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ABSTRACT 

 
In a warming climate, atmospheric wave activity and subsequent weather patterns may change. Here, changes in 
planetary and shorter-scale Rossby waves are analyzed using the wavenumber-frequency power spectrum, a tool 
commonly applied to analyze atmospheric equatorial waves. We analyze daily data of 500 hPa geopotential height 
over 40°N–60°N from historical and future simulations by 20 models in the Coupled Model Intercomparison Project 
Phase 5 (CMIP5) under the RCP8.5 scenario. Results show that longwaves (wavenumbers 1–6)   of 1–2 weeks 
increase in power from 1950-2099 during winter and spring, whereas shortwaves (wavenumber 8–20) of 2–7 days 
decrease in power for all seasons. This implies that large-scale (104 km) weather systems in winter and spring may 
intensify, while short-scale (102–103 km) features influencing day-to-day weather may weaken. We discuss potential 
mechanisms for these changes, including enhanced surface Arctic warming and midlatitude-tropical interactions. 
 
Key words: Atmospheric Rossby waves, CMIP5, midlatitude climate change, wavenumber–frequency power spectrum.  
 
1. Introduction  

 
Atmospheric Rossby waves contain a variety of 

wave characteristics that influence the Northern 
Hemisphere jet stream and weather systems. These 
wave characteristics include longwaves (i.e., 
planetary-scale waves of 104 km), which influence 
weather variability mainly on 1–2 week time scales, 
and shortwaves, which are small-scale wave features 
(102–103 km) embedded within the longwaves that 
have a large influence on day-to-day weather 
variability. These wave motions interact with each 
other to form the northern midlatitude circulation (e.g., 
jet stream location and strength). Several recent 
studies suggest that in a future, warmer climate, the 
position and strength of the jet stream may change. 
This includes a poleward migration of the Northern 
Hemisphere jet stream (Yin, 2005; Barnes and Polvani, 
2013) and associated northward shifts of the storm 
track regions (Bengtsson et al., 2006), and the 
possibility for intensified cyclones in the northern 
midlatitudes (Zappa et al., 2013; Feser et al., 2015). 
Studies have also indicated that the wavelength of 
baroclinic eddies (i.e., shortwaves) may increase in 
response to increasing greenhouse gases (GHGs), 
accompanied by a poleward shift in the midlatitude jet 
stream (Kidston et al., 2010, 2011). These results imply 
that increasing GHGs may change midlatitude wave 
activity, which in turn could alter the frequency, 
intensity, and duration of weather events in the region.  

 
However, uncertainty remains regarding changes in 

the characteristics of midlatitude waves, which 
ultimately control the frequency, intensity, and duration 
of weather events. For example, Screen and 
Simmonds (2013) used two methods to quantify 
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amplitude changes in Rossby waves (wavenumbers 1–
10) from 1979–2011 over different northern midlatitude 
longitude sectors, and results showed that trends in 
amplitude may be method dependent. This method 
dependency was also illustrated in Barnes (2013), 
where two methods were used to quantify amplitude 
changes from 1980–2011 over the North 
American/North Atlantic sector of the midlatitudes for 
Rossby waves (wavenumbers 1–6), and similarly 
results differed. Using one metric from Barnes (2013), 
Barnes and Polvani (2015) and hereafter BP15 
analyzed changes in Rossby wave (wavenumbers 1–
6) amplitude in a future climate, but results showed 
weak model agreement on the sign of the change. 
Furthermore, BP15 found weak model agreement on 
the sign of the change in wave speed in a future 
climate. However, blocking frequency (i.e., duration) 
was found to robustly decrease in all seasons in a 
future climate in BP15. Overall, more work is needed 
on understanding changes in northern midlatitude 
wave activity, particularly for longwaves and 
shortwaves separately, in a future climate since 
weather patterns affect transportation, agriculture, and 
commerce (Francis, 2017).  

 
Here, we utilize the wavenumber-frequency power 

spectrum that is commonly found in tropical 
atmospheric equatorial wave analysis (Wheeler and 
Kiladis, 1999 and hereafter WK99) to quantify changes 
in the distribution of spectral power of midlatitude 
atmospheric waves from 1950–2099, with a focus on 
longwaves and shortwaves. These changes in the 
time-mean power reflect changes in wave amplitude, 
frequency of occurrence, and duration. Recently, 
Raghavendra et al., (2019) showed that the 
wavenumber-frequency power spectrum can be used 
to quantify changes in tropical atmospheric wave 
power during the satellite era (i.e., since 1979), and 
found that high-frequency waves (e.g., Kelvin waves, 
mixed Rossby gravity waves, and tropical depression-
type disturbances) have experienced an increase in 
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power since 1979. Here we apply a similar framework 
as Raghavendra et al., (2019), but for northern 
midlatitude atmospheric zonal waves projected by 
multiple climate models for the 21st century. We first 
compare the wavenumber-frequency power spectra for 
the northern midlatitudes from the historical 
simulations by 20 models in the Coupled Model 
Intercomparison Project Phase 5 (CMIP5; Taylor et al., 
2012) with those from reanalyses, and then examine 
their future change under the RCP8.5 high emissions 
scenario, with a focus on eastward propagating 
longwaves (wavenumbers 1–6) and shortwaves 
(wavenumbers 8–20). We conclude by discussing 
some potential mechanisms for these changes, 
including a possible role of Arctic amplification (AA), 
which refers to the enhanced surface warming over the 
Arctic when compared to the rest of the world that is 
likely to be caused by sea-ice loss (Screen and 
Simmonds, 2010; Dai et al., 2019), which may impact 
northern midlatitude circulation through the reduction 
in the Arctic–midlatitude meridional temperature 
gradient (Francis and Vavrus, 2012).  

  
2. Data and Methods 

 
a) Study Region and Data 
 

We focus on wave activity over the entire Northern 
Hemisphere midlatitudes from 40°–60°N. We tested 
other slightly different definitions of the northern 
midlatitudes and found similar results. Daily data for 
500 hPa geopotential height (Z500) were utilized in the 
spectral analysis, as planetary- and synoptic-scale 
waves are best diagnosed using this field (BP15). We 
obtained these data from 20 CMIP5 models (Table S1; 
Taylor et al. 2012) for the historical period (1950–2005) 
and future projections (2006-2099) under the RCP8.5 
high emissions scenario, with one ensemble member 
for each model. For model evaluation, we analyzed 
Z500 daily data from 1979–2005 from both the 
European Centre for Medium-Range Weather 
Forecasts’ ERA-Interim reanalysis (Dee et al., 2011) 
and the National Centers for Environmental 
Prediction/National Center for Atmospheric Research 
Reanlysis-2 (NCEP/NCAR-2; Kanamitsu et al., 2002). 
The wavenumber-frequency power spectra looked 
remarkably similar for these reanalysis products; thus, 
only the ERA-Interim results are shown here. The daily 
Z500 fields from the reanalyses and the CMIP5 models 
were linearly interpolated onto a 𝟐. 𝟎°	 × 	𝟐. 𝟎°	 grid 
before the spectral analysis to minimize the impact of 
different data resolutions. 

 
b) Wavenumber-frequency power spectrum 
 

The seasonal cycle was removed before the 
spectral analysis (WK99) by the following Fourier 
regression model: 
                       𝐂 =	 (𝐗𝐓 × 𝐗)-𝟏 × 𝐗𝐓 × 𝐘,                  (1)                                     
where 𝐘 is the time series of Z500 data over the study 
region and time period of interest of the respective 
dataset (i.e., reanalysis or CMIP5 model) and 𝐗 is the 

predictor matrix that consists of a column of ones that 
is the length of the number of the days within the 
dataset and remaining columns consist of sine and 
cosine pairs that represent the first five harmonics of 
the seasonal cycle (Roundy, 2018). The seasonal 
cycle (i.e., 𝐗 × 𝐂) was calculated and then subtracted 
from 𝐘 to obtain daily Z500 anomalies (i.e., 𝐘𝐚𝐧𝐨𝐦). 
 
						𝐘𝐚𝐧𝐨𝐦	was then segmented in time using 62-day 
time windows that overlap by one-half. The time 
windows were detrended and tapered to zero using a 
Hann window (i.e., a cosine bell) to prevent spectral 
leakage (WK99). A 62-day time window was chosen 
such that the time scales of interest in this study (i.e., 
variability within the 2–14 day range) could be properly 
resolved. A 2-dimensional fast Fourier transform (𝐅𝐅𝐓) 
was then applied to each data segment to obtain 
𝐅𝐅𝐓(𝐘𝐚𝐧𝐨𝐦)  at each latitude. This transforms 𝐘𝐚𝐧𝐨𝐦 
from a 3-dimensional variable of (time, latitude, 
longitude) to a 4-dimensional variable of (latitude, 
frequency, wavenumber, segment number). Power 
was then computed by: 
𝐏𝐨𝐰𝐞𝐫 = 𝐥𝐨𝐠𝐞	[𝐅𝐅𝐓(𝐘𝐚𝐧𝐨𝐦) × 	𝐜𝐨𝐧𝐣>𝐅𝐅𝐓(𝐘𝐚𝐧𝐨𝐦)?],  (2)                
where 𝐜𝐨𝐧𝐣[𝐅𝐅𝐓(𝐘𝐚𝐧𝐨𝐦)] is the complex conjugate of 
𝐅𝐅𝐓(𝐘𝐚𝐧𝐨𝐦)  . Here, 𝐥𝐨𝐠𝐞  is included in the 𝐏𝐨𝐰𝐞𝐫 
computation for visualization as the values of 𝐏𝐨𝐰𝐞𝐫 
are on the order of 106–109. Our conclusions are not 
sensitive to the utilization of 𝐥𝐨𝐠𝐞(𝐏𝐨𝐰𝐞𝐫). 
 
      Since there is seasonality associated with the 
northern midlatitude storm track regions (Chang et al., 
2002), it is necessary for changes in northern 
midlatitude spectral power to be analyzed by season. 
To obtain seasonal power spectra, we constructed a 
Hermite Polynomial of the form 𝐏(𝐱) = 𝟏	 − 𝟑𝐱𝟐 +
𝟐𝐱𝟑, 	𝐰𝐡𝐞𝐫𝐞	𝐱 ∈ [𝟎, 𝟏]  with a 20-day smoother, such 
that the 10 days before a new season and 10 days after 
are transitioned smoothly in order to avoid Gibbs 
Ringing Phenomenon when sectioning the data by 
season (Raghavendra and Guinn, 2016). Furthermore, 
𝐱 is zero if the day is not in the respective season, is 
one if contained within the respective season, and is a 
fraction between zero and one if contained within ±𝟏𝟎 
days before a change in season. We multiplied 𝐘𝐚𝐧𝐨𝐦 
by the Hermite Polynomial for each season to derive 
the seasonal data series, with seasons defined as 
December-January-February (DJF), March-April-May 
(MAM), June-July-August (JJA), and September-
October-November (SON). Power was then computed 
following Eq. (2) using the seasonal data series. The 
seasonal power for each year was obtained by 
averaging over all the time windows within each 
season (approximately 2–3 windows) and over all 
latitudes within 40°–60°N.  
 

The wave power spectra show different change 
patterns for the longwaves, defined as waves with 
wavenumbers 1–6 and period of 7–14 days (outlined 
by the black box in Figs. 1–2), and the shortwaves, 
defined as waves with wavenumbers 8–20 and period 
of 2–7 days (outlined by the red box in Figs. 1–2). Thus, 
we will focus on changes in these waves.  We 



Sussman,	H.	S.,	A.	Raghavendra,	P.	E.	Roundy,	and	A.	Dai,	2019:	Trends	in	the	Northern	Midlatitude	Rossby	Wave	in	a	Future	Climate.	32nd	Conference	on	Climate	
Variability	and	Change	,	Phoenix,	AZ,	Amer.	Meteor.	Soc.,	5B.2,	https://ams.confex.com/ams/2019Annual/meetingapp.cgi/Paper/351630		

3	
	

recognize that our chosen longwave and shortwave 
regions do not represent the respective waves of all 
time scales. Our goal is to document changes in power 
for the longwaves that influence the eastward 
propagation of weather variability on a 1–2 week time 
scale and for shortwaves that influence the eastward 
propagation of day-to-day weather only. We first 
computed the relative percentage change from 1980–
1999 to 2080–2099 in the mean power for the entire 
spectrum. We then calculated the spatial patterns of 
the trends during 1950–2099 in the longwave and 
shortwave power. This was achieved by taking the 
𝐅𝐅𝐓-𝟏  (inverse of FFT) of the transformed Z500 
anomaly data including only the Fourier coefficients 
that are within the wave region of interest in the 
wavenumber-frequency domain (e.g., WK99; Roundy 
and Frank, 2004; Raghavendra et al., 2019). We then 
squared the filtered anomalies to compute variance 
and regressed them against time to estimate trends. 
Lastly, we computed the seasonal time series from 
1950–2099 of the mean wavenumber-frequency power 
spectra (calculated separately for each season) for 
longwaves and shortwaves to examine how the power 
within those two regions evolves from 1950–2099. For 
each analysis, statistical significance was calculated 
using the two-tailed Student’s t-test, with a p-value < 
0.05 considered statistically significant.  
 
3. Results 

 
a) Model evaluation 
 

The 1979–2005 mean wavenumber-frequency 
power spectra for ERA-Interim and the 20 CMIP5 
model mean for DJF and JJA are shown in Figure 1. 
The spectra produced by ERA-Interim (Figs. 1a–1b) 
and the CMIP5 ensemble mean (Figs. 1c–1d) are 
remarkably similar for both seasons. This is also true 
of the MAM and SON spectra (not shown). This 
suggests that the models can simulate the current 
power spectrum for the planetary and shorter waves, 
which provides some confidence for us to examine 
their simulated future changes. Figure 1 shows that the 
mean wave power is higher in DJF than in JJA in both 
ERA-Interim and CMIP5 models, which is consistent 
with the stronger wave and weather variability seen in 
northern midlatitude winter. The values of power for 
MAM and SON are similar to each other, and slightly 
less than that of DJF. Furthermore, the longwave band 
has higher power than that of the shortwave band in 
both seasons, which suggests that the amplitude, 
frequency of occurrence, and/or duration are higher for 
the longwaves than for the shortwaves. 
 
b) Power changes 
 

The relative percentage change from 1980–1999 to 
2080–2099 in seasonal wave power for the entire 
spectrum is shown in Figure 2. For wavenumbers 
greater than 8, a decrease in power is shown over all 
frequencies for all seasons, especially in JJA and SON. 
For DJF, MAM, and SON (Figs. 2a, 2b, and 2d), an 

increase in power is shown over a narrow band of the 
spectrum in the eastward direction around 
wavenumbers 1–6. This is not the case for JJA (Fig. 
2c), where no increase in power is shown in this region. 
These results suggest a shift in power from higher 
wavenumbers to lower wavenumbers for DJF, MAM, 
and SON, which is consistent with the results of 
Kidston et al. (2010), who suggested an increase in the 
mean wavelength in response to high GHG emissions.  

 
Figure 3 shows the spatial distribution of the trend 

in variance during 1950–2099 for the longwaves and 
shortwaves (i.e., regions outlined by the black and red 
boxes in Figs. 1–2, respectively) for each season. For 
the longwaves (Figs. 3a–3d), significant positive trends 
are seen over the North Atlantic and Europe and parts 
of western Asia in DJF and MAM, as well as parts of 
the western North Pacific in MAM, while increases are 
seen mostly over the northern North Pacific and 
northern North America in SON (Fig. 3d). For JJA (Fig. 
3c), most of the trends are statistically insignificant, 
with some decreases over the northeastern North 
Pacific and some increases over the North Atlantic and 
central North America, which thus results in mostly 
insignificant changes for this wave region (i.e., the 
black box in Fig. 2c). For the shortwaves (Figs. 3e–3h), 
significant declines in variance are seen over most of 
the northern midlatitudes, especially for SON, JJA, and 
MAM, consistent with the wave power changes shown 
by the red box in Fig. 2.   

 
The temporal evolution of mean 𝐥𝐨𝐠𝐞  spectral 

power is shown for the longwaves in Fig. 4a and 
shortwaves in Fig. 4b. The upward trends in the time 
series for the longwaves are significant only for DJF 
and MAM, which is consistent with the variance trend 
maps shown in Figs. 3a–d.  This translates to a wave 
activity and variability increase for the longwaves due 
to either an increase in their amplitude (i.e., increased 
waviness; Martin et al., 2019) and/or frequency of 
occurrence. The downward trends in the time series for 
the shortwaves are significant for all seasons, 
especially for JJA and SON, again confirming the 
changes shown in Figs. 2 and 3e–h, and translating to 
a wave activity and variability decrease for the 
shortwaves due to either a decrease in their amplitude 
and/or occurrence frequency. Overall, a redistribution 
of power from the shortwaves to the longwaves is 
observed for all seasons as the shortwaves decline in 
power while the longwaves increase in power or 
change little. The respective changes in power are not 
due to changes in duration as the redistribution of 
power we observe only shows a spatial scale 
redistribution of power rather than a temporal scale 
change, i.e., power at low wavenumbers increases and 
power at high wavenumbers increases (Fig. 3).  
 
c) Potential physical mechanisms 
 

The wave power changes discussed above are a 
part of the northern midlatitude response to GHG-
induced global warming under the RCP8.5 high 
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emissions scenario. But there are several possible 
mechanisms whereby climate change might yield this 
outcome. Besides the local warming response, 
changes at remote latitudes may influence these 
changes in the wave spectrum in this study region. To 
investigate any potential remote factors, we computed 
the 2080–2099 minus 1980–1999 differences in zonal-
mean air temperature (𝐓) and meridional temperature 
gradient (𝐝𝐓

𝐝𝐲
) over the Northern Hemisphere for each 

season using monthly air temperature data from the 20 
CMIP5 models listed in Table S1 on a 𝟐. 𝟎°	 × 	𝟐. 𝟎°	grid 
(Fig. 5).  

 
From Figure 5, we observe the AA signal, and find 

it to be strongest in DJF, MAM, and SON, and of small 
magnitude in JJA. This is in agreement with Dai et al., 
(2019), who found that strong AA mainly occurs from 
October to April. Strong AA should reduce the 
meridional temperature gradient, as the Arctic warms 
faster than the lower latitudes. This could lead to a 
reduction in zonal wind through the thermal wind 
relationship, and a weakened zonal wind favors larger 
amplitudes of zonal waves and atmospheric blocking 
(Luo et al., 2014, 2017, 2018). Because of this, it has 
been proposed that AA and the associated reduction in 
the meridional temperature gradient between the Arctic 
and the midlatitudes may cause Rossby waves to 
elongate meridionally, while slowing down in their 
eastward propagation (Francis and Vavrus, 2012). This 
mechanism may increase the persistence of weather 
conditions (e.g., Dole et al., 2011). For DJF, MAM, and 
SON (Figs. 5a, 5b, and 5d), a clear decrease in 𝐝𝐓

𝐝𝐲
 in 

the lower troposphere from the Arctic toward the 
midlatitudes is observed. This could cause some 
changes in zonal wind over these regions, which may 
in turn affect wave activities in the midlatitudes. 
However, it is unclear how exactly the 𝐝𝐓

𝐝𝐲
 change may 

alter wave activity at the preferred scales discussed. 
Furthermore, the 𝐝𝐓

𝐝𝐲
 changes in JJA is small, yet the 

decrease in JJA shortwave activity is robust (Figs. 2c, 
3g, and 4b). This suggests other mechanisms for our 
results, especially in JJA.    

 
Another potential remote mechanism may come 

from the low latitudes. For example, the poleward 
expansion of the Hadley cell circulation (Fu, 2015; 
Byrne and Schneider, 2016a, 2016b) may decrease 
the meridional temperature gradient between the 
subtropics and the midlatitudes due to changes in 
ocean heat transport (Rencurrel and Rose, 2018), 
albeit this temperature gradient decrease is weak when 
compared to the Arctic–midlatitude temperature 
gradient decrease (Fig. 5). Additionally, changes in the 
distribution of rainfall events in the tropics can also 
influence wave propagation across the middle 
latitudes, because tropical convection is one source of 
midlatitude wave activity (Baggett et al., 2016). Also, 
heating near the Northern midlatitude region 
associated with desert amplification (Zhou, 2016) may 

also reduce the subtropical-midlatitude meridional 
temperature gradient. Further investigations are 
needed on how the low-latitude changes may influence 
northern midlatitude longwaves and shortwaves (e.g., 
Peings et al., 2017). 
 
4. Conclusions 
 

We have examined the model projected changes 
from 1950–2099 in the spectral power of zonal waves 
over the northern midlatitudes (40°–60°N) in daily Z500 
from 20 CMIP5 models using the wavenumber-
frequency power spectrum to understand how wave 
activity in this region may behave in a future, warmer 
climate. The CMIP5 models reproduce the mean wave 
power spectra seen in ERA-Interim and other 
reanalyses well. Under the RCP8.5 high emissions 
scenario, the models project a significant decrease 
during the 21st century in wave power for shortwaves 
(i.e., wavenumbers 8–20 and period of 2–7 days) for all 
seasons, especially for JJA and SON, but significant 
increases in wave power for longwaves (i.e., 
wavenumbers 1–6 and period of 7–14 days) for DJF 
and MAM. The weakening of the shortwaves is seen 
over most of the longitudes, while  the strengthening of 
the longwaves is concentrated from the North Atlantic 
to Europe in DJF and MAM.   

 
Our results suggest a shift of zonal wave power 

from high wavenumbers (>7) towards eastward 
propagating Rossby waves with wavenumbers of 1–6. 
Since wave power reflects time-averaged wave 
amplitude, these results suggest that the time-
averaged amplitude of the longwaves in DJF and MAM 
would increase in the 21st century, while the time-
averaged amplitude for the shortwaves in all seasons 
would decrease. This implies that the longwaves would 
become either stronger when they occur and/or occur 
more frequently, while the shortwaves would become 
either weaker and/or occur less frequently. As a result, 
large-scale planetary weather patterns (mainly on 
timescales of 7–14 days) in DJF and MAM may 
intensify in the 21st century, while smaller-scale 
cyclones and anticyclones (including timescales of 2–
7 days) may weaken (Fig. 2). 

 
Although the wave power changes are likely part of 

the midlatitude response to GHG-induced global 
warming, GHG-induced changes in the Arctic and 
lower latitudes may also impact the midlatitude wave 
spectrum because these regions can be sources of 
wave activity. For example, AA reduces the Arctic–
midlatitude temperature gradient and thus may 
influence midlatitude circulation and zonal wave 
activities. Other influences may come from the 
poleward expansion of the Hadley cell under global 
warming or changes in the distribution and variability of 
tropical rainfall. Further investigations of the physical 
mechanisms underlying the midlatitude zonal wave 
changes are needed. 
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Tables and Figures 
 
Table 1. Summary of the 20 CMIP5 models used in this study including the model name, model abbreviation, the 
institution that developed the model, the atmospheric resolution, and key model reference. 

Ref. 
No. 

Model Name (Abbreviation) Institution Atmospheric 
Resolution 
(lat × lon) 

Key 
Reference 

1 Australian Community Climate and Earth 
System Simulator, version 1 
 (ACCESS1-0) 
 

Commonwealth Scientific and 
Industrial Research Organisation 
and Bureau of Meteorology 
Australia (CSIRO–BoM) 
 
 

1.25°	 ×	1.875° Collier and 
Uhe (2012) 
 

2 Australian Community Climate and Earth 
System Simulator, version 1-3 
 (ACCESS1-3) 

1.25°	 ×	1.875° 

3 Canadian Earth System Model, version 2 
(CanESM2) 
 

Canadian Centre for Climate 
Modelling and Analysis (CCCma) 
 

2.8°	 ×	2.8° Arora et al. 
(2011) 

4 Centro Euro-Mediterraneo per I Cambiamenti 
Climatici Carbon Earth System Model 
 (CMCC-CESM) Centro Euro-Mediterraneo per I 

Cambiamenti Climatici (CMCC) 
 

3.4°	 ×	3.75° 

Fogli et al. 
(2009) 
 

5 Centro Euro-Mediterraneo per I Cambiamenti 
Climatici Climate Model (CMCC-CM) 

0.75°	 ×	0.75° 

6 Centro Euro-Mediterraneo per I Cambiamenti 
Climatici Climate Model with a Resolved 
Stratosphere (CMCC-CMS) 

3.7°	 ×	3.75° 

7 Centre National de Recherches 
Meteorologiques Coupled Global Climate 
Model, version 5 (CNRM-CM5) 

National Centre for Meteorological 
Research, France 

1.4°	 ×	1.4° Voldoire et al. 
(2013) 

8 Geophysical Fluid Dynamics Laboratory 
Climate Model, version 3 (GFDL-CM3) 

National Oceanic and Atmospheric 
Administration (NOAA) 
Geophysical Fluid Dynamics 
Laboratory 
 

2.0°	 ×	2.5° Griffies et al. 
(2011) 

9 Geophysical Fluid Dynamics Laboratory Earth 
System Model with Modular Ocean Model 4 
(MOM4) ocean component (GFDL-ESM2M) 

2.0°	 ×	2.5° Donner et al. 
(2011) 

10 Hadley Centre Global Environmental Model, 
version 2 – Carbon Cycle (HadGEM2-CC) 

Met Office Hadley Centre, United 
Kingdom 

1.25°	 ×	1.875° Jones et al. 
(2011) 

11 L’Institut Pierre-Simon Laplace Coupled Model, 
version 5A, medium resolution 
 (IPSL-CM5A-MR) 

Institut Pierre Simon Laplace, 
France 
 

1.25°	 ×	2.5° 
Dufresne et 
al. (2013) 
 12 L’Institut Pierre-Simon Laplace Coupled Model, 

version 5B, low resolution (IPSL-CM5B-LR) 
1.9°	 ×	3.75° 
 

13 Model for Interdisciplinary Research on 
Climate, version 5 (MIROC5) 

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

1.4°	 ×	1.4° Watanabe et 
al. (2010) 

14 Model for Interdisciplinary Research on 
Climate, Earth System Model (MIROC-ESM) Japan Agency for Marine-Earth 

Science and Technology 
 

2.8°	 ×	2.8° 
 

Watanabe et 
al. (2011) 
 

15 Model for Interdisciplinary Research on 
Climate, Earth System Model, Chemistry 
Coupled (MIROC-ESM-CHEM) 

16 Max Planck Institute Earth System Model, low 
resolution (MPI-ESM-LR) Max Planck Institute for 

Meteorology, Germany 
 

1.9°	 ×	1.9° 
 

Giorgetta et 
al. (2013) 
 17 Max Planck Institute Earth System Model, 

mixed resolution (MPI-ESM-MR) 
18 Meteorological Research Institute Coupled 

Atmosphere-Ocean General Circulation Model, 
version 3 (MRI-CGCM3) 

Meteorological Research Institute, 
Japan 
 

1.12°	 ×	1.125° Yukimoto et 
al. (2012) 

19 Meteorological Research Institute Earth System 
Model, version 1 (MRI-ESM1) 

1.12°	 ×	1.125° Yukimoto et 
al. (2011) 

20 Norwegian Earth System Model, version 1, 
intermediate resolution (NorESM1-M) 

Norwegian Climate Center, 
Norway 

1.9°	 ×	2.5° Bentsen et al. 
(2013) 
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Figure 1: The 1979–2005 mean winter (left) and summer (right) wavenumber-frequency power spectrum of daily 500 

hPa geopotential height (Z500) over the Northern midlatitudes (40o–60oN) for (a–b) ERA-Interim and (c–d) for 
the 20–CMIP5 model average. The black (red) box represents longwaves (shortwaves). The frequency units are 
in cycles per day (CPD).  
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Figure 2: The 20 CMIP5 model-averaged relative percentage change in loge spectral power of daily Z500 for 2080–

2099 minus 1980–1999 for each season. Stippling indicates where the change is statistically significant at the 
5% level. Circles denote that 85% of the models agree on the sign of the change. The percentage of grid points 
that exhibit both statistical significance and model agreement is shown in the title of each panel. The black (red) 
box represents longwaves (shortwaves). 
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Figure 3: The 20 CMIP5 model-averaged trends in the variance of (a–d) longwaves and (e–h) shortwaves for each 

season over the Northern midlatitudes. Stippling represents significance at the 5% level. 
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Figure 4: The 20 CMIP5 model-averaged time series of the mean loge spectral power of Z500 over 40o–60oN for a) 

longwaves and b) shortwaves from 1950–2099 for DJF, MAM, JJA, and SON. In a) and b), one unit of loge 
spectral power was added to the JJA time series for visualization purposes. The linear trends of the time series 
are all statistically significant at the 5% level expect for JJA and SON in a). 

 

 
Figure 5: The 20 CMIP5 model-averaged zonal-mean air temperature change (T, K; color shading) and meridional 

temperature gradient change (dT/dy, K/°lat; contours) from the Arctic toward the Equator for the RCP8.5 scenario 
(i.e., 2080–2099) minus the historical period (i.e., 1980–1999). Areas where the change in air temperature is not 
significant at the 5% level are denoted by gray stippling. 


