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Potential impact of tropopause sharpness on the structure and
strength of the general circulation

Lina Boljka@®'>™ and Thomas Birner?™

The wintertime extratropical general circulation may be viewed as being primarily governed by interactions between Rossby waves
and the background flow. These Rossby waves propagate vertically and meridionally away from their sources and amplify within
the core of the tropopause-level jet, which acts as a waveguide. The strength of this waveguide is in part controlled by tropopause
sharpness, which itself is a function of the strength of tropopause inversion layer (TIL), a layer of enhanced static stability just above
the tropopause. Here, we report a strong relation between interannual-to-multidecadal variations in the strength of the mid-
latitude TIL and features of the general circulation (e.g., jet latitude, strength of the Hadley cell) in a reanalysis and climate models.
Similar relationships hold for the variability across climate models. Experiments with a mechanistic model show that a sharper
tropopause promotes an intensified general circulation and an equatorward shifted jet.
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INTRODUCTION

The general circulation of the atmosphere is primarily composed
of planetary-scale features such as the overturning meridional
circulations in the tropics and extratropics (the so-called Hadley
and Ferrel cells) and meandering jet streams that at places curl up
into eddies (mid-latitude highs and lows). These features are not
just interesting for an overall depiction of the atmospheric
circulation but in recent years have also received increased
attention due to their varied responses to climate change. For
example, climate model projections show a robust poleward shift
of the mid-latitude jets'2, as well as a widening (and weakening)
of the Hadley cells®**. Moreover, models with a more equatorward
jet in their control (preindustrial/historical) climate may produce a
stronger poleward jet shift®. This is interesting as most models
appear to exhibit an equatorward jet bias and raises the question
which processes are important in regulating the average jet
position®. While climate model biases may stem from a multitude
of processes, primarily those that are due to numerical diffusion or
parametrizations’~®, some may be due to misrepresentations of
salient features of atmospheric structure. One such feature is the
tropopause. Its sharpness'®, among other things, affects the
strength of the tropopause-level waveguide (for, e.g., Rossby
waves) and thereby the dynamics of the mid-latitude jet stream.

Interactions between Rossby waves and the background mean
flow, such as near the tropopause-level jet stream, are a crucial
driver of the wintertime extratropical general circulation and its
variability on a range of time scales'"'2. These Rossby waves
originate, for example, from flow over large-scale topography'>'4
and due to baroclinic instability of the eastward mean flow
embedded within an equatorward temperature gradient'>'® (grey
dashed lines in Fig. 1). As these Rossby waves propagate upward
and meridionally (grey arrows in Fig. 1) away from their source
region (red shading in Fig. 1), they flux westward momentum out
of it, thereby leaving an eastward surface wind behind—the eddy-
driven surface westerlies in mid-latitudes'"'? (black contours in
Fig. 1). Likewise, these waves flux westward momentum into their
sink/dissipation region (blue shading in Fig. 1) where they exert a

westward forcing onto the mean flow. Wave dissipation is
enhanced along the tropopause-level jet (peak black contour in
Fig. 1), which acts as a waveguide due to its accompanying strong
potential vorticity (PV) gradients, resulting in amplification and
eventually wave breaking and dissipation'”', The PV gradient, in
turn, is governed by meridional and vertical structures of the wind
and temperature fields. The strong PV gradient and tropopause-
level waveguide (black dashed line in Fig. 1) are in part associated
with the tropopause inversion layer (TIL; grey shading in Fig. 1), a
layer of enhanced static stability just above the tropopause that
produces enhanced tropopause sharpness'®'®,

To see the connection between the TIL and PV gradient
consider the definition of PV (P) in isentropic coordinates®® (see
also Methods): P = {/o, where {= &+ f is the vertical component
of absolute vorticity composed of relative vorticity ¢ and
planetary vorticity f (equal to the Coriolis parameter), and
o= 7(98,06)’1 (with 6 potential temperature, g gravitational
acceleration, p pressure) is the so-called thickness (or isentropic
density). The meridional PV gradient is then proportional to the
meridional vorticity gradient and inversely proportional to
thickness gradient. Since thickness is inversely proportional to
static stability (9,6) it follows that the meridional PV gradient is
proportional to that of static stability. In other words, the
enhanced static stability associated with the TIL is expected to
be associated with an enhanced PV gradient near the tropopause,
hence a sharper tropopause.

The TIL has been documented extensively from observations,
reanalyses, and models'®?'23, Its underlying potential mechanisms
have been illuminated, although their relative roles still remain
elusive®* 28, In weather and climate models, the tropopause
sharpness may also depend on model biases: for example, the
moist bias in the lowermost stratosphere due to excessive dispersion
produces excessive tropopause-level radiative cooling and thereby a
sharper tropopause®. This may then lead to biases in the general
circulation, along the lines of results presented below.

Potential impacts of the enhanced tropopause sharpness due
to the TIL include modifications of vertical wave propagation
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Fig. 1 Schematic of interactions between Rossby waves and the
background flow. Figure shows a meridional cross-section of
climatological winter mean zonal mean zonal wind (black solid
and dashed contours; based on reanalysis data) with maximum
wind corresponding to subtropical jet and black star denoting the
location of maximum wind at 850 hPa (location of eddy-driven jet);
climatological winter mean tropopause height (thick black dashed
line; based on reanalysis data) where tropopause waveguide is
located; typical wave source at the surface (red shading) and typical
wave sink in the upper-troposphere (blue shading) with correspond-
ing wave propagation (grey arrows); the location of the tropopause
inversion later (TIL; grey shading); and typical potential temperature
profile (®; grey dashed lines). For details about the schematic
see text.

across the tropopause (gravity and Rossby waves) and
troposphere-stratosphere exchange3°-32, However, its potential
impact on the general circulation as a whole has not been
studied in detail. This may be in part because previous studies
have considered other (tropopause-related) competing impacts
on general circulation, such as the tropopause height, cooling in
the lower stratosphere, and static stability in mid-to-high
latitudes'. However, only a few studies’** have considered the
impacts of the tropopause sharpness.

What mechanistic relationships may exist between the TIL and
aspects of the general circulation? First, a strong TIL could be
associated with a strong vertically confined cold anomaly at the
mid-to-high latitude tropopause'®?®2°, This corresponds to
enhanced negative meridional temperature gradients near the
equatorward edge of this TIL region due to the downward sloping
tropopause with increasing latitude (black dashed line in Fig. 1). By
thermal wind balance, this temperature anomaly structure is
associated with positive vertical zonal wind shear, thus stronger
zonal wind near the tropopause. Moreover, it corresponds to
enhanced upper level baroclinicity and higher available potential
energy; hence, the TIL signature may cause intensified baroclinic
eddy life cycles.

Second, the TIL is associated with an enhanced tropopause-level
PV gradient (as mentioned above), hence a stronger waveguide.
The associated enhanced channelling of Rossby waves near the
mid-latitude tropopause may lead to less meridional wave
dispersion (leakage), stronger (“well-guided”) vertical wave propa-
gation into the winter stratosphere, and stronger wave dissipation
in mid-latitudes®'834, These processes may further feed back onto
the zonal wind and thereby affect the general circulation®*. Notably,
they may cause jet shifts, which require eddy feedbacks and cannot
be explained in terms of the direct response to forcings.

Since the TIL (tropopause sharpness) may impact several
aspects of the general circulation, including jet position and
strength, it may be important for inter-model variability, as well as
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for climate variations in general. Here, we explore the impact of
the TIL on the general circulation in the state-of-the-art atmo-
spheric reanalysis (ERA5)3%37, Coupled Model Intercomparison
Project Phase 6 (CMIP6) climate models®®, and in a mechanistic
general circulation model**° (see also Methods).

RESULTS
Interannual variability

To start exploring the relationship between tropopause sharpness
(i.e, TIL strength) and the zonal mean circulation, we first analyze
their interannual variations in the northern hemisphere (NH)
winter in both a reanalysis (ERA5) and in CMIP6 climate models
(Methods). Note that TIL strength—a measure of vertical
temperature structure—is expected to be a function of vertical
resolution and even ERA5’s resolution of ~200 m near the mid-
latitude tropopause may not suffice to fully resolve the TIL
structure. Furthermore, reanalyses may underestimate the TIL
strength due to data assimilation?2. However, our focus here is not
so much on the absolute strength of the TIL, but rather on climate
variations in TIL strength. We found the latter to be robust across
different methodological choices.

First, we define a measure of TIL strength in terms of the
maximum static stability parameter (N2_) just above the
tropopause (Methods). Since we are interested primarily in
the TIL strength of the atmospheric background (basic) state we
obtain N2, from spatially resolved monthly mean temperature
data. A TIL index is then constructed by averaging zonally,
seasonally (winter: January-February-March, JFM), as well as over a
specified latitudinal band (we use 40-60°N). We tested alternative
TIL-index calculations based on 6-hourly gridded temperature
data, 6-hourly zonal mean temperature data or monthly mean
zonal mean temperature data. The first index results in a stronger
diagnosed TIL strength (i.e, less smoothing of the sharp
tropopause structures before diagnosing anax) compared to the
latter two indices. However, these alternative TIL indices are highly
correlated (=0.85) with the TIL index based on spatially resolved
monthly means. The latter index is used here because it represents
a more appropriate measure of the TIL of the background state of
the atmosphere and is less affected by reversible eddy variations.
That is, we intend to measure the TIL of the average state rather
than the average state of the TIL.

Figure 2a shows the long-term evolution of the NH winter TIL
index relative to its climatological value. The climatological TIL
strength (Fig. 2b, Supplementary Fig. 2) largely ranges from
5x107* s72 to 5.55x 10~* s~2 with the multi-model mean of the
CMIP6 models at ~5.3 x 10~* s~2, which is slightly higher than the
ERAS5 value (~5 x 10~* s72). Interannual variability (Fig. 2a) of similar
maghnitude is seen in both ERAS5 (black line) and the models (blue
thin lines in Fig. 2a). A multidecadal trend toward weaker TIL
strength is found starting in the late 1970's in both ERA5
(—145x1077 s2 year ') and the multi-model mean
(—1.55x 1077 s72 year~"). Note that both trends are significant at
97% level based on one-tailed t test. This multidecadal trend could
be a part of “natural” climate variability (e.g., related to the Atlantic
Multidecadal Variability*'), and/or it could be a part of a climate
change signal'. Determining the exact origin of this multidecadal
trend is left for future work. Overall, these time series suggest that
these interannual-to-multidecadal variations in TIL strength are a
robust feature of the Earth’s atmosphere.

How do these TIL variations co-vary with the general circula-
tion? Figure 3 shows that the NH winter TIL index is strongly
correlated with the zonal-mean zonal wind on interannual time
scales (see shading). A stronger TIL is associated with a more
equatorward eddy-driven jet (EDJ) and a strengthened subtropical
jet (STJ). This zonal wind signature resembles that of the Arctic
Oscillation (AO; NH annular mode) in its negative phase. Indeed,
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(a) TIL timeseries anomalies (10~%s72)

L. Boljka and T. Birner

npj

(b) TIL strength (10~4s72)
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Fig. 2 Timeseries and strength of the TIL (tropopause sharpness). Figure shows JFM-mean squared buoyancy frequency (N2

2000 2010

P2
max) NS

averaged zonally and meridionally between 40 and 60°N: (a) timeseries relative to climatology over the period 1951-2014, and (b) range of
climatological values. Thick black line (black circle) represents ERA5 data, thick blue line represents CMIP6 multi-model-mean data, and thin
light-blue lines (light-blue box-plot) represent individual CMIP6 models. Box plot is constructed the following way: light blue box represent
the 25™ (Q1) to 75" (Q3) percentile range, light blue whiskers represent the values that are between Q3 + 1.5/QR and Q1 — 1.5/QR (with
IQR = Q3 — Q1), light blue circles represent the outliers (values outside the whiskers range), and dark blue line represents the mean (not

median) value for consistency with panel (a).
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Fig. 3 Interannual covariability of zonal wind and TIL. Figure
shows a JFM-mean correlation (in shading) of zonal mean zonal
wind (u) with squared buoyancy frequency anomaly (ernax, from

Fig. 2a) for the period 1951-2020 in ERA5. Black contours (contour
interval is 10 m s, i.e,, ... —10, 0, 10, ..) show climatological zonal
mean zonal wind over the same period. Stippling denotes
statistically significant values that pass 95% threshold (based on a
two-sided t-test). Note that corresponding regression coefficients
are provided in Supplementary Fig. 5.

the correlation between the TIL index and the AO index (Methods)
is —0.58 (ERA5) and similar correlations ranging between —0.3 and
—0.75 are found for the majority of climate models (Supplemen-
tary Fig. 1). Note that there is also an indication that models with
stronger TIL show stronger AO-TIL correlation (Supplementary Fig.
1). Consistent with the zonal wind correlation pattern, the Hadley
cell exhibits strengthening and equatorward contraction with a
stronger TIL index (not shown).

The relationship between the TIL strength and the AO (zonal
wind variability) is consistent with the hypothesis that the eddy-
feedbacks associated with the TIL changes (mentioned in the
Introduction) are related to changes in the jet streams (modified
strength of the STJ, meridional shift of the EDJ), although the
direction of causality remains unclear based on interannual
variability alone.

Inter-model variability

Given the strong relationship between the TIL index and the AO
on interannual timescales, we now test if differences in zonal
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mean zonal wind across models are related to their TIL strength.
To do this, we compute NH winter climatological (1870-2014)
zonal mean zonal wind in every model (see Supplementary Table
1 for the list of the models) as well as their climatological TIL
strength (Nﬁm; see Fig. 2b for the variability across models; they
are listed also in Supplementary Fig. 2). We then compute
correlations between the zonal wind and TIL strength across
different models to identify potential links between TIL strength
and the general circulation across different mean climate states
(as represented by inter-model variability; see also Methods).
Note that results remain qualitatively similar if composites are
computed instead (not shown).

Consistent with the interannual variability discussed above,
Fig. 4 shows an equatorward shift of the EDJ and strengthening
of the STJ with a stronger TIL. This suggests that models with a
more equatorward EDJ (and similarly stronger STJ) have a
sharper tropopause. This is interesting because models in
general have an equatorward EDJ bias?, which suggests that a
sharper (i.e., potentially more realistic) tropopause may worsen
this bias or alternatively a more poleward jet may worsen the
TIL bias. However, we note that the TIL strength is expected to
be a strong function of model resolution (see also Methods) and
this would have to be taken into account to assess a potential
TIL-jet bias link in more detail. Here we simply leverage the
range of control climates provided by the different models to
assess pointers to mechanistic TIL-jet coupling, regardless of
model biases.

Interestingly, if one considers trends in the TIL strength and in
the EDJ between 1980 and 2014 a similar picture emerges:
models with a stronger weakening of the TIL in this period tend
to exhibit more of a poleward shift in the EDJ (Supplementary
Fig. 3). A poleward shift of the EDJ has been observed in
analyses of the recent-past changes* and is also expected for
the EDJ response to climate change'?. This suggests that the
climate change response may also involve coupling between
the jet and the TIL.

While Figs. 3, 4 demonstrate strong relations between
interannual variations in TIL strength and aspects of the zonal
mean circulation as well as a relationship between the TIL strength
and the inter-model variability in zonal mean general circulation,
the direction of causality remains unclear. It is conceivable that
internal atmospheric variability from year to year and inter-model
variability in zonal mean general circulation simply manifest
themselves in consistent variations between the zonal circulation
and meridional temperature structure. For example, shifts in the
STJ and tropopause break are expected to be coupled via thermal
wind balance®®, which may involve projections onto the TIL.
However, such shifts may simply be associated with latitudinal
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displacements of the TIL structure without variations in TIL
strength. Indeed, we find that latitudinal displacements of the
subtropical tropopause break are hardly coupled to the TIL
strength (not shown). Furthermore, thermal wind balance merely
relates horizontal temperature gradients to vertical wind shear,
which may or may not involve modifications to the vertical
temperature structure (hence, TIL strength).

To test for a potential causal connection between TIL strength
and aspects of the general circulation, specifically designed
mechanistic model experiments are needed. This is what we turn
to next.

correlation of U with TIL across models

pressure (hPa)
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-0.4

-0.6

30 40 50 60 70
latitude (degrees)

Fig. 4 Relationship between climatological zonal wind and TIL
across CMIP6 models. Figure shows a correlation (in shading) of
1850-2014 climatological JFM-mean zonal mean zonal wind (u) with
squared buoyancy frequency anomaly (N,Znax, from Fig. 2) across
different CMIP6 models. Black contours (contour interval is 10 m s,
ie, .. =10, 0, 10, ..) show multi-model-mean climatological JFM-
mean zonal mean zonal wind over the same period. Stippling is the
same as in Fig. 3. Note that the two models (MIROCS, IITM-ESM) with
extremely strong tropopause sharpness were excluded (see outliers
in Fig. 2b, and Supplementary Fig. 2) to avoid over-estimations. Note
also that corresponding regression coefficients are provided in
Supplementary Fig. 6.
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Mechanistic general circulation model experiments

To assess the impact of TIL strength on the general circulation, we
use an idealized dry dynamical core model in two configurations
(see Methods): (i) a conventional reference run including two
idealised mountains3°#° (denoted HS) with a “weak” TIL; and (ii) a
TIL run (denoted HSTIL) with an imposed stronger TIL via cooling
at the tropopause (grey dashed contours in Fig. 5b; see Methods
below and Supplementary Methods). The region (and difference in
strength) of the TIL (using zonal mean static stability N?, see
Methods) is shown with grey solid contours in Fig. 5a. Because of
the enforced difference in tropopause sharpness via TIL strength
between the two model runs we are able to analyze causal
linkages between tropopause sharpness and the atmospheric
general circulation. The HSTIL run is designed to have a somewhat
stronger TIL than the strongest model’s TIL (Fig. 2b;*®) to account
for underestimated TIL strength in models and reanalyses.

Figure 5 confirms our expectation (see Introduction) that,
compared to the reference run, the TIL run produces significantly
stronger, more confined PV gradients near the tropopause
(shading in Fig. 5a), which should act as a stronger waveguide
for Rossby waves®'834, Shading in Fig. 5b further shows that
the jet stream is overall stronger and displaced further equator-
ward in the TIL run (at 34.9 degrees; grey diamond) compared to
the reference run (at 37.7 degrees (grey star); see also black
contours). This response is qualitatively similar to the interannual
co-variability between TIL strength and Arctic Oscillation and to
zonal wind inter-model variability that is related to the TIL
strength (discussed above). However, given that, here, our
imposed TIL forcing is the only difference between the two
mechanistic model experiments, the strengthening and equator-
ward shift of the jet stream in the TIL run must be due to the
imposed forcing (i.e., tropopause-level cooling). Note that this
occurs despite a slightly higher tropopause in the TIL run
(compare dashed and dotted lines in Fig. 5), which is typically
related to a poleward shift of the EDJ**.

The response of the Hadley cell to a sharper tropopause is an
overall strengthening and weak contraction (at lower levels;
shading in Fig. 6a), broadly consistent with interannual variations
in ERAS (typically, 1-standard deviation change in the TIL strength
corresponds to ~2% change in the Hadley cell strength; not
shown). Similarly, the Ferrel cell (midlatitude thermally indirect
overturning circulation) also strengthens in the TIL run, which
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Fig. 5 Climatological potential vorticity gradient and zonal mean zonal wind in the mechanistic model. Figure shows meridional cross-
sections of (a) meridional gradient in PV and (b) zonal mean zonal wind. Black contours (solid for positive values, dashed for negative values)
represent their climatologies in the reference model run (HS), shading represents the difference between the TIL and reference runs (HSTIL-
HS). Contour interval in (a) is: 0.3 x 10°¢ PVU m~, i.e,, .., —0.15, 0.15, 0.45, ..; contour interval in (b) is: 5 m s, i.e, ..., —2.5, 2.5, 7.5, ... Black
dashed and dotted lines represent the tropopause height in the TIL and reference runs, respectively. Grey contours in (a) represent the
difference in buoyancy frequency (N% in 10~% s~2) between the TIL and the reference runs (HSTIL-HS), where only contours for= 1
and £2.5x 10°* s=2 were plotted for clarity; and in (b) grey dashed contours represent the imposed temperature anomaly (in K) in the
equilibrium temperature profile. Grey diamond and star in (b) represent the latitude of the maximum 850hPa zonal mean zonal wind (i.e., the
latitude of the eddy-driven jet stream) in the TIL and the reference runs, respectively.

npj Climate and Atmospheric Science (2022) 98

Published in partnership with CECCR at King Abdulaziz University



a) P (HSTIL-HS), Y (HS) (10" kg s1)

0.18
0.12
0.06
LO-OO
-0.06
-0.12
-0.18

60 80
(HS) (m2s2

\,
s

20 40 60 80
¢) vT (HSTIL-HS), vT (HS) (K m s~)

200

hPa)

—400

pressure

20 40 60 80
latitude (degrees)

Fig. 6 Climatological stream function, eddy fluxes of momentum
and heat in the mechanistic model. Figure shows meridional cross-
sections of (a) streamfunction, (b) eddy momentum flux, and (c)
eddy heat flux. Black contours (solid for positive values, dashed for
negative values) represent their climatologies in the reference
model run (HS), and shading represents the difference between the
TIL and reference runs (HSTIL-HS). Contour interval in (a) is 0.2 x 10"
kg s~ ie, .., —0.3, —0.1, 0.1, 0.3, ..; contour interval in (b) is 10 m?
s 2ie,.,—15 -5,5,15, .., and contour interval in () is 25 Km s ':
+2.5,5,7.5, ... Black dashed lines represent the tropopause height in
the TIL run (HSTIL). Grey contours represent the difference in
buoyancy frequency (N2 in 107* s72) between the TIL and the
reference runs (HSTIL-HS) (as in Fig. 5a). Note that in (b) and (c)
values were multiplied by cos ¢ (as in EP flux, Eq. 4).

indicates that the entire atmospheric general circulation is
invigorated due to the sharper tropopause.

The responses in jet latitude and strength, and in overturning
circulation should go along with modified eddy fluxes of
momentum and heat, and this is indeed the case (Fig. 6b, c).
The latitude region of the strongest heat flux (strongest baroclinic
eddy activity) is more pronounced, shifted equatorward, and
extends further upward (Fig. 6c). Likewise, the characteristic
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momentum flux pattern of positive and negative fluxes equator-
ward and poleward of the main wave source, respectively, is more
pronounced and extends further upward in the TIL run (Fig. 6b).
Interestingly, the momentum flux pattern does not show a clear
equatorward shift; if anything, the region of positive momentum
fluxes extends a bit further poleward near the jet core (seen also in
Supplementary Fig. 4a). This may be consistent with weaker
meridional spreading of waves and stronger upward wave
propagation (also indicated in Supplementary Fig. 4b). The more
pronounced eddy fluxes in the TIL run suggest intensified
baroclinic life cycles, likely induced by the enhanced upper level
baroclinicity and greater available potential energy (by ~25%) due
to the sharper tropopause.

The documented changes to the eddy fluxes induced by the
sharper tropopause may be linked to changes in wave activity
fluxes and wave sources/sinks (see also Methods). Stronger
tropospheric heat fluxes translate into stronger upward wave
activity fluxes (stronger upward wave propagation; arrows in Fig.
7). The overall intensified circulation is associated with a stronger
wave source near the surface and stronger wave sink (dissipation)
near the tropopause (shading in Fig. 7). Interestingly, horizontal
wave fluxes (meridional wave propagation; arrows in Fig. 7) out of
the region of strongest baroclinic eddy activity are enhanced by a
smaller amount (by ~20%) compared to the vertical wave fluxes
(by ~45%) in the TIL run (Supplementary Fig. 4). This is consistent
with the stronger waveguide in the TIL run, which causes more
latitudinal confinement of wave fluxes and relatively less
horizontal wave dispersion/leakage3*. Consistently, wave dissipa-
tion (blue shading in Fig. 7) in the upper-troposphere becomes
more confined to the tropopause and strengthens with sharper
tropopause (compare Fig. 7a and b), which generally means
stronger residual circulation®®. Again, this confirms the notion of
stronger baroclinic life cycles, relatively weaker equatorward
wave propagation, stronger general circulation, and thus a
resulting stronger and equatorward shifted jet stream.

We furthermore find slightly shorter dynamical memory with
sharper tropopause—both baroclinic (using eddy-kinetic-energy
as a measure of eddy activity) and annular mode variability are
faster by a few days (assessed via e-folding-time analysis*®; not
shown). This is different from previous work*” that showed more
persistent annular modes in model configurations with a more
equatorward EDJ, suggesting an additional role of the tropo-
pause sharpness in weakening the persistence of annular modes
(and atmospheric variability in general), likely due to relatively
weaker meridional wave propagation.

Note that in the reanalysis we have found signals in
momentum fluxes that are consistent with annular mode
dynamics (not shown), i.e., less equatorward wave propagation
with an equatorward EDJ shift. Interestingly, heat fluxes
strengthen on the equatorward side with an equatorward jet
shift, consistent with the sharper tropopause argument from
mechanistic model experiments. This suggests a potential role
for tropopause sharpness in interannual variability in addition to
annular mode dynamics.

DISCUSSION

The above results suggest a robust link between tropopause
sharpness (affected by the strength of the TIL) and the position
and strength of the subtropical and midlatitude eddy-driven jet
streams, as well as other general circulation metrics during NH
winter. This relationship does not only hold on interannual
timescales (e.g., associated with the Arctic Oscillation) as seen
from the reanalysis and climate models (Figs. 2a, 3, Supplementary
Figure 1), but also on multidecadal timescales (i.e., associated with
the recent trend towards a weaker TIL, Fig. 2a) and in a
climatological-mean sense (e.g., Figs. 4, 5b). Note that such TIL-
circulation coupling also exists in the SH, albeit with more
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Fig. 7 Climatological wave fluxes and their sources and sinks in the mechanistic model. Figure shows meridional cross-sections of wave
(Eliassen-Palm, EP) fluxes (grey arrows; in m? s2; scale is shown in top right corner of each panel), zonal mean wave (EP) flux divergence
(sources and sinks; shading; in m s~' day~'), and zonal mean zonal wind (contours); contour interval: 5m s~ ': .., —7.5, —2.5, 2.5, 7.5, ... Panel (a)
for the reference model run (HS), and panel (b) for the TIL model run (HSTIL). Thick black dashed line represents the tropopause height in (a)
the reference run, (b) the TIL run. Grey contours in (b) represent the difference in buoyancy frequency (N% in 10~* s~2) between the TIL and

the reference runs (HSTIL-HS) (as in Fig. 5a).

nuanced structures due to different coupled STJ-EDJ regimes
there (not shown).

Our analysis of mechanistic model experiments suggests that a
sharper tropopause is related to a more equatorward eddy-driven
jet, stronger subtropical jet, stronger subtropical and tropopause
waveguides, stronger and potentially narrower Hadley cell,
stronger (and faster) baroclinic variability and thus also intensified
wave generation and (vertical) wave propagation, etc. (Figs. 5-7).
The opposite is true for a smoother tropopause. While the impact
of the tropopause sharpness on the tropospheric general
circulation is clear in the case of the mechanistic model
experiments, it remains to be seen whether other mechanistic
coupling between the tropopause sharpness and general circula-
tion features'”2>48 exists in the comprehensive climate models
and/or the real atmosphere. Nevertheless, the similarity of the TIL-
circulation relation across many different sources of variability
suggests a robust link between the tropopause sharpness and the
aspects of the general circulation. Also, to the extent that some of
the documented TIL-forcings may be considered to be effectively
external, our hypothesized cause-effect relation may indeed be
present in the real atmosphere (e.g., related to water vapour
radiative effects'??°, although the water vapour structure is
certainly not independent of the circulation).

We hypothesize that a stronger TIL (sharper tropopause) is
related to an enhanced tropopause-level waveguide, amplified
and more concentrated eddy activity in the baroclinic zone, and
thereby intensified mid-latitude circulation. Changes to the jet
strength and latitude, however, require eddy-feedbacks that we
envision to act in the following way. First, the enhanced
waveguide effect of a sharper mid-latitude tropopause may cause
stronger latitudinally confined channelling of Rossby waves and
thereby relatively reduced meridional “leakage” and/or meridional
propagation during their upward propagation'®. This is associated
with stronger wave dissipation locally near the mid-latitude
tropopause (Fig. 7). At the same time, the reduced meridional
wave dispersion is related to an equatorward shift of the ED)J
(similar to the negative phase of the annular mode)***° and
reduced wave dissipation into the subtropics, i.e., a strengthened
STJ and Hadley cell*°-52,

Our results also suggest that the strength of the TIL may be
important for the changes in the general circulation under climate
change (in addition to many other factors'), however its relative
role compared to (and its relationship to) the other mechanisms
needs to be explored in more detail in the future.
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This study has focused on the evidence for a TIL-driven
response of the general circulation, and has not explored the
drivers of the TIL strength. These range from above mentioned
radiative processes associated with water vapour and cloud
structures near the tropopause®’?° (also important for weather
and climate model biases) to dynamical processes, e.g., associated
with secondary circulations in upper tropospheric anticyclones>
and stratospheric subsidence associated with variability in the
polar vortex?S. For example, it has been documented that sudden
stratospheric warming events (SSWs) lead to enhanced TIL?®.
Interestingly, SSWs also lead to an equatorward jet shift™®; the
strengthened TIL may therefore represent a partial driver of this
shift, although this would have to be confirmed with dedicated
mechanistic experiments. We have started to explore the role of
the TIL in coupled troposphere-stratosphere dynamics using
similar mechanistic model experiments as described above.
Preliminary results indicate higher likelihood of SSWs with
stronger TIL (not shown) consistent with suggestions of previous
studies®'*>>%, On the other hand, recent work has shown that a
stronger TIL tends to suppress upward wave propagation2. Thus,
the detailed role of the TIL in stratosphere-troposphere coupling
remains to be studied in detail.

METHODS

Reanalysis and model data

We use the ERA5 reanalysis® and its backward extension®”, which
are provided by the European Centre for Medium-Range Weather
Forecasts. The analyses are based on monthly mean data (zonal
wind and temperature) for JFM season over the time period 1951-
2020. Data are analysed on a 1.5° horizontal grid and on 37 vertical
(pressure) levels.

We also use output from the CMIP6 climate models®®. The
models used in this study (and their characteristics) are listed in
the Supplementary Table 1. We use 1-2 model runs per modelling
centre and have limited ourselves to the first ensemble member
(variant label r1i1p1f1) of each model. Due to variable resolutions,
models were interpolated to a common horizontal grid with
resolution 1.25° in longitude and 0.9375° in latitude, and are
analysed on 17 common vertical (pressure) levels. As for ERA5, we
use monthly mean zonal wind and temperature for the JFM
season, but over the available period 1870-2014.
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Model configuration

We use a dry dynamical core version of the Geophysical Fluid
Dynamics Laboratory (GFDL) model with a spectral dynamical
core. The model is run in two configurations: (i) a reference run
(denoted HS) with a Held-Suarez equilibrium temperature
profile®® and with idealized wavenumber 2 (k=2) topography
with 2 km height*; and (ii) a TIL run (denoted HSTIL) that is based
on the reference run, but with an imposed stronger TIL via cooling
at the tropopause (grey dashed contours in Fig. 5b; see
Supplementary Methods for details about the setup). Note that
the inclusion of topography does not significantly change the
results compared with a regular Held-Suarez®® setting (not
shown). The model is forced through Newtonian relaxation of
the temperature field to a prescribed equilibrium profile, with
linear frictional and thermal damping. The model resolution is T42
(2.8° horizontal resolution at the Equator) with 50 varying vertical
levels between 1,000 and 0 hPa and is run for 9990 days with the
first 300 days taken as a spin-up period. Note that we did not find
strong sensitivity to longer integration times or higher resolution.
This type of model is used here as it allows us to isolate large-scale
dynamical processes in the troposphere under different forcing
conditions (here: with and without an imposed TIL). For model
climatologies refer to Figs. 5-7.

Estimation of different variables
Eddy-covariance terms, such as heat (v'T, with v meridional
velocity and T temperature) and momentum (u'v’, with u zonal
wind) fluxes, are computed by first subtracting the zonal means
from each of the variables (i.e, computing zonal perturbations
denoted with asterisk (") above), followed by multiplication and
zonal averaging. Note that eddy-covariance terms are computed
on instantaneous data before averaging in time or space.
Potential vorticity (PV) meridional gradient in isentropic
coordinates is computed as*

(%) e "
oylg i, op) opoy|,
where

P g (au 06 ovob 86) @)

apdy opax ' “op
is PV in pressure coordinates, x and y represent cartesian longitude
and latitude, respectively, 6 is potential temperature, g is
gravitational acceleration (g =9.81 m s72), { is absolute vorticity
({=f+ 0v/ox — du/dy), and other terms are defined above.

Hadley and Ferrel cells are computed using streamfunction
(v), which is defined as®’

_ 2macos¢ [P
w(p.p) =220 g piap ®

where a is Earth’s radius.

Tropopause height is defined using thermal tropopause
definition®®>, i.e., where the temperature lapse rate falls below
2 K km~, and its averages between this level and all higher
levels within 2 km remain below this threshold. In Figs. 5-7 it is
computed from instantaneous zonal mean temperature field
and then averaged in time (similar results are obtained from
gridded data).

TIL strength is measured by the static stability (Brunt Vaisdla
frequency, N?). N? is computed as — (pg206/dp)/(RT6), where R is
the gas constant of the dry air and other terms have been defined
above. In the mechanistic general circulation model, N? is
computed on daily zonal mean data and then averaged over all
days. In the reanalysis and CMIP6 models, we compute maximum
N? between 500 hPa and 50 hPa (denoted N2, _ ) on the longitude-

max
latitude grid for every month and then average these maximum
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values zonally, meridionally (between 40 and 60°N), and over JFM
season (Fig. 2). Note that we compute N2, on the same pressure-
levels for both ERA5 and CMIP6 models for consistency. This
results in a slightly weaker TIL strength in ERA5 (than when
computed on all 37 ERA5 standard output levels), but the
interannual variability remains unchanged. We use N2 as the
TIL strength index. Climatological values of N2 _, in reanalysis and
in CMIP6 models are shown in Fig. 2b and in Supplementary
Figure 2. The reference model run (HS) has a similar maximum N?
value as ERA5/CMIP6 models (~5x10~* s72) just above the
tropopause, and the TIL model run (HSTIL) has maximum
N? ~7x107* s72 - their difference in the TIL region is shown in
grey solid contours in Figs. 5a, 6, 7b. HSTIL's N? is somewhat larger
than the strongest model’s TIL (Fig. 2b;*%), but yields a clear
response. Note that even though we show N2 values (~5x 10~*
s72) in Fig. 2b for ERA5 and CMIP6, this estimate remains similar
across different estimations of the TIL strength as mentioned
above and is also consistent with previous work?®.

Wave propagation and its sources and sinks (Fig. 7) are
assessed using Eliassen-Palm (EP) flux (propagation) and its
divergence (sources/sinks). EP fluxes (F) are computed in quasi-
geostrophic approximation as''°

f cos ¢[v*6*])

3(6]/3p @

F= (f[u*v*] cos ¢,

where ¢ is latitude, square brackets ([-]) denote zonal average,
and other terms have been defined above. EP flux divergence is
computed as V - F where V -operator is computed in spherical
pressure coordinates. In Fig. 7 we scale the vertical component
by a/py (a is Earth’s radius, po = 1, 000 hPa is reference pressure),
horizontal EP flux component was scaled by mm, both EP flux
components were also scaled by \/p,/p, and we plot V - F/cos ¢
as this is the term that ultimately drives the changes in the zonal
wind®',

Northern annular mode (Arctic Oscillation, AO) in reanalysis

and in CMIP6 models is computed using principal component
(empirical orthogonal function) analysis from zonally and vertically
(between 1,000 and 100 hPa) averaged zonal wind between 20°
and 80°N°? for the JFM season. Its correlation with N2 in ERAS
and in different CMIP6 models is provided in Supplementary
Figure 1 (see also Fig. 3 for correlation of the zonal mean zonal
wind with N2 in ERA5).
Correlations are computed between the N2, climatology and
the zonal-mean zonal wind climatology across CMIP6 models, by
first removing multi-model-mean values of both quantities and
then correlating the anomalous values. Note that the two models
with extremely large Nﬁqax values (MIROC6, IITM-ESM; Fig. 2b,
Supplementary Figure 2) were excluded to avoid overestimation.
Note that composites (instead of correlations) yield qualitatively
similar results and are thus not shown.

Statistical significance is always assessed based on the 95%
level of the two-tailed t-test unless otherwise specified.

DATA AVAILABILITY

CMIP6 model data are accessible through https://esgf-node.linl.gov/search/cmip6/.
ERA5 data are available through https://cds.climate.copernicus.eu/. Climatological
data from the mechanistic model used in this study are archived on Zenodo (https://
doi.org/10.5281/zenodo.7164684).

CODE AVAILABILITY

The model code is available on GitHub (https://github.com/lina-boljka/gfdl-fms). The
parameters are specified under Methods and in the Supplementary Information
(Supplementary Methods) as well as in Held-Suarez (1994)%°, Gerber and Polvani
(2009)*°. Tropopause height curve fit was computed using the statsmodels package
in Python®3. Other scripts are available upon request.
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