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ABSTRACT

Simulations using a dry, idealized general circulation model (GCM) are conducted to systematically
investigate the eddy-driven jet’s sensitivity to the location of boundary layer drag. Perturbations of
boundary layer drag solely within the baroclinic zone reproduce the eddy-driven jet responses to global
drag variations. The implications for current theories of eddy-driven jet shifts are discussed. Hemi-
spherically asymmetric drag simulations in equinoctial and solstitial thermal conditions show that
perturbations of surface drag in one hemisphere have negligible effects on the strength and latitude of
the eddy-driven jet in the opposite hemisphere. Jet speed exhibits larger sensitivities to surface drag in
perpetual winter simulations, while sensitivities in jet latitude are larger in perpetual summer simula-
tions. Near-surface drag simulations with an Earthlike continental profile show how surface drag may
facilitate tropical-extratropical teleconnections by modifying waveguides through changes in jet lati-
tude. Longitudinally confined drag simulations demonstrate a novel mechanism for localizing storm
tracks. A theoretical analysis is used to show that asymmetries in the Bernoulli function within the baroclinic
zone are important for the eddy-driven jet latitude responses because they directly modulate the sensitivity of
the zonal-mean zonal wind to drag in the boundary layer momentum balance. The simulations contained
herein provide a rich array of case studies against which to test current theories of eddy-driven jet and storm-
track shifts, and the results affirm the importance of correct, well-constrained locations and intensities of
boundary layer drag in order to reduce jet and storm-track biases in climate and forecast models.

1. Introduction Theoretical studies of the eddy-driven jet response to
drag focused primarily on global drag variations (James
and Gray 1986; Robinson 1997; Chen et al. 2007; Kidston
and Vallis 2010; Polichtchouk and Shepherd 2016), al-
though counterexamples exist; for example, variations in
parameterized gravity wave (Stephenson 1994) and block-
ing drag are necessarily local because they depend on
the variance of subgrid-scale orography.! These studies
have shown that the eddy-driven jet shifts equatorward
when gravity wave and near-surface drag are increased
(James and Gray 1986; Stephenson 1994; Robinson 1997,
Chen et al. 2007); while increases in hyperdiffusivity shift
the jet poleward (Stephenson 1995), although questions
remain about the dependence of this result on model
resolution. A recent study has linked model biases to
the quality and intensity of blocking drag parameter-
ization and has called for improvements in low-level

Momentum mixing and dissipation play important
roles in Earth’s atmospheric energy cycle and mo-
mentum budget (Lorenz 1955; Phillips 1956). Early
climate models used drag parameters to address bia-
ses in the models’ climate (Stephenson 1994)—while
drag parameters today are semiempirical and not
well constrained. As a result, a body of research has
developed around the impacts of subgrid-scale drag
parameterizations on major features of the general
circulation (James and Gray 1986; Stephenson 1994,
1995; Robinson 1997; Chen et al. 2007; Kidston and
Vallis 2010; Sandu et al. 2016; Polichtchouk and Shepherd
2016; Pithan et al. 2016). One such feature is the eddy-
driven jet.
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drag parameterizations in coarse-resolution climate
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Their study highlights the need for regional idealized
drag simulations to elucidate and refine current theories
of eddy-driven jet shifts; this motivates the current study.

Several momentum sinks may exist in an atmosphere;
however, here, we conduct simulations using a dry dy-
namical core and focus only on near-surface, boundary
layer drag. We use dry, idealized simulations as a start-
ing point for several reasons: 1) To determine the extent
to which dry processes account for the eddy-driven
jet’s response to surface drag, 2) to isolate the impact
of surface drag from changes in drag due to moist pro-
cesses. For example, the latent heat release associated
with moist convection in the tropics may increase the
strength of the tropical overturning circulation, which
increases the surface winds. Surface drag then acts to
reduce those winds, which in turn modifies surface sen-
sible and latent heat fluxes. 3) To remove the effect
of drag on moist processes, like surface evaporation. 4)
To reduce the incidence of simultaneous actors, which
increases the chances of identifying causal relationships.
We use quadratic drag and build upon previous work
that used linear drag to understand the eddy-driven jet
response to boundary layer drag in an idealized frame-
work. Furthermore, we conduct numerous simulations
over a wide quadratic drag parameter space.

There exist several proposed mechanisms for jet
shifts in response to external forcing. One school of
thought posits that changes in the spectral character
of the extratropical eddies that converge momentum
into the jet are primarily responsible for changes in jet
latitude. For example, Chen et al. (2007) suggest that
an increase in the eastward phase speed of baroclinic
eddies that accompanies an increase in the speed of the
eddy-driven jet shifts the jet poleward. But a compre-
hensive survey of the eddy-driven jet’s sensitivity to
localized Gaussian heating in the latitude-sigma plane
(Baker et al. 2017) shows a range of forcing for which
the jet shifts poleward even though the eddy-driven
jet’s speed decreases. Thus, an increase in the eastward
phase speed of eddies does not always accompany pole-
ward jet shifts, although it frequently does in idealized
studies in response to common forcings (e.g., Robinson
1997; Chen et al. 2007; Barnes et al. 2010; Kidston and
Vallis 2012; Lorenz 2014). To reconcile this apparent
contradiction and building on the work of Kidston and
Vallis (2012), Lorenz (2014) argued that a decrease in
the eddy-driven jet speed could shift the eddy-driven
jet poleward because lower phase-speed eddies are
preferentially reflected poleward of the jet—instead
of meeting and breaking at their critical latitude. This
enhanced reflection implies reduced deceleration on
the poleward side of the jet and a poleward shift or
extension of the eddy-driven jet.
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But another school of thought argues that changes
in baroclinic driving initiate and maintain changes in
the eddy-driven jet’s speed and latitude. In midlatitudes,
baroclinic eddies, the product of baroclinic instability
(Charney 1947; Eady 1949), converge angular momen-
tum into the jet and, in a statistically steady state, bal-
ance westerly momentum loss at the surface. Therefore,
it is reasonable to expect this driving to exert dominant,
first-order control on the characteristics of the eddy-
driven jet. Several studies report changes in jet speed or
latitude in response to changes in baroclinicity (e.g., Yin
2005; Brayshaw et al. 2008; Mbengue and Schneider 2017;
Baker et al. 2017). In fact, some studies suggest that
the changes in the spectral character of the eddies that
accelerate the jet are, in fact, part of the effect of more
fundamental causes, like changes in the jet or the baro-
clinicity itself (Barnes and Hartmann 2011; Baker et al.
2017; Mbengue and Schneider 2018). Yet still other studies
suggest that the dynamics of barotropic instabilities and
shears play an important role in jet responses (James
and Gray 1986; James 1987).

Idealized simulations have proven useful in helping
to disentangle simultaneous actors and to help establish
and understand causal relationships. Here, we extend
the work of previous authors on the storm-track and
jet response to near-surface drag beyond global drag
simulations to gain further insight. We suggest how the
responses might relate to those in more complex models.
Finally, we present a simple theory that explains the eddy-
driven jet latitude response seen in our simulations.
Section 2 follows with a description of the general circu-
lation model (GCM) and the simulations conducted in this
study. Section 3 presents the results and section 4 discusses
them. Finally, concluding remarks are made in section 5.

2. Model and simulations

GFDL’s Flexible Modeling System (FMS) is used to
investigate the eddy-driven jet’s response to perturbations
in near-surface drag. The GCM is a three-dimensional,
turbulent model, with a dry dynamical core and a set of
dry physics schemes. The GCM solves the primitive equa-
tions on a sphere using a spectral transform method and is
run at T42 spectral resolution. T85- and T127-resolution
simulations were used to check the robustness of the
results. The results are robust. The model has 30 unevenly
distributed o levels (o = p/p,, where p is pressure and
ps s surface pressure).

Radiative fluxes are parameterized using Newtonian
relaxation toward a prescribed, semigray radiative-
equilibrium profile. The equilibrium profile is statically
unstable in the lower troposphere (Schneider 2004). The
profile is the same one used in Schneider and Walker (2006)
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and Mbengue and Schneider (2013) in all but the solstitial-
profile simulations, in which a new radiative-equilibrium
surface temperature, which shifts the subsolar point off
the equator, is defined as

— 1
Té(p) =T+ A, 3t 2sin(p,)sing —sin’p|, (1)

where ¢ is latitude, ¢, is the latitude of the subsolar
point, T¢ is the equilibrium surface temperature, and
Ay, is the pole-to-equator thermal contrast. The overline
(-) in Eq. (1) signifies a global mean. A quasi-equilibrium
dry convection scheme, also described in Mbengue and
Schneider (2013), relaxes temperatures within an atmo-
spheric column toward a prescribed 6.9 K km ' lapse rate
in an energetically consistent way. The radiative forcing
is constant throughout a given simulation: there are no
diurnal or seasonal cycles. The surface is thermally in-
sulated and has no topography.

Surface momentum transfer is modeled using quadratic
skin friction. The drag coefficient is computed using Monin—
Obukhov similarity theory. The default surface roughness
is 5 X 10> m, and the scheme uses a 1 ms™~! constant
gustiness. A vertical diffusion parameterization diffuses
dry static energy within a fixed-height, 2500-m planetary
boundary layer. Horizontal V® hyperdiffusion acts at the
smallest resolved scales. All simulations are run for at least
1800 days. More complex configurations require longer
integrations to attain a statistically steady state.

a. The eddy-driven jet

In contrast to the subtropical jet, the eddy-driven jet
is structurally barotropic. The mechanics of the eddy-
driven jet differ from those of the subtropical jet: in the
zonal mean, the eddy-driven jet owes its existence to
baroclinic eddies, which converge angular momentum
into midlatitudes to balance momentum loss at the surface.
This convergence occurs primarily in the upper tropo-
sphere (Ait-Chaalal and Schneider 2015), but downward
momentum transport through wave dynamics and re-
sidual, eddy-driven circulations barotropizes the jet, thus
determining the surface winds. An equivalent barotropic
structure of the extratropical jet emerges when meridio-
nal temperature gradients impose a vertical wind shear on
the flow. Therefore, given the nature of the eddy-driven
jet and following previous authors, near-surface winds are
used as a proxy for the eddy-driven jet (Woollings et al.
2010). In this study, the term “near surface” refers to a
vertical average between o = 0.8 and o = 0.6.

b. Boundary layer drag parameterization

In addition to the skin-friction drag parameterization
in the GCM, whose parameters are unperturbed, we
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add a quadratic drag parameterization, which retards
the near-surface winds—a quadratic drag parameteri-
zation is an improvement over a linear, Rayleigh drag
parameterization, which is common in idealized studies.
The enhanced drag is given by

D e —CS(eAPIVIV. )
where V is the horizontal velocity vector, |V| = Vu? + 12,
where u and v are the eastward and northward compo-
nents of the wind, Cp, is the quadratic drag coefficient,
the parameter in this study, and S(¢, A, p) is a three-
dimensional shape function that defines the spatial dis-
tribution of the boundary layer drag. The horizontal
spatial coordinates ¢ and A represent latitude and longi-
tude. The boundary layer drag attains a maximum at the
lowest grid level and decreases linearly to zero at the top
of the boundary layer. In regions where the boundary
layer drag is enhanced, it assumes a constant value in the
horizontal plane. Note that “no drag” in this paper re-
fers to no enhanced drag: all simulations have surface
dissipation.

The radiation and convection parameterizations im-
prove the tropical thermal stratification and the tropical
tropopause height of the standard Held and Suarez (1994)
configuration, which is really a benchmark for dry dy-
namical cores. Furthermore, our model does not have
significant near-surface eddy temperature variances pene-
trating into deep tropics. Hence, tropical and extratropical
dynamics interact in a more realistic way. Because we
use a modern drag parameterization in concert with the
aforementioned radiation and convection parameteriza-
tions, our simulations are the most realistic idealized, dry
simulations to date to investigate the eddy-driven jet’s
response to near-surface drag.

c. Covariance spectral analysis

To compute the northward temperature and mo-
mentum flux cospectra, the method of Hayashi (1971)
is used. This method differentiates between forward-
and rearward-propagating waves, and has found exten-
sive use in the atmospheric science community (e.g.,
Randel and Held 1991; Chen et al. 2007). A 30-member,
90-day ensemble is used to compute the cospectra. The
resultant four-dimensional output is a function of en-
semble size, latitude, time, and longitude. Fourier trans-
forms in time and longitude transform the model output
into ensemble, latitude, frequency, and wavenumber. The
frequency and wavenumber are converted to frequency
and phase speed, ¢ = wa cosgp/n (Randel and Held 1991),
where w is the frequency, a is the planetary radius, 7 is the
wavenumber, and ¢ is latitude. Summing over all wave-
numbers and then taking the ensemble mean yields
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model output that is a function of latitude and phase
speed. The phase speeds are interpolated onto a ITms !
resolution grid. In the plots of the phase-speed spectra,
the control simulation represents an unperturbed simula-
tion, while quadratic drag with a coefficient of 128 X
10~ "m™ ' is added in the perturbed simulations. The large
value ensures an easily detectable steady-state response.

d. Continent-profile drag simulations

To compare and contrast changes in boundary layer
friction over land versus over ocean, simulations are con-
ducted in which boundary layer friction is modeled as

Cp=CpoX %H,0+Cp, X (1-%H,0), (3)

where Cp, o represents the drag coefficient over the ocean,
Cp represents the drag coefficient over the continents,
and %H,O is the faction of water covering a grid cell.
Regions of sea ice are treated as ocean. Four simulations,
which we refer to as continent-profile simulations, are
conducted. Their drag distributions are detailed in Table 1.

e. Zonally symmetric and hemispherically symmetric
boundary layer drag simulations

Three groups of zonally symmetric boundary layer
friction simulations are conducted. In one set of
simulations—which follows previous studies—drag is
varied globally and the changes in the speed and latitude
of the eddy-driven jet are observed. In these global drag
simulations, the drag coefficient Cp, is varied from 1 X
1077 t0 1024 X 10~ "m ! To separate the effects of global
variations in drag from localized but zonally symmetric
variations in drag, simulations are conducted in which drag
is varied solely within the baroclinic zone. These simula-
tions are referred to as baroclinic-zone drag simulations.
The baroclinic zone is considered to be the constant-width
regions between *35° and *55°N. The baroclinic-zone
width is large enough that the eddy-driven jet maximum
remains within the baroclinic zone over all simulations.

A set of zonally symmetric simulations, referred to
as banded friction simulations, is conducted in which
near-surface hemispherically symmetric drag is turned
on progressively in 10° bands starting at the equator and
moving poleward. The jet speed and latitude response are
then observed. In these experiments, the drag coefficient
where the friction is turned on is 200 X 10" ’m !, A large
drag coefficient is used in this experiment to ensure that
the response is easy to identify.

f- Zonally symmetric and hemispherically
asymmetric boundary layer drag simulations

A novel set of simulations in which the drag coefficient
is varied solely within one hemisphere and the jet response
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TABLE 1. The enhanced drag coefficients (10~7 m ™) for the four
continental-profile simulations. The letters ““O’” and ““L”’ represent
ocean and land, respectively.

Simulation name

No enhanced drag Control Oexp Lexp
Cp.o 0.0 4.0 16.0 4.0
Cpr 0.0 32.0 32.0 44.0

observed is also conducted. The Northern Hemisphere—
Southern Hemisphere asymmetries on Earth make these
simulations especially relevant. In these simulations, drag
is varied from 5 X 1077 t0 1200 X 10 ~'m™".

The last set of simulations shift the subsolar point
10°1atitude into one hemisphere to mimic a winter and
summer hemisphere. Then the drag is modified in one
hemisphere and the eddy-driven jet speed and latitude
responses are observed. These simulations elucidate the
seasonal jet response to changes in near-surface drag.

3. Results
a. Global drag simulations

The maximum zonal-mean jet speed decreases as
boundary layer drag increases; see Fig. 1a. Changes
in boundary layer quadratic drag over two orders of
magnitude modifies the jet maximum over a range of
about 5ms~ ', At high drag values, an increase in boundary
layer drag slightly increases the jet speed (Fig. 1). The
shape of the jet maximum curve is sigmoid-like when
plotted on a log-linear axis; that is, the slopes of the curve
at high and low values are modest compared to the center
parts of the curve. As anticipated from the quadratic
nature of the drag parameterization, the zonal-mean jet
speed and latitude responses to boundary layer friction
are nonlinear.

As the boundary layer drag increases, the jet shifts
equatorward (Fig. 1b). This result agrees with previous
idealized work, albeit with linear, Rayleigh drag, that
shows an equatorward jet shift with increased drag. The
jet latitude curve is also sigmoidal, but shows greater
curvature when compared to the jet speed curve. The
uncertainty is greater in the jet latitude response. The jet
position has a 12° latitude range over the simulated drag
parameter space.

b. Meridionally asymmetric, zonally symmetric
drag simulations

Boundary layer drag increasing solely within the baro-
clinic zone reduces the near-surface westerly wind
maximum speed and shifts the eddy-driven jet equa-
torward (Figs. 2a,b). The baroclinic zone is the region of
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FIG. 1. The eddy-driven (a) jet speed and (b) jet latitude re-
sponses to global drag variations. The eddy-driven jet is measured
using zonal-mean zonal winds averaged between o =0.8 and
o = 0.6. The blue dots indicate the Southern Hemisphere, while the
red dots indicate the statistically independent Northern Hemi-
sphere. The error bars show the 95% confidence interval about the
jet’s mean speed and latitude.

highest baroclinic activity. Here we assume it to be the
region within =35° and *£55°N. The baroclinic zone
encloses the eddy-driven jet maximum in all simula-
tions. The drag coefficient used in these baroclinic-
zone simulations is 64 X 10~ 'm ™.

Figure 2c shows the zonal-mean eddy-driven jet speed
response to boundary layer drag that extends from the
equator to the latitude specified on the abscissa; Fig. 2d
shows the eddy-driven jet latitude response. The bound-
ary layer friction is turned on in increments of 10° latitude
in the direction of the black arrow in the figure. The
blue dots show the jet in the Southern Hemisphere,
while the red dots show the statistically independent
jet in the Northern Hemisphere. Figure 2 shows that
the eddy-driven jet abruptly slows and shifts equator-
ward when the drag reaches below the jet. The range of
the change in jet speed and jet latitude is roughly the
same as that for the global changes in boundary layer
drag. For drag changes outside of the baroclinic zone,
there is relatively little change in the jet except for
an increase in jet speed when the boundary layer drag
reaches the subtropics.
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Figures 2c and 2d show that the greatest changes in the
zonal-mean jet speed and position in response to near-
surface drag perturbations occur when the drag extends
into the baroclinic zone. The change is abrupt. As the
drag extends into the subtropics, there is an increase in
the near-surface westerly wind speed. As a rudimentary
assessment of the statistical significance consider the
agreement between the statistically independent hemi-
spheres; that is, compare the blue dots to the red dots.
However, as the jet extends further poleward, the near-
surface wind maximum slows to its unperturbed value
followed by an abrupt reduction upon entering and
crossing the baroclinic zone. The jet responses are
similar if the drag started from the pole and moved
equatorward.

The zonal-mean zonal wind response to global changes
in boundary layer drag is compared to changes in drag
solely within the baroclinic zone in Fig. 3. The unperturbed
simulation (Fig. 3) shows that the eddy-driven jet has a
combined barotropic and baroclinic structure. The baro-
clinic part owes its existence to the north-south tempera-
ture gradient, while the barotropic component results
from the action of extratropical eddies.

Global and baroclinic-zone simulations have a similar,
barotropic reduction on the poleward flank of the jet.
This suggests that there has been a reduction in eddy
activity on the poleward flank of the jet. Furthermore,
both simulations show a baroclinic reduction in the
winds between 20°N and 20°S. The baroclinic nature
suggests that it might be due to enhanced eddy mo-
mentum flux divergence within the subtropics (see
Fig. 4). Finally, both simulations show slight barotropic
increases in the jet on the equatorward flank of the eddy-
driven jet at about 40°N and 40°S.

The global drag simulation shows a substantial equa-
torial response that is not seen in the baroclinic-zone
simulation—the near-surface equatorial easterlies are
substantially damped in the global drag simulation,
while there is negligible change in the baroclinic-zone
simulation. It appears that the reduction in the sub-
tropical jet speed is stronger in the baroclinic-zone
simulation. This likely occurs because there is more
eddy momentum flux divergence from the subtropics
in the global drag simulations (see Fig. 4). It is worth
noting that while the easterlies are damped near the
surface, the Hadley circulation above the boundary
layer strengthens somewhat.

The global minus baroclinic-zone difference plot in
Fig. 3 shows negligible extratropical barotropic differ-
ences, although the global drag simulation has a baro-
clinic component that is absent from the baroclinic-zone
simulation. Nonetheless, Fig. 3 shows that the eddy-driven
jet response to global variations in drag is primarily an
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FIG. 2. The eddy-driven (a),(c) jet speed and (b),(d) jet latitude responses to boundary layer drag. (a),(b) Jet
response to changes in boundary layer drag within the baroclinic zone, the constant-width region between 35° and
55°N/S. (c),(d) Jet response to near-surface drag that extends from the equator to the latitude specified on the
abscissa. The eddy-driven jet is defined using the zonal-mean zonal winds averaged between o = 0.8 and o = 0.6.
The blue dots indicate the Southern Hemisphere, while the red dots indicate the statistically independent Northern

Hemisphere.

eddy-driven jet response to variations in drag in the
baroclinic zone.

To help understand the differences between the global
and baroclinic-zone simulations Fig. 4 and Fig. 5 show
the eddy momentum flux divergence and the meridional
eddy heat fluxes for the unperturbed, baroclinic-zone
simulations minus the control, global simulations mi-
nus the control, and global minus the baroclinic-zone
simulations.

Eddy momentum flux divergences on the flanks of
the jet and eddy momentum flux convergence into the
jet are higher in the global drag simulations. In both
simulations, there is an increase in eddy momentum
flux convergence equatorward of the maximum in eddy
momentum flux convergence in the unperturbed simu-
lation. The majority of the eddy momentum fluxes and
the changes in them associated with the near-surface drag
perturbations occur in the upper troposphere. Figure 4
shows enhanced eddy momentum flux divergence in
the subtropics in both the global and baroclinic-zone
simulations.

The reduction of the eddy meridional heat fluxes,
which are associated with baroclinic driving, on the

poleward side of the jet is evident in Fig. 5. This re-
duction occurs in both the global drag simulation and
the baroclinic-zone drag simulation. The global versus
baroclinic-zone difference plot shows that the reduction
is identical to within 1 Kms™! (Fig. 5). The largest dif-
ferences in the eddy meridional heat fluxes between
the global and baroclinic-zone simulations occur on
the equatorward flank of the jet. Because the equator-
ward shift of the eddy-driven jet is similar between the
global and the baroclinic-zone simulations, and because
the shift results from a reduction on the poleward flank
of the jet, it stands to reason that the mechanism of the
eddy-driven jet shifts in response to changes in the near-
surface drag is related to the suppression of baroclinic
eddy driving on the poleward flank of the jet.

The upper-level (300 hPa) northward eddy momentum
fluxes in the control simulation peak at about *45°N
(Fig. 6). Extratropical eddies with phase speeds between
10 and 15ms™" transport the most momentum poleward.
The convergences associated with the momentum fluxes
place the eddy-driven jet about 5° poleward of the lati-
tude of maximum poleward eddy momentum flux. The
near-surface (850 hPa) heat/temperature fluxes also peak
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FIG. 3. The latitude-sigma zonal-mean zonal wind field for (top left) a control simulation with unperturbed near-
surface drag, (bottom left) the globally enhanced near-surface drag simulation minus the control simulation, (top
right) the enhanced near-surface drag within the baroclinic-zone simulation minus the control simulation, and
(bottom right) the globally enhanced drag simulation minus drag enhanced within the baroclinic-zone simulation.
The baroclinic zone is the axisymmetric region between *+35° and =55°N. The black, unfilled contours, save for in
the bottom-right panel, show the zonal-mean zonal wind field in the control simulation. The enhanced drag value

used in the perturbed simulations is 64 X 10~ m™ .

at about =45°N, and eddies with phase speeds between 10
and 15ms ™! also transport the most heat poleward (Fig. 7).
The jet shifts equatorward when near-surface drag in-
creases globally or within the baroclinic zone; however,
the jet shift is greater when drag increases globally.

Figure 6 confirms that the eddy-driven jet shifts equa-
torward primarily because of reduced eddy momentum
convergence on the poleward flank of the jet. Further-
more, all eddy phase speeds contribute to the reduction of
momentum convergence on the poleward flank of the jet.
Moreover, the subtropical critical lines do not shift equa-
torward. In fact, the critical line shifts in the opposite di-
rection of the eddy-driven jet shift in the baroclinic-zone
simulation, as shown by the thick green line. Hence,
decreases in the eastward phase speed of equatorward-
propagating eddies cannot explain the equatorward shift
in our simulations. The critical line on the poleward
flank of the jet shifts equatorward. Therefore, the critical
line appears to respond to changes in eddy momentum
flux divergences rather than constrain the eddies in a
causal way.

The differences in eddy momentum fluxes between
the global and baroclinic-zone simulations do not show

any shifts to lower eddy phase speeds (Fig. 6). There
is only an anomalous dipole centered on about 40°N,
which implies anomalous convergence at 40°N. There-
fore, another mechanism must explain the enhanced
shift in the global drag simulation. This mechanism
need only to explain the equatorward shift of the eddy
momentum fluxes.

Figure 8 shows the responses of 1) eddy-driven jet
speed and latitude, 2) the maximum eddy momentum
fluxes in the upper troposphere, and 3) the poleward
terminus of the Hadley cell® to increases in boundary
layer drag solely in one hemisphere. In these simula-
tions, the radiative forcing relaxes surface tempera-
tures to an equinox meridional profile. The Hadley
cell contracts under increases in near-surface drag.
The circulation response occurs solely within the drag-
modified hemisphere. The maximum eddy momentum

% The Hadley cell terminus is defined as the latitude of the first
zero of the meridional streamfunction that is poleward of the
maximum streamfunction, evaluated at the sigma level where the
maximum occurs.
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FIG. 4. The latitude-sigma eddy momentum flux divergence 9,,(t'v' cosg)/(R cose) field for (top left) a control
simulation with no enhanced near-surface drag, (bottom left) the globally enhanced near-surface drag simulation
minus the control simulation, (top right) the near-surface drag enhanced in the baroclinic-zone simulation minus
the control simulation, and (bottom right) the globally enhanced drag simulation minus the drag enhanced in the
baroclinic-zone simulation. The baroclinic zone is the axisymmetric region between +35° and £55°N. The black,
unfilled contours, save for in the bottom-right panel, show the field of eddy momentum flux divergence in the
control simulation. We have multiplied by the constant radius of Earth to obtain units of m?s ™2,

flux convergence reduces, which is consistent with a re-
duction in the eddy-driven jet speed.

Figure 9 shows the results of the asymmetric drag
simulations with perpetual solstitial thermal profiles.
Figure 9a shows the jet speed response, while Fig. 9b
shows the jet latitude response. In the figure, the sub-
script “‘c”” refers to control simulations, in which the
boundary layer drag is unperturbed; while the subscript
“p” refers to a perturbed simulation. The simulation
Eq. is forced with a perpetual equinox thermal profile;
Eqp refers to a simulation that is forced with a perpetual
equinox thermal profile and within which the boundary
layer drag in the Northern Hemisphere is increased. The
simulation So, is forced with a perpetual solstice thermal
profile. In contrast, W, and S,,, although also forced with
perpetual solstitial thermal profiles, refer to simulations
within which drag in the winter (W) and summer (S,)
hemispheres are enhanced compared to the opposite
hemisphere.

Figure 9 shows that there is a greater shift in the jet
latitude when near-surface drag is perturbed in the
summer hemisphere. This may be because the summer
jet is farther poleward compared to the winter jet, and

thus it simply has more space to move. In addition, the
fact that the summer jet is weaker and more susceptible
to externally forced perturbations may also play a role.
Interestingly, the magnitude of the decrease in the eddy-
driven jet’s speed is greater during the winter in com-
parison to the summer, yet the magnitude of the jet’s
equatorward shift in winter is smaller in comparison. The
change in the magnitude of the eddy-driven jet is greater
in winter because the magnitude of the unperturbed jet is
stronger—since the meridional temperature gradients are
stronger and because thermal wind balance implies a di-
rectly proportional relationship between the zonal-mean
zonal wind shear and the zonal-mean meridional tem-
perature gradient within an atmospheric layer. Further-
more, it can be shown that the change in the zonal-mean
zonal wind Au; = —0.5u,A InCp, if the drag parameter-
ization is quadratic, feedbacks are neglected, and eddy
momentum flux convergences do not change apprecia-
bly. This results from a perturbation analysis of the steady-
state, zonal-mean, vertically averaged zonal momentum
equation, (3,u'v') ~ Cpu?. Therefore, one can see explic-
itly that changes in the magnitude of the zonal-mean zonal
surface winds in response to changes in boundary layer
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FIG. 5. The latitude-sigma meridional eddy heat fluxes v'¢’ field for (top left) a control simulation with no
enhanced near-surface drag, (bottom left) the globally enhanced near-surface drag simulation minus the control
simulation, (top right) the near-surface drag enhanced in the baroclinic-zone simulation minus the control simu-
lation, and (bottom right) the globally enhanced drag simulation minus drag enhanced in the baroclinic-zone
simulation. The baroclinic zone is the axisymmetric region between £35° and £55°N. The black, unfilled contours,
save for in the bottom-right panel, show the field of eddy heat fluxes in the control simulation.

friction depend on the magnitude of the wind itself. Less
well understood, however, is the reason that the mag-
nitude of the equatorward shift in winter is smaller.

Figure 9 confirms that there are no appreciable inter-
hemispheric communication of drag changes in one
hemisphere to the eddy-driven jet and storm track in
the opposite hemisphere.

c. Continent-profile drag simulations

Figure 10a shows the near-surface westerly winds in the
unperturbed, uniform drag simulation (Cp 1 = Cp o = 0).
Because the simulation has no zonal asymmetries, the
near-surface winds are zonally symmetric. Figure 10b
shows the near-surface zonal wind response (the no
enhanced drag simulation response has been subtracted)
to an imposed horizontal profile of near-surface boundary
layer drag in the shape of Earth’s continents Cp s, # Cp .
In this control simulation, the drag over the continents
is greater than over the oceans (see Table 1). Under
increases in boundary layer drag, the eddy-driven jets in
both hemispheres shift equatorward. This is consistent
with previous idealized experiments with globally per-
turbed drag. The equatorward shift in the Northern
Hemisphere is greater because the near-surface drag

change is greater. The jet response in the Southern
Hemisphere is more zonally symmetric than in the
Northern Hemisphere because there are fewer zonal
asymmetries in the boundary layer drag profile in the
Southern Hemisphere. Also, the figures suggest that
idealized continental-profile boundary layer drag helps
to establish localized jets in the Northern Hemisphere
(the localized near-surface winds are seen better in the
contours in Figs. 10c and 10d). However, in our idealized
simulations, the localization of the eddy-driven jet is
weak, as the low-level jet remains somewhat strong over
the continents. Nonetheless, this result is consistent with
previous work that used idealized continents in a more
complex model (Brayshaw et al. 2009). In general, the
eddy-driven jet speed decreases under regional increases
in near-surface drag; however, regional jet speed in-
creases are possible, as we show later. Southwest—
northeast protrusions of westerly anomalies into the
tropics become established off the west coasts of North
America and Africa when boundary layer friction in the
shape of the continents is introduced to a zonally sym-
metric friction profile.

Figure 10c increases the boundary layer drag over the
oceans, while the drag over the land remains fixed at the
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FIG. 6. The contours in the control simulation show the phase-speed spectrum of upper-level (300 hPa) northward
momentum fluxes. The thick gray line in the control simulation shows the meridional profile of the upper-level
westerly wind, which has been normalized by the cosine of latitude. The contours in the remaining plots show
differences in the northward momentum fluxes. The thick green lines show the normalized westerly wind in the perturbed

simulations. The thin lines bounding the westerlies are twice the standard error of a 30-member ensemble mean.

value used in the continental drag simulation (Fig. 10b).
The contours show the climatological wind field from
the simulation shown in Fig. 10b, while the color shading
shows the difference from this. Figure 10c shows that jet
responses are largest over the oceans and in the South-
ern Hemisphere. In the Southern Hemisphere, the jet
shifts equatorward when the drag is increased; while in
the Northern Hemisphere, the localized jets extend
eastward and shift equatorward. In contrast, in Fig. 10d,
in which the boundary layer friction is increased by the
same amount but over the continents, the response in
the Southern Hemisphere is less symmetric and weaker.
Here, the Pacific jet shifts equatorward, but does not
extend eastward. The Atlantic jet also shifts equator-
ward; however, it extends to the east on the southern
flank as well. In contrast to the changes in boundary
layer friction over oceans, the shifts in the jet that result
from increases in friction over the land are concentrated
on the western side of the Northern Hemisphere’s
ocean basins.

Figure 10d shows that the increase in boundary layer
drag over the continents triggers a stationary-wave re-
sponse that leads to a poleward shift of the jet stream
over New Zealand, while an equatorward jet shift is
seen to the west of South America. The eddy-driven
jet’s response to enhanced boundary layer friction over
the oceans is annular mode-like, while it is stationary
wave-like when perturbations are over the continents.
In the Atlantic basin, the response to the perturbation
to the ocean boundary layer drag has some features in
common with the North Atlantic Oscillation.

The storm tracks, as represented by near-surface tran-
sient eddy meridional heat fluxes (Fig. 11), shift equa-
torward when the boundary layer drag is increased.
Perturbations of drag over the oceans show an annular-
mode-like response, while perturbations of drag over
the land show a stationary-wave-like response. While
perturbations of drag over the land cause a clear equa-
torward storm-track shift in the Northern Hemisphere,
such a shift is not apparent in the Southern Hemisphere.
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FIG. 7. The contours in the control simulation show the phase-speed spectrum of near-surface (850hPa)
northward temperature fluxes. (top left) The thick gray line shows the meridional profile of the near-surface
westerly wind, which has been normalized by the cosine of latitude. (top right),(bottom left),(bottom right) The
contours show differences in the northward temperature fluxes. The thick green lines show the normalized westerly
wind in the perturbed simulations. The thin lines bounding the westerlies are twice the standard error of a
30-member ensemble mean. The thin horizontal lines mark the Northern Hemisphere westerly wind maximum.

Increasing drag over the ocean causes an equatorward
storm-track shift irrespective of the hemisphere. The
storm-track and eddy-driven jet shifts are in the same
sense and with similar form (Fig. 10 and Fig. 11). This
suggests that similar mechanisms might influence their
responses.

Drag perturbations over the ocean result in north-south
jet shifts downstream of the storm tracks (Fig. 10c), while
perturbations over the land result in north-south jet
shifts upstream of the storm tracks (Fig. 10d). To un-
derstand how localized drag perturbations impact the
storm tracks, 10 simulations are conducted in which
drag is perturbed in the baroclinic zone but in longitudi-
nally confined regions that start at 0° and become pro-
gressively longer in longitude until the entire baroclinic
zone is perturbed.

The jet axis, that is, the longitude profile of the maxi-
mum near-surface westerly winds, for simulations vary-
ing the longitudinal extent of the baroclinic-zone drag is

shown in Fig. 12a. The latitude of maximum equator-
ward extent of the jet is a linear function of longitude
until the longitude of the extent of drag reaches approx-
imately 120°E, at which point the latitude of maximum
equatorward extent ceases to be a function of longitude.
A local maximum in equatorward extent, which is a linear
function of the longitudinal extent of the baroclinic-zone
drag, occurs at the downstream edge of the baroclinic-
zone drag rectangle. The most poleward extent of the jet
occurs around 10°E. In simulations of low drag extent, the
maximum poleward extent of the jet is greater than the
no-enhanced-drag case.

The longitude profile of the jet axis suggests that the
localized near-surface drag, through its stationary response,
exerts some control on the tilt of the jet. Figure 12a shows
that the jet tilts equatorward with its most northerly
extent at about 10°E and its most southerly extent at
the smaller of two possible locations: 1) the easternmost
edge of the near-surface drag and 2) 100°~120°E of the
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FIG. 8. (a) The jet speed, (b) the jet latitude, (c) the vertically averaged eddy momentum fluxes, and (d) the Hadley cell terminus latitude
responses to variations in boundary layer drag in the Southern Hemisphere. The blue dots indicate values for the Southern Hemisphere,
while the red dots indicate values for the Northern Hemisphere. The error bars are computed using a bootstrap procedure.

westernmost edge of the near-surface friction. If the
baroclinic-zone drag extends beyond about 120°E, then
there is a modest poleward tilt of the jet axis until the
easternmost edge of the near-surface friction. The jet axis
tilts strongly poleward, that is, a southwest-northeast tilt,
east of the baroclinic-zone friction.

As the drag in the baroclinic zone extends eastward,
the zonal-mean jet weakens (Figs. 12b,c) and shifts equa-
torward (Figs. 12¢,d). The equatorward shift of the zonal-
mean jet is a linear function of longitude despite the rich
structure of the longitude profile of the near-surface
westerly wind maximum. We find a 0.02° equatorward
zonal-mean jet shift per 1° longitude of drag extent.

Figure 13 shows the jet speed along the jet axis. All
perturbed jets attain their minimum magnitude within
roughly one baroclinic-zone width east of the start of the
baroclinic-zone drag. The longitude of this point ap-
pears independent of the drag extent. However, the jets
all attain maximum values east of the imposed drag. The
distance east of the drag that the jets attain the maxi-
mum appears to be a nonlinear, decreasing function of
the drag extent.

The latitude-longitude field of near-surface westerly
wind anomalies relative to the unperturbed simulation is

shown in Fig. 14. A large portion of the jet shift is a re-
duction in jet speed on the poleward flank of the jet. The
drag extent in each figure is represented by the dashed,
magenta line. It is clear from the figure that the presence
of the drag strip induces an equatorward jet shift in the
vicinity of the drag. East of the enhanced drag, the re-
sponse is tilted; hence, the presence of localized surface
drag contributes to the jet tilt in localized storm tracks.
These simple block continent experiments capture the
north-south jet shifts downstream of the continents seen in
the realistic continent-profile simulations (e.g., Figs. 10a,b
in the Northern Hemisphere). This suggests that the details
of the shape of the continents are secondary.

The storm-track response, as measured using near-
surface transient eddy meridional temperature fluxes, is
shown in Fig. 15. Poleward eddy temperature fluxes are
enhanced downstream of the baroclinic-zone drag. The
magnitude of the localized storm track increases as the
extent of the drag increases. Within the enhanced-drag
zone, eddy temperature fluxes shift equatorward, and
show two maxima. This equatorward shift of the eddy
temperature fluxes implies an equatorward shift of the
baroclinic eddy activity. As the baroclinic stirring shifts
equatorward, the zone into which upper-tropospheric
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eddies converge momentum also shifts equatorward.
Therefore, the eddy-driven jet also shifts equatorward.

Whereas the enhanced baroclinic-zone drag adds a
tilt to an otherwise zonal jet, the induced storm track
is zonal. Figure 16 demonstrates that stationary eddies
help create and maintain the localized storm track. Note
the induced favorable and adverse near-surface merid-
ional temperature gradients downstream and upstream
of the continent. That the stationary response helps
maintain a localized storm track is not surprising as
the localized storm track exists only in the zonally
asymmetric simulations. However, it is also apparent
from the figure that enhanced baroclinicity that is in-
dependent of induced stationary temperature gradients
matters. The figure shows that the idealized continent
excites a wave-1 stationary wave that depends on the
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longitudinal extent of the friction. The stationary wave is
associated with a cyclone to the south of the continent
and an anticyclone to the north. The net effect of the
stationary-eddy fluxes is to steepen meridional temper-
ature gradients on the eastern edge of the continent. The
steepened temperature gradients then enhance transient
eddy meridional temperature fluxes (i.e., the storm tracks)
because meridional eddy temperature fluxes are a strong
function of meridional temperature gradients.

4. Discussion

The global drag simulations, which cover two orders
of magnitude of boundary layer drag changes, show that
the eddy-driven jet shifts equatorward when boundary
layer drag is increased. This agrees with previous ide-
alized studies (Robinson 1997; Chen et al. 2007) and
studies using more complex models (Polichtchouk and
Shepherd 2016).

Near-surface westerly wind speed increases slightly
when boundary layer drag is increased at high values of
drag (Fig. 1a). Although slight, the increase is statisti-
cally significant. The mechanism of the increase can be
understood using the theory of Robinson (2000). First,
it has been established that the near-surface winds are
maintained by eddy convergences of westerly momen-
tum in the upper troposphere. This convergence occurs
into regions where the eddies are generated, that is, into
their source regions. In the GCM and as found on Earth,
extratropical, synoptic-scale eddies are primarily of baro-
clinic origin. Changes in baroclinicity modify the eddy
source region and, by extension, the region over which
they converge momentum. A strong control of baroclinicity
is the meridional temperature gradient, which is related
to the vertical wind shear through thermal wind balance.
Increases in near-surface drag reduces near-surface winds
to first order. In the absence of compensating upper-
tropospheric wind changes, this leads to an increase in
the vertical wind shear, which, under the right condition,
leads to additional baroclinic eddy activity, enhanced
eddy momentum flux convergence, and an acceleration
of the near-surface winds.

As near-surface drag enters the subtropics, the near-
surface westerly wind maximum increases (Fig. 2c).
Although several possibilities exist to explain this in-
crease in maximum wind speed, we believe that the
increase results from anomalous eddy momentum flux
convergences in the upper troposphere driven by anom-
alous eddy driving associated with the edge of the friction
impinging on the edge of the jet. In this context, the
anomalous eddy activity may result from barotropic
instability or from the north—south gradient in boundary
layer friction interacting with the background winds.
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FIG. 10. Near-surface zonal wind response to variations in boundary layer drag. (a) Near-surface zonal winds in
the no enhanced-drag simulation. (b) The Earthlike boundary layer drag simulation minus the no-enhanced-drag
simulation (filled colored contours) and the near-surface zonal winds from the no-enhanced-drag simulation (gray
unfilled contours). (c) Enhanced drag over the oceans simulation minus the Earthlike boundary layer drag simu-
lation (filled colored contours) and the near-surface zonal winds from the Earthlike boundary layer drag simulation
(gray unfilled contours). (d) Enhanced drag over the land simulation minus the Earthlike boundary layer drag
simulation (filled colored contours) and the near-surface zonal winds from the Earthlike boundary layer drag

simulation (gray unfilled contours).

That the increase in jet speed vanishes as the extent of
the surface drag moves further poleward serves as evi-
dence that the increase is edge related.

Comparing the global and baroclinic zone drag simu-
lations, Fig. 3 shows that the response of the eddy-driven
jet to global increases in drag are captured by varying
drag solely in the baroclinic zone. Global variations
of drag introduces additional responses that appear

confined to the equatorial and polar regions, for the
most part. Therefore, in addressing model biases in the
eddy-driven jet, particular attention should be paid to
drag parameterizations in the vicinity of the jet itself.
It is clear from Fig. 3 that the jet shift results from a
barotropic reduction of the zonal winds on the poleward
side of the eddy-driven jet. This implies a reduction in
the eddy momentum flux convergence in that region.

FIG. 11. As in Fig. 10, but for the storm-track response to variations in boundary layer drag. The storm track is
identified using near-surface meridional eddy heat fluxes (v'6').
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GCM’s output.

Our results agree with prior work that suggests that
eddy dynamics on the poleward flank of the jet are more
important for the eddy-driven jet shift in response to
changes in near-surface drag (Lorenz 2014), in contrast
to the idea that subtropical dynamics are primarily re-
sponsible for the shift (Chen et al. 2007).

We find that the phase speeds of eddies with the largest
near-surface heat flux are also the phase speeds at which
upper-tropospheric eddies transport the largest amount
of momentum. Poleward eddy heat fluxes—largely the
product of baroclinic instability—are associated with
upward fluxes of wave activity, which in turn excite
upper-tropospheric, equatorward-propagating Rossby
waves. These Rossby waves converge momentum into
the region of their excitation. The similarity of phase
speeds appears analogous to the frequency of the forcing
equaling the frequency of the response in a simple forced
harmonic system.

Because extrema in the near-surface heat flux spectra
shift equatorward in tandem with the eddy-driven jet
when drag is perturbed globally and in the baroclinic zone,
it is possible that shifts in the baroclinic stirring explain
the eddy-driven jet shift. Therefore, we hypothesize that
changes in the baroclinic driving causally shifts the jets
in our simulations.

The equinox, hemispherically asymmetric simulations
(Fig. 8) show that changes in drag in one hemisphere are
balanced by circulation responses in the forced hemi-
sphere with relatively little extratropical response in the
opposite hemisphere. This may be in contrast to simu-
lations in moist climates in which moisture responses
may enhance linkages between opposite hemispheres
(Polichtchouk and Shepherd 2016).

The near-surface protrusion of westerlies into the tropics
off the west coasts of North America and North Africa
is caused by the land-sea friction contrast. Compare the
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contours in Figs. 10a and 10b to see this effect. This
protrusion is important because it may facilitate Rossby
wave propagation into midlatitudes. Waveguides are
zonal bands of upper-level westerly winds. They en-
able meridional propagation of Rossby waves. Upper-
level tropical divergences, forced, for example, by tropical
convection, generate Rossby waves that could propagate
into the extratropics along these waveguides and influ-
ence extratropical variability (Hoskins and Karoly 1981;
Hoskins and Ambrizzi 1993; Ambrizzi and Hoskins 1997).
One of the stationary responses to increases in near-
surface drag (see Fig. 16) is a westerly wind anomaly
on the equatorward flank of the continent. Furthermore,
because surface drag is balanced by column-integrated
eddy momentum flux convergences, enhanced near-surface
drag forces eddy momentum flux convergences aloft
and accelerates the westerlies. Thus, these two effects
suggest that the surface drag associated with continents
in the vicinity of the subtropics extends westerlies anom-
alously equatorward, shifting the waveguides closer to
the regions of tropical convection. Hence, the subtropical
continents could play an important role in tropical—
extratropical teleconnections. This provides an addi-
tional reason why it is important for climate and forecast
models to get the location and intensity of boundary
layer drag correct.

Increasing drag over the oceans in the Northern Hemi-
sphere leads to an eastward extension of the weakly local-
ized Atlantic and Pacific jets. These localized jets occur
on the western edge of the Pacific and Atlantic Oceans
(contours in Fig. 10c), and the strongest jet shifts occur
at the eastern edge of the enhanced drag region (Fig. 12a
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and Fig. 14) largely because of enhanced stationary-
eddy fluxes (Fig. 16). The combined effect manifests as
an extension of the eastern edge of the localized jet.

Increasing drag globally shifts the eddy-driven jet equa-
torward, in agreement with previous studies. It is also
in agreement with the results from studies using the
less realistic, Rayleigh friction parameterizations in
their simulations (i.e., linear drag).

We find that despite the linear decrease in latitude of
the zonal-mean jet maximum with increasing longitude
extent of baroclinic zone drag, the zonal profile of wind
in the sector drag experiments exhibits a rich structure
and may even show a local poleward shift of the jet axis.
Local near-surface drag was also found to influence the
jet axis tilt.

The gradually increasing boundary layer drag in the
meridional direction shifted the eddy-driven jet equa-
torward only after the drag reaches in the vicinity of the
jet, yet, when the friction reached the jet, the equator-
ward jet shift was similar in magnitude to the shifts seen
when drag was increased globally. Increasing the drag
starting at the pole and moving toward the equator
(not shown) also yields an abrupt transition when the
drag reaches under the jet. Because a large proportion
of the overall jet shift occurs when the boundary layer
drag crosses under the jet, and because the response is
independent of the direction from which the boundary
layer drag approaches prior to crossing the jet, the prin-
cipal mechanism controlling the jet shift is likely to be
local in dry models.

The hemispherically asymmetric simulations show that
variations in drag in one hemisphere have negligible ef-
fects in the opposite hemisphere. Therefore, and consis-
tent with the interpretation of Polichtchouk and Shepherd
(2016), moist dynamics and ocean dynamics likely account
for any cross-equatorial effects observed in more complex
models. Nonetheless, these results suggest that biases in
the dry part of the dynamics may be addressed in a hem-
ispherically independent way. That is, one can adjust drag
in one hemisphere without adversely affecting the other
through dry dynamical responses.

We showed that stationary eddies help localize extra-
tropical storm tracks. This is not a new result (Chang et al.
2002; Kaspi and Schneider 2013). But here, localization is
demonstrated in the absence of orography and diabatic
heat sources. What is new is the natural extension of the
results contained herein that suggests that the stationary
eddies associated with a downstream continent help
terminate an upstream storm track by creating an
unfavorable meridional temperature gradient through
stationary-eddy temperature fluxes (see Fig. 16). Hence,
the European continent helps terminate the Atlantic
storm track not only though stationary eddies generated
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FIG. 14. Filled, colored contours indicate the zonal wind anomaly field for simulations in which drag is enhanced in the baroclinic zone
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the baroclinic zone (the region between the dashed green lines). In all simulations, the enhanced near-surface drag starts at 0° longitude.

by the storm track itself (Kaspi and Schneider 2013), or
from the direct mechanically forced dissipation (Chang
et al. 2002), but also through the drag-induced stationary-
wave fluxes associated with the continent. The same is
true of the adverse effect of the American continent on
the Pacific storm track. This result complements recent
work, which finds that near-surface drag modulates
circulation responses through stationary-wave interactions
(van Niekerk et al. 2017).

Theory of eddy-driven jet shifts in response to
boundary layer drag

Drag, a nonconservative force, does negative work
on a fluid parcel. Sources of drag in Earth’s atmosphere
include skin friction at the surface, form drag associated
with a flow impinging on topography, and momentum
transfer associated with macroturbulence and breaking
waves. The applicable physical law is the conservation of
angular momentum. The zonal angular momentum / of a
fluid parcel consists of two parts, the part due to Earth’s

solid-body rotation and the part due to the parcel’s
relative motion:

1= Q(acos)’ + uacosg, 4
where a is the mean radius of Earth, ¢ is latitude, and
Q) is Earth’s angular velocity.

1) THE ANGULAR MOMENTUM-CONSERVING CASE

Insight into the expected shifts of tropospheric jets
due to changes in zonal wind speed in a rotating frame
can be obtained by considering the angular momentum-—
conserving case. It is apparent from Eq. (4) that [ = I(u, @),
if a and Q) are considered parameters.

In the absence of torques on a system, / is conserved,
which implies that

Al=0=09,IAu+9d [Ap. 5)
From Eq. (4), we have that 9,/ =acose and 9,/ =
—asinp(2Qacosp + u). In this angular momentum-—
conserving regime, a simple relation emerges for changes in
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FIG. 15. As in Fig. 14, but for the field of near-surface meridional transient eddy temperature fluxes v' T’ cosg, where the overline
represents a temporal mean, and the primes represent departures therefrom.

the latitude of a fluid parcel immediately following an ex-
ternally forced change to its zonal wind speed:

a1
A(p - _ﬂAu, (6)
[
cotp
A ™)

? 204 cosQ + u

Equation (7) suggests that a fluid parcel will shift poleward
for externally forced increases in its zonal wind speed and
equatorward for externally forced decreases in its zonal
wind speed. Figure 17 shows the increase in a fluid parcel’s
latitude for a 1 ms ™" increase in its zonal wind speed, if it
conserves its angular momentum. It is clear from the figure
that the parcel’s increase in latitude is everywhere directly
proportional to the externally forced increase in zonal
wind speed. However, the sensitivity to increases in zonal
wind speed is a decreasing function of latitude. These re-
sults are consistent with our expectations because changes
in angular momentum depend on changes in the perpen-
dicular distance to Earth’s axis of rotation and because
larger changes in latitude are required at lower latitudes

for equal changes in the perpendicular distance to Earth’s
axis of rotation than at higher latitudes. Whereas this
simple analysis presents a useful indication of how the
latitude of jets could change as the wind speed changes
in the absence of torques on the fluid parcel, it is in-
adequate for explaining changes in the eddy-driven jet
since drag plays an important role and since angular
momentum is not conserved in midlatitudes in the
presence of macroturbulence. Furthermore, the anal-
ysis predicts enhanced sensitivities on the equatorward
flank of the jet, while our simulations show enhanced
sensitivities on the poleward flank of the jet.

2) THE NONCONSERVATIVE FORCE CASE

Because the effects of surface drag are of interest, we
start with the near-surface zonal-mean zonal momen-
tum equation within the baroclinic zone:

fo=0,@v+u)+a, @w+uw), (8)

where the overline represents a time and zonal mean,
and the prime represents a departure from a temporal
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mean. Near to the surface, the mean northward flux of
westerly momentum by transient eddies is negligible
(Ait-Chaalal and Schneider 2015; see also Fig. 4). Within
the baroclinic zone, the mean meridional circulation is
the thermally indirect, eddy-driven Ferrel cell. If, fol-
lowing Schneider and Bordoni (2008), one considers the
interior of the baroclinic zone, where the surface stream-
lines are approximately horizontal, then one may neglect
vertical momentum transports by the mean meridional
circulation. Combined, these assumptions reduce the
zonal momentum equation to
(1 - Ro)fv=1u, 9)

where Ro = d,u/f is the local Rossby number. Here, we
model near-surface vertical eddy momentum flux di-
vergences as a linear drag, for expository purposes. Here
77! is the drag time scale.

The zonal-mean meridional momentum equation within
the baroclinic zone is given by

—fi—9,®=0 @ +1%) +9,@w+vw),  (10)

where @ is the time and zonal-mean geopotential. Simi-
larly, the zonal-mean meridional momentum equation
reduces to

(1-Ro)fu=—r5-3,B, (11)
40 2 2 o
E”
=
g 20
Q ) o
= =)
10 l \
20 30 10 50 60 70 80
* Latitude

FI1G. 17. The sensitivity of a fluid parcel’s latitude to an externally
forced change in its zonal wind speed under the assumption of
angular momentum conservation. The numbers show the change in
latitude assuming a 1 m's ™! change in the zonal-mean zonal wind speed.
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where B=® +0.5(u® +7%) is the Bernoulli function.
Hence, we have a system of equations [Egs. (9) and (11)]
that we solve, treating the gradient of the Bernoulli
function as a parameter:

_— 1- Ro)fzayB ’ (12)
(0 —Ro)" + 72
79 B
v= Y (13)

f2(1-RoY +72

We note that these equations are the same ones
derived in Schneider and Bordoni (2008). The partial
derivative of the equations of z and v gives one mea-
sure of the sensitivity of the zonal-mean winds to
linear drag. The sensitivities can be used to ascertain
whether the asymmetries in the zonal-mean wind’s
response to changes in drag result from the zonal profile
of the components of the sensitivities. The drag sensi-
tivities are found to be

S-=9 B 27f(1 —Ro)
YR oy 4T

o7, (14)

2
7 [0 -Ro)’—7

W B e Rey T

(15)

First, observe that the limit of the sensitivities as the
Coriolis parameter gets large is zero. Bearing in mind that
in midlatitudes Ro < 1, it becomes clear that Earth’s cur-
vature does not explain the enhanced reduction of z on
the poleward flank of the jet as drag increases uniformly
in the baroclinic zone. Indeed, because fis a monotoni-
cally increasing function of latitude and because the
sensitivities are inversely proportional to f, higher lati-
tudes will experience lower sensitivities to changes in
drag, which is contrary to our observations.

Since the near-surface drag in our simulations is a
constant function of latitude within the baroclinic zone,
we turn our attention to the zonal-mean meridional
profile of the Bernoulli function. Figure 18 plots the
Bernoulli function and its components for the control
simulation. The gradient of the Bernoulli function is
predominantly negative and dominated by the geo-
potential term. The geopotential gradient is asymmetric
about the jet core: it is less negative on the equatorward
flank of the jet. The mean kinetic energy gradient is
also asymmetric about the jet maximum; it changes
sign. The sense of these asymmetries enhances the sen-
sitivity of the zonal-mean zonal wind to changes in near-
surface drag on the poleward flank of the jet, while it
reduces the sensitivity on the equatorward flank. In-
deed, the meridional profile of drag sensitivity, which
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FIG. 18. Zonal-mean profiles of (c) the Bernoulli function and its
components [(a) mean kinetic energy and (b) geopotential], com-
puted for the control simulation, which has no enhanced drag. The
profiles are computed using near-surface vertical averages between
0 =0.84 and o =0.93. Each colored line represents a 90-day av-
erage over the control simulation, which is in a statistically steady
state and has been spun up for 1800 days. The black vertical lines
bound the baroclinic zone and mark the eddy-driven jet maximum.

is dominated by the Bernoulli function, explains why the
jet response to changes in drag is asymmetric about the
jet core. The sensitivities associated with the gradient in
the mean kinetic energy enhances the asymmetry in the
sensitivity, but it is secondary to the asymmetry associ-
ated with the gradient of the geopotential.

Therefore, the equatorward shift in the eddy-driven
jet results from a contraction on the poleward flank of
the baroclinic zone. The contraction on the poleward
flank of the jet may sometimes be accompanied by an
equatorward jet expansion. These changes in the baro-
clinic zone are driven primarily by the profile of the
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Bernoulli function, which is asymmetric about the storm
tracks and eddy-driven jet.

5. Conclusions

Novel simulations were conducted in a dry, idealized
general circulation model (GCM). These simulations
provide new insight into the eddy-driven jet dynamics in
response to changes in near-surface drag and a new, rich
array of case studies against which to test theories of jet
and storm-track shifts.

By perturbing the near-surface drag in a zonal band in
the vicinity of the eddy-driven jet, we demonstrated that
much of the jet response to global variations in surface
drag are captured by perturbing the drag locally about
the climatological jet.

Hemispherically asymmetric near-surface drag simula-
tions were conducted to probe possible interhemispheric
dynamical interactions. However, it was found that per-
turbing drag in one hemisphere had negligible effect on the
eddy-driven jet in the opposite hemisphere. This remained
true when the simulations were run in perpetual summer
and winter configurations. This suggests that it is possible
to adjust drag in one hemisphere without substantially
affecting the jet in the opposite hemisphere through dry
dynamics.

The eddy-driven jet latitude was found to be more sen-
sitive to variations in near-surface drag in summer than
in winter; while the wintertime eddy-driven jet strength
was more sensitive to perturbations in near-surface drag.
It was shown that there was a larger change in jet speed
in winter because the jet speeds are higher in winter.
Furthermore, it was shown that asymmetries in the
Bernoulli function explain the asymmetric reduction
in the jet speed around the core, which resulted in an
equatorward contraction of the jet when near-surface
drag increases.

It is found that zonally localized drag sets up a local-
ized storm track and a tilted jet downstream. Further-
more, it was demonstrated that differential variations in
land versus ocean drag can modify the tilt of the Atlantic
and Pacific jets.

Finally, it is suggested that the near-surface drag as-
sociated with Earthlike continents facilitates tropical—
extratropical teleconnections by modifying subtropical
waveguides. Thus, climate and forecast models have ad-
ditional reasons to better constrain their drag parame-
terizations, especially in the subtropics and extratropics.

The results contained herein demonstrate that further
research into the fundamentals of eddy-driven jet dy-
namics is warranted and that scope exists for advancing
our understanding of it in order to improve climate and
forecast models.
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