fall (Sep-Oct-Nov) and winter (Dec-Jan-Feb) seasons. Offshore and west of the Cascade crest, 

changes in all three simulations are relatively small and positive, indicating a slight tendency 

toward more frequent high winds. East of the Cascades (not shown here), there is substantial 
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divergence among the models, with ECHAM5-WRF showing a decrease and CCSM4-WRF and 

increase. This divergence among the models is likely due to boundary layer processes, which are 

more important east of the Cascades due to cold air pooling and terrain effects. The simulated 

changes for these two seasons, while consistent across the three models, are quite small. White 

contour lines indicate regions of statistical significance at 95% confidence.  

 

 
Figure 2-1. Change in the number of days exceeding the historical 95th percentile wind speed 
(2040-2070 relative to 1970-2000) for three WRF simulations. White lines encircle areas with 
p-values below 0.05 and 0.01 (i.e.: 95% and 99% confidence, respectively). Top row: Sep-Oct-
Nov; bottom row: Dec-Jan-Feb. 

Except for the SON result from CCSM3, none of the results shows statistical significance 

over a sufficiently large region. The changes for CCSM3-WRF are likely related to an anomaly 

in the particular CCSM3 simulation, not found in other runs with the same model (see, for 
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example, Salathé et al., 2010). For the historic period (1970-2000), this CCSM3 simulation 

suggests substantially less frequent Sep-Nov high winds compared to the CCSM4-WRF and 

ECHAM5-WRF simulations, whereas wind events for the future period are comparable across 

the models. It is therefore likely that the CCSM3 results are not indicative of a climate change 

trend, but rather result from an unusual representation of internal climate variability in this 

particular simulation. 

In contrast to the fall and winter results, the spring and summer winds show a 

substantially smaller change in the projected future climate (see Fig 2-2). For spring (Mar-Apr-

May), the frequency of high wind events is projected to decrease, though the changes are 

generally not statistically significant. Summer winds remain essentially unchanged. 

 

 
Figure 2-2. As in Figure 2.1. Top row: Mar-Apr-May; bottom row: Jun-Jul-Aug. 
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B. Change in Extreme Wind Intensity 

In the previous section, we presented results for the change in the frequency of heavy 

wind events. The threshold for these events was determined based on the probability distribution 

of daily peak winds simulated for the period 1970-2000, with the 95th and 99th percentiles used 

for the analysis. The probability distribution is not stationary over time, and these percentiles are 

different in the future projections. Thus, an alternate way of analyzing changes in extreme winds 

is to examine the projected change in the intensity of the winds at these percentile thresholds. 

The results of this analysis yield substantially the same conclusions as the analysis of the 

frequency, with modest but not statistically significant increases in autumn winds in western 

Washington. Maps analogous to Figures 2.1 and 2.2 are provided on-line for comparison. 

C. Changes at Station Locations 

To illustrate the variability and trends in simulated high winds, we examined the time 

series of annual number of wind events simulated at several station locations. Results are shown 

here for the 90th percentile event (i.e. events that fall in the top 10% of historic wind events; for 

KSEA, this corresponds to a wind speed of about 23 mph) for the three climate simulations as 

well as the reanalysis (NNRP-WRF) simulation in order to compare the simulated interannual 

variability with the historic interannual variability. The 90th percentile event is not as extreme as 

the WindWatch thresholds, but provides a better statistical representation of the data due to 

better sampling; there are frequent years with no days exceeding the 95th or 99th percentile event. 

As noted above, trends are consistent across the 90th, 95th, and 99th percentiles. 

Figure 2-3 shows results for several stations including both coastal stations and land 

points of interest. The first five panels include two locations well off-shore and three near-shore. 

The final three panels are for stations near SCL operations: Seattle, Ross Lake, and Boundary 

Dam. In each case, the blue line indicates the results from the reanalysis simulation. The climate 

models appear consistent with the reanalysis in terms of the range of interannual variability. It is 

clear from these time series plots that any slight positive trend at these location (i.e. as in Fig. 2-

1) is insignificant relative to the interannual variability, consistent with the lack of statistical 

significance indicated by white contour lines in Figure 2-1. Thus, while there is a small positive 

trend in the simulated heavy wind events, this trend is not projected to emerge from natural 

variability before 2070. 



DRAFT -- Regional Modeling for Windstorms and Lightning 

10 

 
Figure 2-3. Station time series of the number of days per year that exceed the historic 90th 

percentile daily peak wind event at points indicated by star in inset map. 
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D. Change in Date of Earliest Wind Event 

A major concern related to wind and climate change is whether the seasonal occurrence 

of high wind events might extend earlier into the fall. To examine this possibility, we define a 

high wind event as the occurrence of a daily maximum wind exceeding the 1970-2000 95th 

percentile Dec-Jan-Feb value. For each year of the simulation, the first wind event is found by 

starting on 1-Aug and stepping forward to the day of the first exceedence; this gives the first day 

of each year for a high (95th percentile) wind event. We then take the average day of year over 

the current (1970-2000) and future (2040-2070) periods. Any difference between these indicates 

a timing shift in the average onset of extreme winds during the calendar year. 

 
Figure 2-4. Projected change from 1970-2000 to 2040-2070 in the date of the first heavy wind 

event in days. Left: CCSM3-WRF, center: CCSM4-WRF, right: ECHAM5-WRF. Blue indicates 
wind events start earlier; red later. 

As shown in Figure 2.4, two of the simulations (CCSM3 and CCSM4) show a shift of up 

to a week earlier in the onset of wind events on the Puget Sound Basin. However, these changes 

are not statistically significant (i.e. changes are small compared to year-to-year variations). As 

with the SON results above, the changes in the CCSM3-WRF simulation are larger than for 

ECHAM5-WRF, but may not be robust due to the issues with the CCSM3 simulation discussed 

above. 

Overall, these preliminary results suggest that there is a slight tendency in these 

simulations for heavy wind events occurring earlier in the season. However, these changes are 
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not statistically significant compared to year-to-year variability and are as likely the result of 

internal variability in the climate as to long-term climate change.  

E. Changes in upper-level winds 

There are two likely pathways for climate change to alter surface winds: 1) changes in the 

large-scale circulation and storm systems, and 2) changes in the vertical advection of momentum 

to the surface. Surface winds are generally controlled by the large-scale winds in the free 

atmosphere above the boundary layer. The energy of the winds above the boundary layer can be 

transported down to the surface by vertical motion that connects the boundary layer to the free 

atmosphere. Thus, surface winds can change either if the free-atmosphere winds change or if the 

connection between the surface and free atmosphere changes. Results east of the Cascades (not 

shown) suggest that differences in the simulated vertical transport of winds from above the 

boundary layer down to the surface may play an important role in the projected changes in 

surface winds. This region is frequently associated with cool air pooling in low terrain, which 

isolates the surface and impedes the vertical advection of winds from above. Positive or negative 

changes in the frequency or intensity of this effect would have substantial effect on surface wind 

speeds, irrespective of changes aloft.  

Nevertheless, over western Washington – the region of the domain relevant to this 

particular study – it appears that changes in surface winds follow directly from changes in the 

upper air winds, with little influence by changes in boundary-layer processes. This result can be 

seen by comparing Figure 2-5 below, which show changes in 850-hPa winds, with Figure 2-1. 

For both the CCSM3-WRF and ECHAM5-WRF simulations, changes at the surface are reflected 

in the changes aloft. Consequently, the projected changes in surface winds appear to result 

directly from simulated changes in the large-scale wind pattern and storm systems. Since 

offshore and upper-level winds are well resolved in the global models used as boundary 

conditions, the changes in the regional and global model are also similar. 
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Figure 2-5. Percent change in 95th percentile winds at 850 hPa from 1970-2000 to 2040-2070 
for two WRF simulations for the months Dec-Jan-Feb. 

F. Large-scale wind changes in CMIP5 global models 

The results in the previous section suggest that changes in extreme winds over western 

Washington should be well represented in global climate models. A limitation of the WRF 

analysis presented is that results are available only from three simulations, which may not fully 

reflect the consensus of a larger ensemble of model results. In order to provide a better statistical 

context for the WRF results and to place these results in the context of the most recent global 

climate model simulations, we have analyzed the changes in the 95th percentile 850-mb winds 

(i.e. at approximately 1500 m) in an ensemble of 10 CMIP5 global models (CNRM-CM5, 

CSIRO-Mk3-6-0, GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-CC, IPSL-CM5A-

MR, MIROC5, MRI-CGCM3, and INMCM4). As in previous maps, Figure 2-6 shows the 

change in the number of days for which winds exceed the historical 95th percentile wind speed, 

when comparing the years 2040-2070 to 1970-2000 based on a medium greenhouse gas scenario. 

The results from the global models essentially confirm the WRF-based conclusion that 

changes in low-level extreme winds do not respond significantly to climate change. The results 

from some individual models show large, and in some cases statistically significant changes in 

95th percentile winds. However, the various models differ considerably from each other and, on 

average across the ensemble, the changes over western Washington are small and not statistically 

significant.  
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The substantial ensemble spread could arise either from true variations in the climate 

response of each of the models or due to different cycles of internal variability in the models. In 

the first case, this ensemble spread would reflect structural uncertainty in our ability to project 

changes in extreme winds. In the second case, ensemble spread suggests the climatic response is 

small compared to climate variability. 

Of the 10 models examined, three models share the same basic atmospheric modeling 

components from the NOAA Geophysical Fluid Dynamics Laboratory (GFDL-CM3, GFDL-

ESM2G, GFDL-ESM2M). Given their shared components, we expect simulation from the three 

models to have a similar climate sensitivity. However, since the simulations are independent, we 

expect them to produce independent realizations of natural variability. Results from these three 

models are plotted in the first row of Figure 2-6, and each simulation projects the same climate 

change response: increases over the elevated terrain of the northern Rockies and decreases in the 

south and west of the domain. None of the other models project a similar pattern. Thus, it 

appears that the projected change in winds from the GFDL models is due to a physical climate 

response in that model and not due to natural variability. Given that conclusion, the high degree 

of model disagreement suggests a fundamental uncertainty within current models regarding the 

response of extreme winds in the Pacific Northwest to climate change.  
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Figure 2-6. Projected change in the number of days per year in which 850hPa winds exceed the 

historical 95th percentile wind speed (2040-2070 relative to 1970-2000, RCP 8.5 greenhouse 
gas scenario). Results are based on 10 CMIP5 global climate models and for the 10-model 
average.  

G. Summary of wind results 

The simulations show no statistically significant change in the frequency of heavy surface 

winds at the intensities of concern to Seattle City Light. Positive trends are simulated at some 

locations, but these were small compared to natural variability.  

Based on our analysis, the climate response of surface winds appears to be strongly 

controlled by changes in large scale winds above the surface, which are well-resolved by global 

climate models. Thus, we were able to also examine the changes in the large-scale controls on 

surface winds in a larger ensemble of 10 global climate models from the recent CMIP5 project. 
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The global model ensemble confirms the results from the regional climate models, with no 

consistent trend toward more extreme large-scale wind storms over western Washington in future 

climate projections. Note that this result does not conflict with other studies showing more heavy 

precipitation in future storms (e.g. Salathé et al. 2014). First, heavy precipitation is associated 

with a different weather pattern, atmospheric rivers, than high wind events. Second, 

thermodynamic effects associated with warming are sufficient to drive increases in precipitation 

without changes in the dynamics of future storms. 

Some important outstanding questions remain based on this analysis. In particular, results 

from the global model ensemble suggest that the inter-model differences are due to inherent 

disagreement in the model’s representation of future changes in wind storms. In that case, a more 

systematic study of the large-scale simulations would be required to better assess the reliability 

of different global models and the reasons for the disagreement among models. 

Despite the range among both the regional climate model and global climate model 

simulations, the changes in peak winds over the period 1970-2070 are small compared to year-

to-year variability. Thus, changes in the intensity of wind storms are unlikely to be an important 

impact on wind management in western Washington in the next few decades.  
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3. Lightning and Climate 

The Pacific Northwest is much less susceptible to lightning than most of the continental 

US as indicated in the map of lightning strike density from Vaisala’s National Lightning 

Detection Network (NLDN) shown in Figure 3-1, which shows western Washington at the 

lowest, indicating fewer than one strike per 4 per square miles per year. Given this low 

incidence, SCL’s transmission and distribution system is sensitive to even infrequent lightning 

because it is engineered with minimal resilience relative to other areas of the country that 

experience higher lightning frequency. Despite our result that peak winds are not projected to 

change significantly, it is plausible that future storms may have a greater tendency to produce 

lightning due to the effects of climate change. In fact, SCL engineers suggest anecdotally that 

lightning strikes have increased. The probability of lightning depends on thermodynamic effects 

such as atmospheric stability and convective available potential energy. The WRF model does 

not simulate lightning strikes themselves, but does simulate the atmospheric parameters that are 

associated with lightning risk. Therefore, to assess the future risk of lightning due to climate 

change, we analyze the projected changes of the atmospheric conditions conducive to lightning 

as simulated by the WRF model.  

 
Figure 3-1. . U.S. map of the density of lightning strikes (Figure copyright Vaisala). 
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A. Lightning climatology 

Observations of lightning strikes have been made over the past 25 years from the Vaisala 

National Lightning Detection Network (NLDN). We obtained data from NLDN for 2009-2014 in 

order to assess the seasonal cycle and frequency of lightning in the region. An important feature 

of the region is the seasonal differences in the weather associated with lightning at different 

times of year and the consequent implications for damage. Figure 3-2 shows the seasonal cycle 

of lightning in the region of western Washington extending from Seattle to the North Cascades 

([47.5N,122.5W] to [49N, 121W]). The frame on the left shows the number of days per month 

when lightning was observed, and on the right the number of observed strikes in each month. 

The “lightning days” measure is included because the raw count of lightning strikes may be 

dominated by single days with a large number of strikes. As can be seen, the average number of 

days with lightning is relatively constant from March to September, dropping during the winter. 

The number of daily strikes, however, is much higher in the summer. Spring storms can produce 

lightning, but often only a single strike; summer storms are more energetic, and can produce a 

large number of strikes in the same event.  

 
Figure 3-2. Frequency of cloud ground lightning as observed by the NLDN over the region of W 

WA extending from Seattle to the North Cascades ([47.5N,122.5W] to [49N, 121W]). Left: 
Number of days per month with lightning. Right: Number of lightning strikes per month. 

The reported outages as a result of damage to SCL facilities reflects this seasonal 

complexity with some components showing frequent failures in the summer season. Overhead 

and underground facilities in Seattle and transmission lines have very different exposure and 

vulnerability to lightning and its seasonal cycle. The effect of climate change on the seasonal 

nature of lightning in the region are beyond the limited scope of this project, and we focus here 
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only on projected changes in the dynamic and thermodynamic conditions conducive to lightning 

as simulated in WRF. A more detailed study of the seasonal weather patterns associated with 

lightning, however, could shed more light on the effects of climate change on lightning outages 

at different times of the year and to different components of the SCL infrastructure. 

B. Diagnosing Lightning in WRF 

A number of studies have been done to derive atmospheric indices that are well 

correlated to lightning risk. Here we use a composite Thunderstorm Prediction Index (TPI), 

which has been widely used in forecasting lightning risk by the US military (Knapp et al, 2006; 

Knapp and Brooks, 2000). TPI is a measure of thermodynamic instability based on a 

combination of several parameters, SWEAT, K-index, and the Lifted Index. 

SWEAT (Severe Weather ThrEAT) is a stability index developed by the Air Force which 

incorporates vertical temperature instability through the total totals (TT), wind shear as the sign 

of the angle between the 850 and 500 hPa wind direction (s), and wind speeds at 850 and 500 

hPa (U850, U500). 

 SWEAT = 12 Td850 + 20 (TT - 49) + 2 U850 + U500 + 125 (s + 0.2) 

  TT = (T850 - T500) + (Td850 - T500) 

The K-index (K) indicates thunderstorm potential and is based on vertical temperature 

lapse rate, moisture content of the lower atmosphere, and the vertical extent of the moist layer. 

  K = (T850 – T500) + Td850 – (T700-Td700) 

The Lifted Index (LI) is the difference between the temperature of an air parcel lifted 

adiabatically from the surface to 500mb and the ambient temperature at 500mb. 

Each of these indices can be associated with thunderstorm and lightning strike risk, but 

incorporate somewhat different physical mechanisms. Empirical studies have found that a 

weighted combination of the three has optimal skill, leading to the Thunderstorm Prediction 

Index (TPI) used for this study: 

  𝑇𝑃𝐼   =   100 0.1795  +   0.0073  𝐾  –   0.0149  𝐿𝐼  +   0.0008  𝑆𝑊𝐸𝐴𝑇  

While this index is well correlated in time to the risk of lightning on a national basis, the 

functional relationship between TPI and the number of lightning strikes in a given time period 

varies considerably by location and season. In western Washington, the meteorological 

conditions that produce lightning are very different in winter, spring, and summer, despite 

frequent events in each season. In winter, lightning is frequently associated with large-scale 
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weather systems that produce convergence zones and frontal lifting. In summer, lightning results 

from smaller convective cells often related to topography. Consequently, the local stability 

threshold for thunderstorms differs from one season to another and the seasonal cycle of TPI 

does not reflect the seasonal cycle of lightning. Tuning TPI to lightning frequency in western 

Washington is beyond the scope of this project, nevertheless, we have obtained data for the 

observed number of lightning strikes to establish a baseline for the simulated results. Results for 

the climate change scenarios will be presented by season, with comparisons in the percent 

change from current to future.  

We performed a basic evaluation of TPI compared to observations from the National 

Lightning Detection Network (NLDN). These results show that the relationship between TPI and 

lightning frequency does not appear to be uniform over the seasonal cycle, likely due to the 

differing meteorological conditions that produce lightning at different times of the year. In fall 

and winter, lightning is associated with large-scale frontal systems while in summer isolated 

diurnal thunderstorms produce common lightning events. Furthermore, the difference between 

damaging cloud-to-ground strikes and cloud-to-cloud strikes are not well characterized by our 

analysis. Based on a rough empirical fit to observations, days with a TPI value above 55 are well 

correlated with days with lightning strikes. We have analyzed both the raw TPI index and the 

count of days per year exceeding the 55 threshold.  

C. Results 

The most robust result of this analysis is for the springtime change in TPI in future 

climate simulations. Figures 3-3 through 3-5 show the projected change in TPI as a percent of 

the historical value. Red shaded areas indicate increases in TPI simulated by WRF from the 

period 1970-2000 to the period 2040-2070, and blue areas a decrease. The two simulations 

concur in projecting increases of TPI during Spring (Mar-Apr-May, Fig 3-4) over the Cascade 

Range, especially the North Cascades where increase up to 15-20% are simulated, with slight 

decreases or no change in the Puget Sound lowlands. This results suggests a possible increase in 

lightning risk in the North Cascades in a future climate. 

Results for the fall and early winter (October-December, Fig 3-4) are not consistent 

between the two simulations. The CCSM3-WRF simulation projects modest increases in TPI of 

20% across the region, with the ECHAM5-WRF simulation projecting a negligible change over 
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western Washington. This suggests that changes in fall and winter lightning will be small 

compared to year-to-year variability. 

In contrast, results for summer (June-August, Fig 3-5) show consistent decreases in TPI 

for both simulations, especially in the Puget Sound lowlands. This means that WRF is simulating 

an increase in atmospheric stability in the future. However, due to the nature of summertime 

convective storms over the region and their simulation in WRF, we have the least confidence in 

the implications of this summertime result for TPI on changes in the risk of lightning hazards. 

 
Figure 3-3. Percent change in TPI from 1970-2000 to 2050-2070 for spring (MAM). Left: 

CCSM3-WRF; Right: ECHAM5-WRF. 
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Figure 3-4. Percent change in TPI from 1970-2000 to 2050-2070 for winter (OND). Left: 

CCSM3-WRF; Right: ECHAM5-WRF. 

 
Figure 3-5. Percent change in TPI from 1970-2000 to 2050-2070 for summer (JJA). Left: 

CCSM3-WRF; Right: ECHAM5-WRF. 
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In order to place these results into the context of year-to-year variations in TPI, we have 

examined the time series of TPI at select locations. Figures 3-6 and 3-7 shows the time series of 

the number of days per year when TPI exceeds a threshold of 0.55 at Ross Lake and Seattle for 

each simulation and season. At Ross Lake, consistent with the maps shown above, there is no 

significant trend for JJA. Trends differ between the two simulations for OND, with neither model 

showing a substantial change. Both simulations indicate a modest increase for MAM. However, 

the probability of lightning does not become substantially greater in these projections until the 

mid to late 21st century. 

For Seattle, following the results in the maps discussed above, the simulations do not 

project significant trends for any season. One possible exception is OND in the CCSM3-WRF 

simulation, but again, the CCSM3 November values may not reflect robust climate trends. At 

Boundary Dam (Fig 3.8), results are similar as for Ross Dam, but with substantially larger trends 

for MAM. 
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Figure 3-6. Simulated time series of annual lightning probability at Ross Lake for CCSM3-WRF 

(left) and ECHAM5-WRF (right), for the three seasons, JJA (top), OND (middle), and MAM 
(bottom).   
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Figure 3-7. Simulated time series of annual lightning probability at SeaTac Airport for CCSM3-

WRF (left) and ECHAM5-WRF (right), for the three seasons, JJA (top), OND (middle), and 
MAM (bottom).   
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Figure 3-8. Simulated time series of annual lightning probability at Boundary Dam for CCSM3-
WRF (left) and ECHAM5-WRF (right), for the three seasons, JJA (top), OND (middle), and 
MAM (bottom).   
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D. Summary of Lightning Results 

The results for presented here for projected change in lightning risk with future climate 

change are highly preliminary in several respects. 

1. The lightning index we have used has shown good skill across the US in diagnosing 

lightning risk from mesoscale model simulations. However, the weather associated with 

lightning in western Washington may not be typical of other parts of the country due to terrain 

effects and the large-scale weather systems that trigger thunderstorms. Thus, while the results 

for changes in TPI over time are highly suggestive, a much more place-based study would be 

required for greater confidence in lightning projections. In particular, a diagnostic index more 

appropriate to the region should be developed and evaluated against observations. 

2. The relationship between a) meteorological conditions conducive to thunderstorms b) 

the observed frequency of lightning strikes, and c) the occurrence of lightning-induced 

infrastructure damage are not well characterized. First, even if weather conditions suggest 

thunderstorms, actual cloud-to-ground strikes capable of causing damage may not occur or not 

in locations with significant infrastructure. Second, the geographic distribution and the number 

of lightning strikes is critical to the infrastructure impacts of a storm, but may not we well 

characterized by the approach used here. 

3. In theory, lightning risk should respond to temperature-based climate variables such as 

the vertical lapse rate and low-level moisture. These variables are well represented in global and 

regional models and are expected to respond strongly global warming. Nevertheless, many 

regionally-specific processes associated with the meteorology of severe storms in the region 

introduce significant uncertainty in projecting the response of lightning to future climate 

change. Understanding and reducing this uncertainty requires a larger regional model ensemble 

than currently available. 

Despite these caveats, it appears likely that climate change could alter the risk of 

lightning in Washington in springtime and over the Cascade Range. Projected changes for other 

seasons show less likely changes, but results are not consistent between the simulations. Given 

these results and the vulnerability of regional infrastructure to lightning, we recommend further 

research into the issue.  
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