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ABSTRACT
Previous studies have suggested that, in the zonal mean, the climatological Northern Hemisphere wintertime eddy-driven jet streams will weaken and shift equatorward in response to Arctic amplification and sea
ice loss. However, multiple studies have also pointed out that this response has strong regional differences
across the two ocean basins, with the North Atlantic jet stream generally weakening across models and the
North Pacific jet stream showing signs of strengthening. Based on the zonal wind response with a fully coupled
model, this work sets up two case studies using a barotropic model to test a dynamical mechanism that can
explain the differences in zonal wind response in the North Pacific versus the North Atlantic. Results indicate
that the differences between the two basins are due, at least in part, to differences in the proximity of the jet
streams to the sea ice loss, and that in both cases the eddies act to increase the jet speed via changes in wave
breaking location and frequency. Thus, while baroclinic arguments may account for an initial reduction in the
midlatitude winds through thermal wind balance, eddy–mean flow feedbacks are likely instrumental in determining the final total response and actually act to strengthen the eddy-driven jet stream.

1. Introduction
A great deal of contemporary research looking at the
midlatitude circulation has focused on how the eddydriven jet stream will respond to external forcing associated with climate change (e.g., Peings et al. 2017; Iqbal
et al. 2018; Peings et al. 2018; Ronalds et al. 2018; Screen
et al. 2018a,b; Whittleston et al. 2018). One of the
prominent signals of climate change is the amplified
warming in the Arctic, approximately twice the globally
averaged warming rate (e.g., Holland and Bitz 2003;
Serreze and Francis 2006; Screen and Simmonds 2010).
This phenomenon, commonly referred to as Arctic amplification, has implications for Northern Hemisphere
extreme weather events, in addition to ecological and
economic repercussions (e.g., Meier et al. 2014; Overland
and Wang 2018; Cohen et al. 2018; Kretschmer et al. 2018;
Zhang et al. 2018). It has been proposed that Arctic
amplification will both directly and remotely affect the
eddy-driven jet stream (e.g., Peings and Magnusdottir
2014; Hoskins and Woollings 2015; Petrie et al. 2015;
Peings 2018; Screen et al. 2018b; Ronalds et al. 2018), a
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large-scale circulation phenomenon that steers the storm
tracks (e.g., Hoskins and Valdes 1990). However, studies
attempting to diagnose these impacts have widely varying
results across models (as shown in Screen et al. 2018b),
and also strong regional and seasonal differences (e.g.,
McGraw and Barnes 2016; Barnes and Simpson 2017;
Ronalds et al. 2018), with recent studies finding that the
largest circulation response occurs in late winter (e.g.,
Zappa et al. 2018). Furthermore, studies using reanalysis
data struggle with causally linking the observed changes
in the Arctic to any trends in the midlatitude circulation
response because of the inherent noisiness of the climate
system and the brevity of the climate record (e.g.,
Manney and Hegglin 2018; Gu et al. 2018). Due to these
complications, and the large internal variability of the
system, there remains a lack of dynamical understanding
of the exact mechanisms linking Arctic change directly
to a midlatitude response (e.g., Hoskins and Woollings
2015; Shepherd 2016; Cohen et al. 2018).
The majority of studies looking at the Arctic’s ability
to impact the midlatitude circulation use models of
varying complexity, and diagnose changes in the largescale zonal wind field in response to imposed sea ice loss
or low-level warming (e.g., Magnusdottir et al. 2004;
Deser et al. 2004, 2010; Screen and Simmonds 2013;
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Cohen et al. 2014; Peings and Magnusdottir 2014; Deser
et al. 2015; Shepherd 2016; Screen et al. 2018b, among
others). In the zonal mean, most models show the boreal
winter Northern Hemisphere eddy-driven jet stream
weakening in response to sea ice loss and Arctic amplification, and some show a slight equatorward shift as
well (e.g., Screen et al. 2018b; Peings 2018; Zappa et al.
2018). While this appears to be true of the North Atlantic jet (e.g., Deser et al. 2010; Barnes and Simpson
2017; Ronalds et al. 2018; Sun et al. 2018; Zappa et al.
2018), a recent study found that many climate models
project an increase in jet speed in the North Pacific in
response to sea ice loss and Arctic amplification, with
little to no shift in jet latitude (Barnes and Simpson
2017). Multiple studies have specifically investigated
dynamical mechanisms that may explain why and how
the circulation responds to external forcing (e.g., Vallis
et al. 2004; Strong and Magnusdottir 2010; Barnes et al.
2010; Ring and Plumb 2007; Kim et al. 2014; Kretschmer
et al. 2016; Gu et al. 2018; Ronalds et al. 2018). These
proposed dynamical mechanisms are often based in
Rossby wave dynamics and eddy–mean flow feedbacks,
with changes in wave propagation, dissipation, breaking,
and generation (i.e., baroclinic zones) leading to changes in
the large-scale circulation (e.g., Strong and Magnusdottir
2010; Barnes et al. 2010; Schubert et al. 2011; Coumou
et al. 2014; Kim et al. 2014; Wu and Smith 2016; Ronalds
et al. 2018). For example, Kim et al. (2014) found that the
Arctic warming signal in specific regions causes an enhancement of vertically propagating waves, thus leading
to a weakened stratospheric polar vortex, which then feeds
back onto the tropospheric circulation. Other studies have
examined the impact of horizontally propagating Rossby
waves, where changes in jet latitude and horizontal wind
shear can cause Rossby waves to reflect rather than break
(e.g., Strong and Magnusdottir 2010; Barnes et al. 2010), or
vice versa.
Understanding and applying these mechanisms directly
to the observations, reanalyses or model simulations
remains difficult, as it is hard to separate out cause and
effect from the background noise (e.g., Cohen et al. 2014;
Hoskins and Woollings 2015; Samarasinghe et al. 2018).
A common approach to isolating and studying specific
mechanisms is using idealized models (e.g., Vallis et al.
2004; Ring and Plumb 2007; Barnes et al. 2010; Ronalds
et al. 2018). This is especially useful when studying
Rossby wave dynamics, which can be well represented
in a simple barotropic model setup, as demonstrated by
Vallis et al. (2004). It is well appreciated that Rossby wave
dynamics and their resulting feedbacks with the mean
flow are foundational to large-scale dynamics and will be
at play in the fully coupled climate system (e.g., Strong
and Magnusdottir 2010; Vallis 2017). Thus, this work,
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while inspired by results from a sea ice loss experiment
in a fully coupled model, is focused on studying an
essential, barotropic mechanism: the response of the
zonal-mean flow driven by changes in eddy propagation
and breaking in response to changes in the meridional
wind shear. The proposed mechanism is supported by the
work of Strong and Magnusdottir (2010), where they
showed that changes in Rossby wave breaking bridge the
gap between the initial, local, baroclinic zonal wind response to a sea ice anomaly and the longer time scale,
hemisphere-wide, equivalent barotropic zonal wind response. In their study, the impact of Rossby wave breaking
changes on the mean zonal wind field was estimated to
account for approximately 80% of the zonally averaged
zonal wind response in a fully coupled model, supporting
the theory that these eddy–mean flow feedbacks are critical in understanding the real-world, midlatitude, largescale circulation response to climate forcing.
We propose that sea ice loss and Arctic amplification
directly affects the local mean flow through weakening of
the surface temperature gradient, resulting in localized
anomalous, low-level easterlies at high latitudes (Strong
and Magnusdottir 2010). We are interested in how the
eddies then respond to the initial zonal wind response,
driving future changes in the large-scale circulation.
Here, we explicitly represent the direct effect of the sea
ice loss on the zonal flow and study the eddy response
using a nondivergent barotropic model. Through this
approach, we can explain both the climatological zonal
wind response to Arctic amplification in a fully coupled
model, and the regional differences across the two
Northern Hemisphere ocean basins. Since the proposed
mechanism is barotropic in nature, its effects would be
present in all models and observations, though this work
does not specifically address its relative importance or
magnitude in the fully coupled system.

2. Model data
a. CCSM4
We are interested in how the zonal winds respond to
sea ice loss. To motivate our idealized model experiments, we analyze sea ice loss simulations with a fully
coupled global climate model, the Community Climate
System Model, version 4 (CCSM4; Deser et al. 2015).
The model is run at a horizontal resolution of 0.908 latitude and 1.258 longitude, with 26 vertical levels, and a
full oceanic component. Full details of the experiment
can be found in Deser et al. (2015), and a brief overview
is also provided in Ronalds et al. (2018). We use 260
years of monthly data for both a control simulation
(CONTROL), with sea ice concentration based on an
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ensemble mean of six historical CCSM4 runs over
the period 1980–99, and an experiment simulation
(LOWICE), with sea ice concentration based on an
ensemble mean of six RCP8.5 CCSM4 runs over the
period 2080–99. The model uses a ghost radiative flux
felt only by the ice model component to melt the sea ice
to the respective ensemble mean concentrations. The
variable analyzed is monthly 700 hPa zonal winds.

b. Barotropic model
As in Ronalds et al. (2018), we utilize a nondivergent
barotropic model in order to begin understanding the
mechanisms at play in the remote wind response to sea
ice loss. We use an initial model setup identical to that of
Vallis et al. (2004), where the nondivergent vorticity
equation is integrated on the sphere:
›z
1 J(c, z 1 f ) 5 S 2 rz 1 k=4 z .
›t

(1)

The left-hand side of (1) represents the Lagrangian
change in absolute vorticity (relative vorticity z plus
planetary vorticity f ). The right-hand side consists of a
parameterized representation of the baroclinic eddies
that stir the barotropic flow, S. The amplitude of S is
randomly chosen in a given range, here [212, 12] 3
10211. There is also a damping parameter r and a diffusion term k. Values for r and k are identical to those
used in Barnes et al. (2010).
Baroclinic instability in the model is represented by
the imposed stochastic stirring S, generating waves
within the total wavenumber range of n 5 8–12.
Therefore, larger waves are not specifically forced by the
stirring (see Vallis et al. 2004, for more details). To
simulate a meridionally confined jet we then impose a
Gaussian spatial mask, damping the parameterized
stirring away from a chosen latitude fs with a specified
width ss (e.g., Vallis et al. 2004). For all experiments
here we set ss 5 128 and vary fs. We use a resolution of
T42 and a time step of 1800 s. Each simulation is run for
32 100 days, with the first 100 days discarded for spun up.
As the Arctic warms, the sea ice melts and the surface
temperature gradient is weakened in the region of sea
ice loss. The winds must respond to the decreased temperature gradient, and we expect them to initially locally
weaken in keeping with thermal wind balance arguments. We interpret this initial weakening of the zonal
winds as the direct effect of sea ice loss and the associated weakening of the temperature gradient (e.g.,
Strong and Magnusdottir 2010). We explicitly represent
this initial impact as a meridionally constrained easterly
torque acting on the zonal wind field (i.e., Ronalds et al.
2018). From there, we analyze the subsequent eddy

response to the locally weakened winds. The easterly
torque is a Gaussian in latitude with an amplitude
of 22.0 m s21 day21 and a standard deviation of sf 5 88
latitude (see also Ronalds et al. 2018). The Gaussian
forcing is centered at latitude ff, which we adjust depending on the experimental setup. We run the model
three times for each setup. The first run has no torque,
and only the stirring, which gives us a control jet, and is
referred to as NoTRQ. The second run has both stirring
and torque turned on in the model, and gives us a jet
resulting from the imposed torque plus any feedbacks
associated with eddies reacting to the torque. We refer
to this run as TOTAL. Finally, we run the model with
the stirring turned off, and only the torque acting on the
wind field at every time step. This results in a zonally
symmetric wind field directly produced by the torque.
We then add this wind field to the NoTRQ jet, giving
us a resulting wind field that is the direct response of the
zonal flow to the imposed torque, in the absence of eddy
feedbacks. We call this run NoEDDIES, and it allows us
to separate between the direct response of the zonal
wind and the evolution of the wind field when eddy–
mean flow feedbacks are present (TOTAL).

3. Rossby wave analysis
In the barotropic model, changes in the mean wind
field driven by the imposed forcing are a combination
of 1) a direct response to the forcing and 2) eddy–mean
flow feedbacks resulting from changes in Rossby wave
propagation and breaking/dissipation. We separate out
the direct effect using the NoEDDIES simulation, and
the difference between NoEDDIES and TOTAL gives
us the impact of the eddies. The eddy contribution to the
response is primarily controlled by changes in the convergence of eddy momentum fluxes, as well as damping
and diffusion effects responding to the mean flow
changes caused by the eddies. In our setup, any changes
in the convergence of eddy momentum flux implies
changes in wave breaking locations and/or frequencies
of the eddies. We diagnose changes in wave breaking in
the barotropic model using refractive indices and an
algorithm to count wave breaking events, the details of
which are given below.

a. Critical and reflective profiles
Rossby wave breaking theory states that waves
propagating out of the jet core will be forced to break as
their phase speed approaches the background zonalmean zonal wind (e.g., Hoskins and Karoly 1981; Strong
and Magnusdottir 2010). The latitude at which this occurs is referred to as the critical latitude, and it can be
found using the climatological zonal-mean zonal wind
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profile. This profile sets the critical latitudes for waves of
all zonal wavenumbers as a function of phase speed.
While in reality Rossby waves can break anywhere between the source and the critical latitudes, they favor the
critical latitudes defined by the climatological jet profiles, as demonstrated in Barnes and Hartmann (2012).
Depending on the gradient of absolute vorticity through
which the wave is traveling (a function of both the
background zonal wind and latitude), a wave may be
forced to turn before it can break, generally on the
poleward flank of the jet. To calculate these regions of
turning, called the reflective latitudes, we use the refractive index (K*), for example, Hoskins and Karoly
(1981):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
^
b
,
K* 5 cos(f)
u2c

and

K*2 5 k2 1 l2 ,

(2)

where k and l are the zonal and meridional wave^ is the meridional gradient of
numbers, respectively, b
absolute vorticity, u is the zonal-mean zonal wind, and c
is the phase speed (Hoskins and Karoly 1981; Barnes
et al. 2010). The additional factor of cos(f) accounts for
the fact that the specific wavelength associated with a
zonal wavenumber k decreases with latitude (Barnes
and Hartmann 2012). The waves will reflect when their
zonal wavenumber is equal to K* (i.e., l 5 0). We can
therefore rearrange (2) to give the phase speed as a
function of zonal wavenumber k for when a wave reaches its turning latitude:
^
b
c 5 u 2 cos(f) 2 .
k

(3)

Equation (3) allows us to map out where waves of different sizes will be forced to turn (reflective latitude)
and compare to where they prefer to break (critical
^ term in (3) represents a dependence of
latitude). The b
the reflective profiles on both the latitude and meridional wind shear of the climatological jet profile. By analyzing the changes in reflective and critical profiles in
NoEDDIES versus NoTRQ, we can evaluate exactly
how the imposed torque directly affects where waves are
breaking or turning. Any changes in TOTAL relative to
NoEDDIES represent further adjustments by the eddies.
Since K* depends on phase speed and the reflective
profiles depend on wavenumber, we must determine the
most important combinations of the two. To do so, we
calculate the power spectra of the eddy momentum
fluxes in both the NoTRQ and TOTAL runs as a function of both phase speed and zonal wavenumber. The
space–time spectral analysis is conducted using a chunk
length of 256 days, with a Hamming window and an
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overlap of half the chunk size. The structure of the resulting average power spectra allows us to determine
which specific waves are crucial for the eddy–mean flow
interactions. Further, an analysis of the difference in
power between TOTAL and NoTRQ shows how the
induced torque and resulting eddy feedbacks actually
change which waves contribute the most to the overall
eddy momentum fluxes.

b. Wave breaking counts
While the use of the refractive index has been shown
to be highly accurate in predicting where wave breaking
will occur in a climatological sense (Barnes and
Hartmann 2012), it does not provide the frequency of
wave breaking. There are many existing algorithms that
attempt to identify and categorize wave breaking events.
For the purposes of this work, we utilize the algorithm of
Barnes and Hartmann (2012, see their section 2.3), using
the daily output wind field data from each barotropic
model experiment (NoTRQ and TOTAL from two experimental setups). To define a wave breaking event, the
algorithm follows a contour of absolute vorticity and
identifies a location where a meridian intersects the
contour at least three times, called the overturning points
(Barnes and Hartmann 2012, see their Fig. 2). These
daily overturning point locations are then grouped into
events of varying size, location and duration. We define
the location of mixing as the centroid of the overturning
points. Note that this algorithm, similarly to others,
identifies all wave breaking events as those that are in
the process of overturning, and assumes that each event
irreversibly mixes (fully breaks), which may not always
be the case. This caveat is often considered to be negligible (e.g., Barnes and Hartmann 2012; Garfinkel and
Waugh 2014), though further work quantifying this assumption is needed.

4. Results
Our interest here is of the role of the eddies in determining the zonal wind response to changes in surface
temperature gradients caused by Arctic amplification
and sea ice loss. To motivate our idealized experiments,
we begin our analysis with the sea ice loss experiment
conducted using the CCSM4 (Deser et al. 2015) composed of LOWICE and CONTROL. Specifically, we
examine the change in the late boreal winter Northern
Hemisphere ocean basin eddy-driven jet streams, as this
is the season with the largest expected large-scale atmospheric circulation response (Zappa et al. 2018).
Using the January–March (JFM) 700 hPa zonal wind
field we define two regions of interest, where the largest
changes in zonal wind occur. The two regions are
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FIG. 1. Zonal-mean zonal wind profiles at 700 hPa for (a) the North Pacific and (b) the North Atlantic
downstream jet regions. The control experiment, CONTROL, is in black and the sea ice loss experiment,
LOWICE, is in red.

defined as the North Pacific downstream jet region
(1808–2258E), and the North Atlantic downstream
jet region (3108–3558E). The sector-averaged 700 hPa
zonal winds across these two regions are plotted in
Fig. 1, with CONTROL in black, and LOWICE in red.
The dominant change in the zonal-mean zonal flow in
both the North Pacific (Fig. 1a) and the North Atlantic
(Fig. 1b) is the easterly anomalies on the poleward flank
of the jet. Both basins exhibit a region of enhanced
easterlies and weakened westerlies poleward of the jet
core in LOWICE (red) versus CONTROL (black). For
both cases, the weakening of the winds is limited to north
of 458N. In the North Atlantic, this means the decreased
zonal-mean zonal wind speeds extend into the jet core,
both weakening the jet and asymmetrically narrowing it.
This narrowing also causes a very small equatorward shift
of the jet latitude of 0.78. There are no changes to the
winds south of 458N in the North Atlantic case. Conversely, the North Pacific basin exhibits strengthened wind
speeds south of 458N, with the anomalous easterlies limited to the poleward flank of the jet. The changes in both
basins’ zonal-mean jet speeds and locations are considered
significant at a 95% confidence level, according to a Student’s t test.
The North Atlantic and North Pacific basins in the
CCSM4 sea ice loss experiment have opposing responses within the jet core to sea ice loss. One possible
explanation for this is that differences in jet proximity to
the region of sea ice loss lead to differences in eddy–
mean flow feedbacks. In the North Pacific the jet is
farther south than in the North Atlantic (e.g., Hoskins

and Valdes 1990), and the sea ice edge is, on average,
farther north (e.g., Bitz et al. 2005), implying that the
North Pacific jet is much farther from where the sea ice
loss is occurring than the North Atlantic jet. We use the
barotropic model to test the theory that these differences in jet latitude and distance from the region of
sea ice loss drive differing eddy–mean flow feedback
responses.

Barotropic model
The CCSM4 results show two regions with very different changes to the overall jet structure resulting from
sea ice loss and the associated Arctic warming. From
these two cases, we build an idealized model setup to
explore the role of eddies in these different regional
responses. The experiments use a meridionally confined
stirring region to simulate the midlatitude baroclinic
zone and thus drive a jet stream, and an easterly torque
on the poleward flank of the jet to represent the initial
circulation response to sea ice loss (see section 2 for
more details). The choice of where to place the stirring
and the torque are inspired by the two CCSM4 cases: the
North Pacific experiment (NPAC) has the stirring
placed at fs 5 308N and the torque at ff 5 708N, while
the North Atlantic experiment (NATL) has fs 5 458N
and ff 5 608N. The results shown here are those with the
largest magnitude and those that clearly demonstrate
the mechanisms involved, although the results are considered robust across fs, ff 6 58, and the conclusions are
consistent across all midlatitude stirring latitudes with
fs . fs (not shown). The zonal-mean zonal wind profiles
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FIG. 2. (top) Zonal-mean zonal wind profiles from the (a) NPAC and (b) NATL setups. NoTRQ is in black,
NoEDDIES in orange, and TOTAL is in red. (bottom) The difference in the zonal-mean zonal wind field between
TOTAL and NoEDDIES in black solid for (c) NPAC and (d) NATL. The horizontal lines represent the torque and
stirring latitudes (orange and red, respectively).

for the barotropic model are plotted in Fig. 2 for NPAC
(Fig. 2a) and NATL (Fig. 2b). For both, the NoTRQ run
is in black, NoEDDIES in orange, and TOTAL in red.
The difference between TOTAL and NoEDDIES can
be interpreted as the eddy contribution to the mean flow
response and is plotted in Fig. 2c for NPAC and Fig. 2d
for NATL. The horizontal lines in Figs. 2c and 2d represent the torque latitude (orange) and the stirring
latitude (red).
The NoEDDIES (orange) response indicates the
direct response of the zonal-mean zonal winds to the
imposed easterly torque. The torque forces decreased
wind speeds in the vicinity of the torque center, with

no effect farther south (Figs. 2a and 2b, orange vs
black). The NoEDDIES run in both cases exhibits a
region of significantly stronger easterlies to the north
of the jet compared to NoTRQ, as intended. In the
NPAC case (Fig. 2a), the torque only directly affects
the poleward flank, increasing the preexisting, weak
easterlies. In the NATL case (Fig. 2b), the direct effect of the imposed forcing extends into the jet core,
leading to strong easterlies to the north, and decreased wind speeds along the poleward flank and in
the jet core.
The TOTAL (red) response represents the direct effect plus the eddy-feedback response to the imposed
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FIG. 3. The eddy momentum flux convergence (a) NPAC and (b) NATL, with NoTRQ in black and TOTAL in red.
The thin, horizontal lines represent the respective jet latitudes.

torque. The TOTAL zonal-mean zonal wind maximum
increases in the NPAC case (Fig. 2a), and decreases in
the NATL (Fig. 2b), compared to the NoTRQ run
(black). This closely resembles the behavior seen in
CCSM4. The NATL TOTAL wind profile shows increased wind speeds on the equatorward flank, suggesting
a larger equatorward shift of the wind profile than seen in
the CCSM4 North Atlantic results. Additionally, in the
region of equatorward easterlies in NATL there is a decrease in wind speeds, opposite to what we saw in the
North Atlantic mean from CCSM4 (Fig. 1b). However,
the general behavior of both barotropic model simulations is very similar to the CCSM4 results.
Comparing TOTAL (red) to NoEDDIES (orange)
instead of NoTRQ (black) in Fig. 2 gives us the eddy
response to the imposed torque. If there was no eddy
response the two wind profiles would look identical,
however, this is not the case. To more clearly see the full
role of the eddies we plot the difference between
TOTAL and NoEDDIES, shown in black solid in
Figs. 2c and 2d. In both setups the eddies increase wind
speeds in the jet core, both centered on and south of the
stirring location, and decrease the winds to the north. In
the NPAC case the decreased wind speeds occur relatively close to the jet core, thus narrowing the jet on the
poleward side. The high-latitude wind decrease in the
NATL setup occurs well north of the jet, and we do not
see any poleward flank narrowing of the jet caused by
the eddies. However, we do see a small widening of the
jet on the equatorward flank due to the eddies, with
strengthened wind speeds extending south to around
258N. Another difference between the NPAC and

NATL eddy response is seen in the region of increased
wind speeds in NPAC north of 658N, which is not seen in
the NATL case. The strengthening of the northerly
winds in NPAC represents less intense easterlies in that
region, rather than positive wind speeds, and an explanation for this will be discussed later in the text.
The eddy-induced changes in the climatological
zonal-mean zonal wind field are nearly completely
explained by the eddy momentum flux convergence
(Fig. 3). By definition, the simulations without stirring
and only the torque acting on the zonal wind have no
eddy activity, and thus, comparing TOTAL (red) to
NoTRQ (black) gives us the net eddy momentum flux
response to the imposed torque. For both NPAC
(Fig. 3a) and NATL (Fig. 3b) there is increased eddy
momentum flux convergence at the jet core, and decreased convergence to the north. The latter indicates
decreased wind speeds on the poleward side of the jet,
while the former indicates increased jet speeds. This is
consistent with our analysis from Fig. 2. The small differences between the changes to the TOTAL wind field
versus NoEDDIES in Fig. 2 and the changes to the eddy
momentum flux convergence in Fig. 3 are due to the
damping and diffusion of the portion of the mean flow
altered by the eddies via the momentum fluxes.
Figure 3 shows that the eddies respond to the imposed
torque through changes in momentum fluxes. By analyzing the power spectrum of the eddy momentum fluxes
as a function of both phase speed and zonal wavenumber
we can determine which waves are most important for
the transport of momentum. The power spectra at the
mean jet latitude is calculated for the NoTRQ and
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FIG. 4. The power spectra density of the eddy momentum fluxes for the NPAC (a) NoTRQ and (b) TOTAL
experiments, and the NATL (c) NoTRQ and (d) TOTAL experiments. The spectra are evaluated at the respective
jet latitudes, and are a function of both phase speed and wavenumber. The wavenumber range for (a),(b) NPAC is
k 5 4–12, and for (c),(d) NATL it is k 5 2–10.

TOTAL runs from both experiments and plotted in
Fig. 4. The conclusions drawn remain unchanged if we
calculate the power spectra at the stirring latitudes, or
calculate the average power across the stirring regions.
In the NPAC case the power spectra in NoTRQ
(Fig. 4a) and TOTAL (Fig. 4b) both show peaks in
power for phase speeds around 29 to 5 m s21, and
wavenumbers k 5 5–9. The spectra is similar between
TOTAL and NoTRQ, indicating that in the NPAC case
the imposed torque does not change which waves are
most important for fluxing momentum. In the NATL
case (Figs. 4c,d), the power is generally shifted to smaller
wavenumbers than in NPAC. This is due to the higherlatitude stirring in NATL, which has been previously
shown to shift the power to larger wavelengths (e.g.,

Barnes and Hartmann 2011). For the NATL NoTRQ
run (Fig. 4c) the waves primarily responsible for the flux
of momentum are generally within the zonal wavenumber range of k 5 4–7, peaking at k 5 6, and phase
speeds of 26 m s21 to about 9 m s21. In the TOTAL run
(Fig. 4d), however, the peak power shifts significantly,
and is concentrated at negative phase speeds and slightly
smaller wavenumbers. The biggest changes occur around
wavenumbers k 5 5–6, where there is almost no power
remaining for waves with positive phase speeds in TOTAL
and there is a significant increase in power at negative
phase speeds. That is, the imposed torque changes which
waves are most important for the transportation of easterly momentum out of the jet core. This response is
similar to that seen in Strong and Magnusdottir (2010),
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FIG. 5. (a) The NPAC critical (solid) and reflective (dotted) profiles for zonal wavenumber k 5 6. NoTRQ is in
black, NoEDDIES in orange, and TOTAL is in red. The thin, gray, horizontal lines indicate the fs 6 1ss extent of
the Gaussian stirring mask. (b) The NPAC wave breaking frequencies for both NoTRQ (black) and TOTAL (red).
The position of maximum climatological zonal-mean zonal winds is indicated by the thin, horizontal lines.

where they observe a shift in power to smaller phase
speeds and zonal wavenumber in response to imposed sea
ice loss in a fully coupled climate model.
Changes in eddy momentum flux convergence in response to an imposed torque, as shown in Fig. 3, imply
changes in the eddy activity, specifically changes in the
propagation and breaking of waves. Similar to previous
work, (e.g., Barnes and Hartmann 2012; Lorenz 2014;
Ronalds et al. 2018), we use the critical and reflective
profiles associated with each run to analyze changes in
wave propagation and the locations of wave breaking.
Figure 4 shows which waves have the most power in
fluxing momentum, allowing us to objectively pick the
reflective profiles of interest in both experiments, and
focusing our analysis on the crucial phase speeds. We
further supplement the information provided by the
refractive index profiles with counts of NoTRQ and
TOTAL wave breaking events for both NPAC and
NATL in the sections below.

1) EDDY ACTIVITY: NORTH PACIFIC
In the NPAC case we found the reflective profile associated with k 5 6 to be the clearest representation of
the eddy response to the imposed torque. The NPAC
critical (solid) and reflective (dotted) profiles for zonal
wavenumber k 5 6 are shown in Fig. 5a, with NoTRQ in
black, TOTAL in red, and NoEDDIES in orange. The
gray shading represents the one standard deviation extent of the Gaussian-shaped stirring mask. Remember
that while there are no eddies responding to the altered

zonal-mean zonal wind profile in the NoEDDIES run,
we can still use its critical and reflective profiles to tell us
how the eddies would respond to the torque, if they were
present. Figure 5b shows the NPAC wave breaking
frequencies for the NoTRQ (black) and TOTAL (red)
runs, as a function of latitude. The thin, horizontal lines
represent the jet latitudes from both runs.
From Figs. 2c and 3a, we know that the eddies respond
to the torque and act to increase the speed of the jet via
increased convergence of westerly momentum into the
jet core. Furthermore, from Rossby wave arguments,
this could either indicate increased wave breaking on
the flanks of the jet in TOTAL relative to NoTRQ, or
decreased wave breaking within the jet itself. We are
therefore interested in how the imposed torque changes
both the reflective and critical profiles in NoEDDIES
relative to NoTRQ. Looking first at the reflective profiles (dotted curves), we note a small reduction in the
NoEDDIES reflective profile relative to the NoTRQ
profile (orange vs black dotted curves). There is a small
range of phase speeds, between 25.2 and 24.3 m s21,
where waves are reflected in NoTRQ but would be able
to propagate poleward until reaching a critical latitude
and breaking in NoEDDIES. Therefore, we expect
there to be an increase in wave breaking on the poleward flank, and looking at Fig. 5b, we see a significant
increase in wave breaking on the poleward flank, consistent with the changes to the reflective profiles. There
is also a decrease in wave breaking in the jet core due to
the same changes in reflective profiles. In NoTRQ the

Unauthenticated | Downloaded 04/18/21 09:58 PM UTC

7478

JOURNAL OF CLIMATE

VOLUME 32

FIG. 6. (a) The NATL critical (solid) and reflective (dotted) profiles for zonal wavenumber k 5 5. NoTRQ is in
black, NoEDDIES in orange, and TOTAL is in red. The thin, gray, horizontal lines indicate the fs 6 1ss extent of
the Gaussian stirring mask. (b) The NATL wave breaking frequencies for both NoTRQ (black) and TOTAL (red).
The position of maximum climatological zonal-mean zonal winds is indicated by the thin, horizontal lines.

reflected waves likely broke once they reentered the
stirring region, whereas in TOTAL these waves instead
break on the poleward jet flank. While the torque causes
the initial relaxation of the reflective profile, the increased wave breaking on the poleward flank decreases
the wind speeds and further alters the meridional shear
of the zonal wind, relaxing the reflective profile further
(red dotted), so that waves with negative phase speeds
up to 26.1 m s21 are now able to break on the poleward
flank of the jet. While small, this range of phase speeds
exhibits a peak in power at k 5 6 (Figs. 4a,b), and thus is
considered crucial to the total eddy response.
The imposed torque also changes the critical profiles
by enhancing the easterlies north of 508N (Fig. 5a, orange vs black solid), meaning waves break at lower latitudes in TOTAL than in NoTRQ. This change results in
even more wave breaking on the poleward flank, at
around 458N, and less wave breaking at higher latitudes,
closer to 608N, as seen in Fig. 5b. This decrease in wave
breaking at high latitudes is the reason we see increased
wind speeds there in Fig. 2c.

2) EDDY ACTIVITY: NORTH ATLANTIC
For the NATL, Figs. 4c and 4d show that the eddy
momentum flux power spectra significantly changes
between NoTRQ and TOTAL, and we found that
wavenumber k 5 5 most clearly demonstrates the eddy
response and the reasons for the shift in power from
positive to negative phase speeds. We once again focus
our analysis on negative phase speeds, as this is where

the power is most concentrated when the torque is imposed. As in NPAC, we plot the corresponding critical
(solid) and reflective (dotted) profiles in Fig. 6a, and the
wave breaking frequencies in Fig. 6b.
Looking at Fig. 6a, we note some similarities to the
NPAC experiment. In both experiments, the biggest
changes in reflective and critical profiles occur on the
poleward flank of the jet, with enhanced critical profiles
in NoEDDIES as compared to NoTRQ (orange vs black
solid) and a relaxed reflective profile (orange vs black
dotted). As in NPAC, a reduction in the reflective profile in NoEDDIES relative to NoTRQ means that waves
propagating poleward are able to reach a critical latitude
and break, rather than being turned back. This suggests
increased wave breaking on the poleward flank of the
jet, and decreased wave breaking within the stirring
region in TOTAL relative to NoTRQ, both of which
are seen in Fig. 6b. In the NATL case, however, the decreased wave breaking in the jet core in TOTAL relative
to NoTRQ in Fig. 6b is much larger and more extensive
than in NPAC, and there is a significant increase in wave
breaking on the equatorward flank as well.
In the NATL case, the reflective profile in NoTRQ
(black dotted) is so strong that many waves, especially
those with negative phase speeds, are trapped and break
within the stirring region. This occurs where the generation region (gray shading) is bounded by the reflective
profile (black dotted curve). As a result, the NATL
NoTRQ case has a great deal of wave breaking occurring within the jet core, as seen in Fig. 6b (black curve),
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with no clear local minima at the jet latitude. The imposed torque narrows the jet significantly on the poleward flank, greatly increasing the meridional wind shear,
resulting in a large reduction of the reflective profiles.
This means that waves with negative phase speeds are no
longer trapped in the generation region in TOTAL and
can propagate both poleward and equatorward, resulting in increased wave breaking on both flanks of the
jet, and decreased wave breaking in the stirring region
itself, as evident in Fig. 6b (red curve). In addition, in
TOTAL it is only waves with negative phase speeds
that can propagate out of the stirring region before
encountering a critical latitude (Fig. 6a, red curve). Only
if a wave breaks outside the generation region is there a
net momentum flux, further emphasizing the increased
power at negative phase speeds in TOTAL relative to
NoTRQ seen in Figs. 4c and 4d, and explaining the reduction in power at positive phase speeds.
Waves with negative phase speeds exhibit decreased
wave breaking in the stirring region in TOTAL versus
NoTRQ, and increased wave breaking outside the stirring region on both flanks of the jet. Both of these
changes in wave breaking lead to increased jet speeds
via the convergence of westerly momentum into the
stirring region. The increased convergence of westerly
momentum into the stirring region is associated with
increased wave breaking on both flanks of the jet, further enhancing easterlies in these two regions (Fig. 2b
red vs black). The TOTAL wave breaking frequencies
now have a clear, local minima in the jet core, a distinct
peak on the poleward flank of the jet and an enhanced
peak on the equatorward flank (Fig. 6b, red curve). The
decrease in wave breaking within the stirring region is
mostly confined south of the jet latitude (thin, horizontal, red line), accounting for the increased wind speeds in
that region and the slight, equatorward shift of the jet
seen in TOTAL relative to NoEDDIES (Fig. 2b).

5. Discussion and conclusions
Using only a zonally symmetric barotropic model, we
are able to replicate key aspects of the fully coupled
CCSM4 model Northern Hemisphere ocean basin jet
stream responses to sea ice loss. Specifically, in the
CCSM4, the North Atlantic jet weakens and shifts slightly
equatorward, while the North Pacific jet strengthens and
extends eastward. The nature of the barotropic model allows us to separate the changes into the direct, forced response, and the response due to eddy feedbacks. Utilizing
two experimental setups that represent the two basins, we
find that in both cases the barotropic eddy–mean flow
feedbacks are working to increase jet speeds, and that
the net zonal wind response strongly depends on the jet
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latitude relative to the imposed forcing. In the North Pacific setup the jet is far enough away from the forcing that
the net effect is an increase in jet speed due to the eddies,
and the direct response is isolated to the poleward flank. In
the North Atlantic setup the jet is closer to the imposed
forcing and the net effect is a decrease in jet speed due to
the direct response, counteracted by the eddy response. In
both cases the eddy response is the same, working to increase the jet speeds and further enhance the easterlies on
the poleward flank of the jet via increases in westerly
momentum convergence in the jet core. These eddy responses are driven primarily by changes to the reflective
profiles, which dictate which waves are turned back and
which reach a critical latitude and break. Changes to the
critical profiles also affect where waves are preferentially
breaking on the poleward flank, and thus, also contribute
to the total eddy response.
The two simulated cases shown in this work were
chosen for their similarities to the CCSM4 ocean basin
jet streams. In testing the sensitivity of the barotropic
model results to the placement of the stirring and torque
latitudes, we found the eddy response to be consistent
for all midlatitude stirring and imposed easterly torques
poleward of the jet. In all cases, the eddies strengthen
the westerlies in the jet core and to the south and
induce a region of easterly wind anomalies on the
poleward flank of the jet. The precise location of the
maximum eddy impact on the mean flow depends
on both the latitude of the stirring and how close it is to
the torque. Both of these factors strongly influence the
reflective profiles, either via planetary or relative vorticity, which, in turn, controls which waves propagate
far enough from the jet to break and contribute to the
net convergence of eddy momentum flux into the
stirring region.
The barotropic eddy–mean flow feedbacks found in
this work support the CCSM4 result of increased jet
speeds in the North Pacific in response to sea ice loss,
although we do not expect them to be the full story in the
more complex system. As seen in the highly idealized
barotropic model, the application of a strong easterly
torque only results in small increases in jet speeds in the
North Pacific experiment, nowhere near the increase
seen in the CCSM4. However, baroclinic feedbacks
between changes in wave propagation and wave generation are almost certainly at play within the coupled
system and are not included in our barotropic model
setup. Barnes and Thompson (2014) showed that adding
a baroclinic feedback by allowing for slight shifts of the
stirring region is key in determining the magnitude of
the zonal wind response to forcing, with barotropic
feedbacks setting the structure and sign of the response.
It is also possible that there are additional feedbacks
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associated with a change in the strength of the baroclinic
zone in response to external forcing, which would be of
interest to examine further.
The level of complexity in the CCSM4 experiment
suggests that there may be many additional mechanisms
at play, and the wide range of model responses to climate forcings shown in previous work mean that one
model may not be considered representative of the
true atmospheric circulation response (e.g., Zappa et al.
2018). However, the findings of this work and the increased understanding of the barotropic mechanisms
involved highlight the role of barotropic eddy–mean
flow feedbacks in driving the jet stream response to
Arctic amplification and sea ice loss. Further, the same
eddy–mean flow feedbacks are present in two very different experimental setups, and the results stress the
importance of jet latitude in determining the net response to forcing.
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