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Abstract Atmospheric waves control the weather and climate variability, by affecting winds,
temperature, and precipitation. It is thus critical to assess their future response to anthropogenic emissions.
Most previous studies investigated the projected regional changes in the intensity of atmospheric waves,
by pooling across waves with different scales. However, the waves' projected changes might vary with their
scale, and thus, their future climate impacts might also be scale dependent. Here we show that both in the
tropics and midlatitudes while large waves will get stronger, small waves will get weaker by the end of
this century. Thus, investigating the response of atmospheric waves to human activity by pooling across all
wave scales masks the future climate impacts of large waves. We further reveal that the opposite response
of large and small waves stems from the opposite effect of static stability and zonal wind on the growth rate
of the different waves.

1. Introduction
Atmospheric waves play a central role in shaping the weather and climate on Earth. Not only that atmo-
spheric waves affect the daily to monthly weather variability, by modulating winds, temperature, and
precipitation (e.g., midlatitude storms), they also affect Earth's climate by transferring heat, momentum,
and moisture across latitudes and longitudes. Thus, even modest changes in these waves could have large
global climate impacts (Held, 1993).

By the end of this century climate models project an intensification of midlatitudes storms in the Southern
Hemisphere winter, a reduction in Northern Hemisphere summer, and no robust changes in the storms'
overall intensity during Northern Hemisphere winter and Southern Hemisphere summer (partly due to
the poleward of shift of the storm tracks) (E. K. M. Chang et al., 2012; Harvey et al., 2014; Lehmann
et al., 2014; O'Gorman, 2010). Some of these changes have already been observed over recent decades
(Coumou et al., 2015). In the tropics, the Madden-Julian Oscillation (MJO, the largest intraseasonal vari-
ability in the tropics) amplitude is projected to increase (Adames et al., 2017; Bui & Maloney, 2018;
C. J. Chang et al., 2015; Rushley et al., 2019; Subramanian et al., 2014); however, there are large differences
in the reported enhancements (Bui & Maloney, 2018; Maloney et al., 2019).

Since the intensity of atmospheric waves varies with their scale, the climate effects of the waves' response to
anthropogenic emissions might also vary with scale; that is, not necessarily, the atmospheric waves' response
to anthropogenic emissions occurs uniformly across all scales. For example, previous studies, which ana-
lyzed associated metrics of wave activity (e.g., the meridional wind and Northern Hemisphere geopotential
height), showed that in the upper troposphere at midlatitudes while amplitudes of long wavelengths are
projected to increase, their short wavelength amplitudes are projected to decrease (Kidston et al., 2011;
Rivière, 2011; Sussman et al., 2020). Whether such changes occur when accounting for the total wave energy,
all atmospheric levels, and different regions is still an open question.

Furthermore, the underlying mechanism of the projected changes of atmospheric waves in spectral space
is not fully understood. The above scale-dependent wave response might be linked to the projected increase
in the eddy length scale (i.e., the scale that holds most of the energy, Kidston et al., 2010). Previous studies
have suggested that an increase in the eddy length scale might stem from increases in static stability and
tropopause height (Kidston et al., 2010; Williams, 2006), via their effect on the Rossby deformation radius.
However, a significant correlation between the projected changes in eddy length scale and static stability
only appears in the Southern Hemisphere, while the above scale-dependent wave response was reported in
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both hemispheres (Kidston et al., 2010, 2011); several previous studies showed that the deformation radius
does not capture the most unstable wavenumber or the eddy length scale (Chemke & Kaspi, 2015; Chemke
et al., 2016; Frierson et al., 2006). In addition, changes in upper tropospheric wind shear were also argued to
explain the increase in the eddy length scale, as they have opposite effects on the stability of short and long
waves (Rivière, 2011). To date, the relative roles of the above variables in the future scale-dependent wave
response have not been assessed in fully coupled models. In this work we address the above open questions
by conducting a spectral analysis on the future changes in atmospheric waves in order to better understand
their projected climate impacts.

2. Methods
2.1. CMIP5 Models

We use daily output of zonal and meridional winds, geopotential height, and temperature from 15 models
that participate in the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al., 2012) and
select only the “r1i1p1” member between 1850 and 2100 with the Historical (through 2005) and Represen-
tative Concentration Pathway 8.5 (RCP8.5, through 2100) experiments (supporting information Table S1),
in order to weigh all models equally. As discussed throughout the text, all figures below are plotted using
annual mean values, and the seasonality of the analysis is shown in the supporting information.

2.2. EKE

The eddy kinetic energy (EKE) per unit mass is defined as

EKE = 1
2
(u′2 + v′2), (1)

where u is the zonal wind, v is the meridional wind, and prime denotes deviation from zonal mean. The
EKE is calculated daily thus includes both transient and stationary waves. We follow previous studies
(Lambert, 1984) and calculate the 2-D spectrum of the EKE using the vorticity and divergence. The inte-
grated EKE over the atmospheric mass per unit area, dm, can be written using the stream function, 𝜓 , and
the velocity potential, 𝜒 , as follows:

∫
1
2
(u′2 + v′2)dm = −1

2 ∫ 𝜓 ′∇2𝜓 ′ + 𝜒 ′∇2𝜒 ′dm, (2)

where ∫ dm = 1
4𝜋g

∫ ps
0 ∫ 2𝜋

0 ∫ 𝜋∕2
−𝜋∕2 cos𝜙d𝜙d𝜆dp, ps is surface pressure, g is gravity, and 𝜁 ′ = ∇2𝜓 ′ and

D′ = ∇2𝜒 ′ are the eddy components of the vorticity and divergence, respectively. Using spherical harmon-
ics as basis functions, and recalling that {∇2A}n,k = − n(n+1)

a2 An,k, where n and k are the total and zonal
wavenumbers, respectively, and a is Earth's radius, the EKE can be written in spectral space as follows:

EKEn = 1
4g

ps

∫
0

n∑
k=−n

a2

n(n + 1)
(|D′

n,k|2 + |𝜁 ′n,k|2)dp. (3)

Finally, the zonal EKE spectrum is computed using a one-dimensional Fourier analysis at each latitude
(Saltzman, 1957):

EKEk = 1
g

ps

∫
0

|u′
k|2 + |v′k|2dp. (4)

2.3. Spectral EKE Budget

To better elucidate the changes in the zonal EKE spectrum at midlatitudes, we follow previous studies
(Chemke, 2017; Chemke et al., 2016; Chemke & Kaspi, 2015; Saltzman, 1957) and analyze the EKE budget:

𝜕EKEk

𝜕t
= PK + EM + EE + F, (5)

where

PK = −2
g

ps

∫
0

Re
{

u′∗
k ⋅ ∇𝜑′

k

}
dp, (6)
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contains the generation of EKE (the conversion from eddy available potential energy to EKE), where u
denotes the horizontal velocity vector, the asterisk denotes a complex conjugate, and 𝜑 is the geopotential:

EM = − 2
g∫

ps

0
Re

{
u′∗

k

(
u⋅∇u′ + u′⋅∇u − uv′ tan𝜙

a
− u′v tan𝜙

a

)
k

+v′∗k

(
u⋅∇v′ + u′⋅∇v + 2 uu′ tan𝜙

a

)
k

}
dp,

(7)

contains the wave-mean interactions (the transfer of energy between the waves and the zonal mean flow),
where overbar denotes a zonal mean:

EE = −2
g

ps

∫
0

Re
{

u′∗
k

(
u′ ⋅ ∇u′ − u′v′ tan𝜙

a

)
k
+ v′∗k

(
u′ ⋅ ∇v′ + u′u′ tan𝜙

a

)
k

}
dp, (8)

contains the wave-wave interactions (the transfer of energy between the different waves), and F contains
dissipation processes. Since F is not available from CMIP5 models, and in order to close the budget, it is
calculated as the residual between the EKE tendency ( 𝜕EKEk

𝜕t
) and PK, EM, and EE.

2.4. Linear Normal Mode Instability Analysis

For calculating the growth rate of the waves, which represents the extraction of mean potential energy, we
follow previous studies (Chemke, 2017; Chemke et al., 2016; Chemke & Kaspi, 2015, 2016a, 2016b; Chemke
& Polvani, 2019; Smith, 2007) and conduct a linear normal-mode instability analysis to the quasigeostrophic
equations (simplified equations for the midlatitude flow). The quasigeostrophic equations (conservation of
interior quasigeostrophic potential vorticity and buoyancy at the vertical boundaries) linearized about the
midlatitude mean state, can be written as follows:

𝜕q′

𝜕t
+ ũ ⋅ ∇q′ + u′ ⋅ ∇q̃ = 0 ,Hp < p < ps

𝜕

𝜕t
𝜕𝜓 ′

𝜕p
+ ũ ⋅ ∇𝜕𝜓

′

𝜕p
+ u′ ⋅ ∇𝜕𝜓̃

𝜕p
= 0, p = Hp, ps,

(9)

where q′ = ∇2𝜓 ′ + Γ𝜓 ′ is the eddy quasigeostrophic potential vorticity, Γ = 𝜕

𝜕p
𝑓 2

S2
𝜕

𝜕p
, S2 = − 1

𝜌̃
̃
𝜃

𝜕
̃
𝜃

𝜕p
is static

stability, 𝜃 is potential temperature, 𝜌 is the density, and tilde represents time and midlatitude mean (aver-
aged over 30–60◦ and over the last 20 years of either the 20th or 21st century, i.e., the mean fields are only
a function of pressure). ∇q̃ = Γṽî + (𝛽 − Γũ)𝑗 is the mean quasigeostrophic potential vorticity gradient, 𝛽
is the meridional derivative of the Coriolis parameter, Hp is the tropopause height (defined, following the
World Meteorological Organization, as the lowest level where the vertical temperature gradient crosses the

2 K km−1 value), and ∇ 𝜕𝜓̃

𝜕p
= 𝜕ṽ

𝜕p
î − 𝜕ũ

𝜕p
𝑗.

Substituting a plane wave solution, 𝜓 ′ = Re
{
𝜓 ′(p)ei(kx−𝜔t)

}
, where 𝜔 is frequency, into Equation 9 yields

an eigenvalue problem for the normal modes 𝜓 ′. A nonzero imaginary component of the eigenvalues, 𝜔,
thus represents an exponential growth of the solution (i.e., the growth rate of the waves). We numerically
solve the resulting eigenvalue problem using the mean fields (velocity, temperature, and tropopause height)
from each of the CMIP5 models and investigate the growth rate of the most unstable normal mode. Lastly,
the equation is solved for an infinitely wide channel (i.e., for a zero meridional wavenumber).

3. Future Changes in EKE
We start by considering the waves' global response. This is done by computing the spectrum of the column
integrated EKE using spherical harmonics as basis functions (Baer, 1972; Boer & Shepherd, 1983; Lambert,
1984); EKE is a widely used measure for the intensity of atmospheric waves. Note that while one would
not fully elucidate the climate impacts of atmospheric waves via spherical harmonics decomposition, as
it pools waves across different regions on Earth, such decomposition provides basic understanding in the
behavior of atmospheric waves. Figure 1a shows the climatology (average over the 1980–1999 period) of
annual mean EKE spectrum as a function of total wavenumber in 15 CMIP5 models. The EKE peaks around
total wavenumbers 6–10 since most of the EKE resides in midlatitudes; midlatitude waves typically have
zonal wavenumbers 3–6 and the large EKE values at midlatitudes result in meridional wavenumbers 3–4.
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Figure 1. The eddy kinetic energy as a function of total wavenumber in (a) climatology and (b) response to
anthropogenic emissions. The solid black line shows the CMIP5 mean and the shading one standard deviations across
CMIP5 models. The response is multiplied by the wavenumber (to preserve the integral on the semilogarithmic axes)
and smoothed with a 3-point running mean for plotting purposes.

The future response of the EKE to anthropogenic emissions (the difference between the 2080–2099 and
1980–1999 periods) is opposite for large and small waves (Figure 1b): Large waves (small wavenumbers)
will get stronger, while small waves (large wavenumbers) will get weaker. Furthermore, while these
scale-dependent EKE changes are mostly associated with transient waves (timescales smaller than one
month), they also appear in stationary waves (timescales larger than 1 month) (supporting information
Figure S1). Note that the overall weakening of small waves is larger than the strengthening of large waves;
thus, integrating over all wavenumbers yields a projected global EKE decline of ∼2% (−1.8 ⋅ 105 J m−2).
Clearly, this total response of the atmospheric waves masks the different future climate effects of large and
small waves (e.g., while wavenumbers 1–6 increase by ∼8%, wavenumbers 11–16 decrease by ∼6.5%). This
emphasizes the importance of studying the waves' response to anthropogenic emissions as a function of the
waves' scale. We focus here on the annual mean since the waves' response as a function of wavenumber is
similar in all seasons (supporting information Figure S2).

To further elucidate the climate impacts of the “large-get-stronger, small-get-weaker” wave response, it is
instructive to investigate in which regions this interesting pattern emerges. This is done by computing at
each latitude the one-dimensional Fourier spectrum of EKE (Chemke, 2017; Chemke et al., 2016; Chemke &
Kaspi, 2015; Saltzman, 1957) and averaging over three regions (pooling both hemispheres): tropics (0–30◦),
midlatitudes (30–60◦), and polar regions (60–90◦). Figure 2a shows the climatology of annual mean EKE
spectrum as a function of zonal wavenumber in the tropics (red), midlatitudes (blue), and polar regions
(yellow). Unlike the global spectrum in Figure 1a, the zonal spectrum shows that the intensity of atmo-
spheric waves increases with the waves' zonal scale, due to the presence of large planetary waves.

The “large-get-stronger, small-get-weaker” wave response is mostly apparent at midlatitudes (blue), to a
lesser extent at the tropics (red), and it is not apparent at polar regions (yellow) (Figure 2b). As noted above,
studying the total response of the waves (as was previously done), rather their scale-dependent response,
at each region obscures the climate impacts of the different waves. In particular, it obscures the expected

Figure 2. As in Figure 1 but for the eddy kinetic energy as a function of zonal wavenumber in midlatitudes (blue),
tropics (red), and polar regions (yellow).
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Figure 3. Components of the eddy kinetic energy budget as a function of zonal wavenumber in (a) climatology and
(b) response to anthropogenic emissions. Yellow, red, blue, and black lines show the conversion of eddy potential
energy to EKE (PK), transfer of kinetic energy between the waves and the mean flow (EM), transfer of EKE between
the different waves (EE), and dissipation (F), respectively. The solid lines show the CMIP5 mean and the shading one
standard deviations across CMIP5 models. The components are multiplied by the wavenumber (to preserve the integral
on the semilogarithmic axes).

increase in the climate impacts of large waves. We average here each region over both hemispheres as
the annual mean response of the EKE zonal spectrum in each hemisphere shows the same behavior over
all three regions (supporting information Figure S3). In addition, we again focus on the annual mean
EKE response since the scale-dependent EKE changes at each region occur through all seasons, except for
Northern Hemisphere summer (supporting information Figures S4 and S5). The opposite response of large
and small midlatitudes waves during Northern Hemisphere winter and Southern Hemisphere summer
might explain part of the previously reported insignificant changes in midlatitudes waves intensity, which
accounted for both large and small waves (E. K. M. Chang et al., 2012; Harvey et al., 2014; Lehmann
et al., 2014).

Similar to the changes in the global spectrum and to changes in Northern Hemisphere midlatitudes 500 hPa
geopotential height (Sussman et al., 2020), at midlatitudes most of the “large-get-stronger, small-get-weaker”
wave response stems from transient waves, with a small contribution from stationary waves (supporting
information Figures S1c and S1d). This suggests that baroclinic instability, which drives transient mid-
latitude waves, might play an important role in the scale-dependent EKE changes at midlatitudes
(as shown below). In the tropics, however, transient and stationary waves play a comparable role in the
“large-get-stronger, small-get-weaker” wave response (supporting information Figure S1), suggesting that
different types of tropical waves (i.e., waves with different dispersion relations) account for the tropical wave
response. Interestingly, while such scale-dependent wave responses in the tropics have not been observed
over recent decades, a frequency-dependent wave response has been documented (Raghavendra et al., 2019).

4. The Source of Scale-Dependent EKE Changes
Since the scale-dependent wave response is mostly apparent at midlatitudes, and given that many character-
istics of tropical waves are not well simulated in CMIP5 models (Ahn et al., 2017; Jiang et al., 2015), we next
focus on midlatitudes and investigate which physical process is responsible for the waves' response. This is
done by analyzing the spectral EKE budget at midlatitudes (Chemke, 2017; Chemke et al., 2016; Chemke &
Kaspi, 2015; Saltzman, 1957). The EKE budget takes a simple form (Equation 5), where four processes affect
the EKE: conversion of eddy potential energy to EKE (PK), transfer of kinetic energy between the zonal
mean flow (the zero zonal wavenumber) and the waves (EM), transfer of EKE between the different waves
(EE), and dissipation (F).

The climatology of these four processes is shown in Figure 3a, where positive values indicate EKE gain
and negative values EKE loss. First, the waves gain their kinetic energy via the conversion of eddy poten-
tial energy to EKE, which peaks around zonal wavenumbers 5–7 (Simmons & Hoskins, 1978) (PK, yellow
line). This conversion is part of baroclinic instability, a process that give rise to atmospheric perturbations at
midlatitudes (e.g., weather systems) via the extraction of potential energy from the mean atmospheric state
(i.e., a rotating stably stratified fluid with a poleward decline in temperature) (Charney, 1947; Eady, 1949;
Vallis, 2006). Second, the EKE gain across all wavenumbers is balanced by EKE loss from two processes:
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Figure 4. The growth rate of midlatitude waves based on the linear normal-mode instability analysis in (a) climatology
and (b) response to anthropogenic emissions (black). Blue, red, and yellow lines, respectively, show the contributions
of the mean zonal wind (U), static stability (S2), and tropopause height (Hp) to the growth rate response. Dashed green
line shows the sum from all contributions. The solid lines show the CMIP5 mean and the shading one standard
deviations across CMIP5 models. The response is smoothed with a 3-point running mean for plotting purposes.

energy transfer from the waves to the mean flow (EM, red line) and dissipation of energy (F, black line).
Third, the EKE gain around wavenumber 6 is also partly balanced by the interactions between the waves,
which transfer energy from wavenumbers 5–10 mostly upscale to wavenumbers 1–4 (EE, blue line). This
process, known as inverse energy cascade, is a characteristic of two-dimensional turbulent flow, a flow that
many of its features can be found in the midlatitude atmosphere (Charney, 1971; Chemke, 2017; Chemke &
Kaspi, 2015; Chemke et al., 2016; Rhines, 1977; Salmon, 1978).

The future response of the EKE budget, shown in Figure 3b, reveals that the term that mostly contributes
to the strengthening of large waves and weakening of small waves is the conversion of eddy potential to
kinetic energy (PK, yellow line). Thus, the “large-get-stronger, small-get-weaker” wave response is a result
of changes in the extraction of mean potential energy by the waves. All other terms exhibit an opposite
response: They remove energy from large waves and add energy to small waves. This is mostly evident in the
EKE transfer between the different waves (EE, blue line), which suggests a weakening in the inverse energy
cascade at midlatitudes (Chemke, 2017).

Finally, to better elucidate the source of the scale-dependent changes in the conversion of eddy poten-
tial to kinetic energy, we follow previous studies and conduct a linear normal-mode instability analysis
(Chemke, 2017; Chemke et al., 2016; Chemke & Kaspi, 2015, 2016a, 2016b; Chemke & Polvani, 2019;
Smith, 2007; Rivière, 2011). This is done by numerically solving an eigenvalue problem for a simplified
equation for the midlatitude flow (the linearized quasigeostrophic equation, Equation 9) in order to explore
the growth rate of the waves (the eigenvalues); the growth rate represents the extraction of mean poten-
tial energy by the waves. The equation is solved for the first 10 zonal wavenumbers (where the simplified
equation is expected to hold) over the 2080–2099 and 1980–1999 periods using the models' mean zonal wind,
static stability, and tropopause height. Figure 4a shows the climatology of the waves' growth rate as func-
tion of the zonal wavenumber. As expected from linear baroclinic instability theory (Eady, 1949), the growth
rate of large waves peaks around zonal wavenumbers 5–7, in accordance with the climatology of the
conversion of eddy potential energy to EKE (yellow line in Figure 3a).

In spite of simplifying the midlatitude flow to an eigenvalue problem, the projected response of the growth
rate is overall similar to the response of the conversion of eddy potential to kinetic energy and to the
response of midlatitudes EKE: The growth rate is projected to increase at wavenumbers 1–5 and decrease at
wavenumbers 6–8 (black line in Figure 4b). Thus, large waves are projected to become more unstable and
extract more mean potential energy (EKE increase), while short waves are projected to become less unstable,
and extract less energy from the mean flow (EKE decline).

To better understand the growth rate response, we calculate the relative contribution of each of the input
variables (mean zonal wind, static stability, and tropopause height) to the growth rate response. This is done
by re-solving the eigenvalue problem with all input variables set to the 1980–1999 period, except for one;
the difference between the resulting growth rates and the growth rate of the 1980–1999 period (Figure 4a)
isolates the relative contribution of each variable to the projected growth rate response. The sum from all
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contributions is very similar to the growth rate response (cf. dashed green and black lines), which allows us
to quantify their relative importance.

Changes in static stability (red) and mean zonal wind (blue) explain most of the increase in the growth
rate of large scales and the decrease in the growth rate of smaller scales. On the other hand, changes in the
tropopause height (yellow) have minor contributions to the growth rate response. The effect of the mean
zonal wind on the growth rate response was argued to stem from an increase in upper tropospheric wind
shear (equivalent to an increase in the meridional temperature gradient), rather than lower tropospheric
wind shear (Rivière, 2011). Thus, the projected tropical upper tropospheric warming (a consequence of a
reduction in the moist adiabatic lapse rate), which acts to both stabilize the troposphere (increase the static
stability) and increase the meridional temperature gradient aloft (supporting information Figure S6), seems
to play an important role in the projected “large-get-stronger, small-get-weaker” wave response. This adds
to the recent findings on the importance of upper tropospheric warming in modulating midlatitudes EKE
(Shen & Ming, 2018; Yuval & Kaspi, 2020). Note that since models were found to overestimate the recent
tropical upper tropospheric warming (e.g., Fu et al., 2011; Mitchell et al., 2013; Po-Chedley & Fu, 2012;
Seidel et al., 2012), it is conceivable that the simulated projected tropical upper tropospheric warming is also
biased, which thus might affect the magnitude of the projected “large-get-stronger, small-get-weaker” wave
response.

5. Conclusions
Most previous studies who investigated the future response of atmospheric waves to anthropogenic emis-
sions have focused on the total wave response (i.e., pooling across all waves with different scales). This study
shows, however, that the future response of atmospheric waves to anthropogenic emissions is opposite for
large and small waves in the tropics and midlatitudes: While large waves are projected to get stronger, small
waves are projected to get weaker. We here extend the work of previous studies, which showed similar spec-
tral changes in associated metrics of wave activity in the upper troposphere at midlatitudes, and investigate
the spectral changes in total wave activity, accounting for all atmospheric levels and all latitude bands. Our
analysis thus not only reveals new aspects of the projected climate impacts of atmospheric waves—namely,
an expected increase in the climate impacts of large waves—but also shed new light on previously reported
atmospheric waves changes. We show that the insignificant future changes in the intensity of midlatitudes
waves during Northern Hemisphere winter and Southern Hemisphere summer are partly due to a cancela-
tion between the large and small waves' opposite responses. Thus, in order to increase the effectiveness of
climate change adaptation strategies, the future climate impacts of atmospheric waves should be investigated
as a function of their scale.

Data Availability Statement
The CMIP5 data are available online (at https://esgf-node.llnl.gov/projects/cmip5/).
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