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Why the lower stratosphere cools when the troposphere warms
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Observational data have long suggested that in the tropics, when the troposphere locally
warms, the lower stratosphere locally cools. Here, the observed anti-correlation between
tropospheric and lower stratospheric temperature is confirmed—the lower stratosphere
cools by approximately 2 degrees per degree of warming in the mid-troposphere. This
anti-correlation is explained through a recently proposed theory holding that there is a
quasi-balanced response of the stratosphere to tropospheric heating [J. Lin, K. Emanuel,
Tropospheric thermal forcing of the stratosphere through quasi-balanced dynamics. J.
Atmos. Sci. (2024).]. The local-scale anti-correlation between tropospheric and lower
stratospheric temperature also holds when considering climate change—where the
troposphere has been anomalously warming relative to the zonal mean, the lower
stratosphere has been anomalously cooling, and vice versa. This suggests that zonally
asymmetries in tropospheric temperature trends will be reflected in that of the lower
stratospheric temperature trends. The zonally asymmetric trends are also found to be
comparable in magnitude to the mean temperature trends in the lower stratosphere,
highlighting the importance of the pattern of warming. The results and proposed theory
suggest that in addition to forcing via wave-dissipation, the lower stratosphere can also
be subject to direct forcing by the troposphere, through quasi-steady, quasi-balanced
dynamics.

stratosphere | quasi-balanced dynamics | stratospheric dynamics

There is an oft-observed anti-correlation between tropospheric and lower stratospheric
temperature. More specifically, when the troposphere warms, the region near and above
the cold point tropopause cools; this region is henceforth referred to as the lower
stratosphere. Observational studies have documented this anti-correlation on multiple
time scales, from daily (1), to monthly (2, 3), to even decadal time scales (4). In the
tropics, this relationship is important since the concentration of water vapor in the lower
stratosphere is predominantly controlled by the dehydration process at the cold-point
tropopause, on both annual (5) and interannual time scales (6–8). Since water vapor is a
potent greenhouse gas, fluctuations in the stratospheric water vapor concentration have
been linked to changes in global-mean surface temperature (9).

The zonally averaged temperature in the lower stratosphere has been understood as
being controlled by the dissipation of waves in the tropical and sub-tropical regions
(10–17). These ideas are generally derived from the theory of “downward-control,”
which stipulates that, in the zonal-average, the residual vertical velocity at a given level
is entirely determined by the momentum flux above that particular level (18). In the
lower stratosphere, the momentum flux is thought to be provided by the dissipation of
upward propagating waves. In turn, the vertical velocity determines the temperature—
adiabatic cooling via upward motion must be maintained through radiative heating (of a
cold anomaly). These theories, however, are based upon the transformed-Eulerian-mean
(TEM) equations, which, by definition, relate the zonal-mean flow to the effect of eddies.
Thus, they are only able to explain the fluctuations of the zonal mean temperature.

Using observations, we confirm that there is considerable zonal asymmetry in the
temperature of the lower stratosphere. But, we also provide evidence that across a variety
of time scales, including that of climate change, the spatial pattern of tropospheric
temperature is mirrored in the temperature of the lower stratosphere. The data are
interpreted through a simple theory that posits that there is a quasi-balanced response of
the stratosphere to tropospheric heating.

Observed Anti-Correlation. We first provide evidence that confirms that local tropo-
spheric temperature is remarkably anti-correlated with local stratospheric temperature.
We use radio-occultation measurements provided by both Constellation Observing
System for Meteorology Ionosphere and Climate (COSMIC) missions (COSMIC-1
and COSMIC-2). Fig. 1 shows maps of both the climatological temperature and the
temperature anomaly calculated by removing the zonal mean, at 6 km, and 17 km,
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Fig. 1. (Top): Map of the climatological DJF temperature at 6 km (K). (Middle–Top): Same as top but at 17 km. (Middle–Bottom): Map of the DJF temperature at
6 km, but with the climatological zonal mean in DJF removed. (Bottom): Same as Middle–Bottom, but at 17 km. Note the color scale at 17 km is twice that at 6 km.

during the boreal winter season (DJF). These levels are chosen to
broadly represent the mid-troposphere and lower stratosphere.
There is an astounding anti-correlation between tropospheric
temperature and the lower-stratospheric temperature, both in
the climatology (r = −0.88), and in anomalies from the zonal
mean (r = −0.76). In other words, the spatial heating patterns
at 6 km strongly imprint on that at 17 km. Linear fits between
the grid-point temperature anomaly at 6 km and that at 17 km,
from 30◦S to 30◦N, show that per degree of warming at 6 km,
there is around 1.6◦ of cooling at 17 km. Similar calculations
were performed across varying seasons, since there is a seasonality
in tropospheric heating. The relationships are robust, though
correlations are highest in DJF and lowest in boreal summer
(SI Appendix, Figs. S1–S3).

To understand the vertical dependence of the observed anti-
correlation, we perform the same grid-point correlations, but
co-vary the vertical levels at which the temperature anomalies
are correlated. In other words, across all grid points, we correlate
the temperature anomaly at a base level x with that at level y,
as shown in Fig. 2A. The same analysis, except using the
climatological temperature, is nearly identical to that shown in
Fig. 2 (SI Appendix, Fig. S4). Immediately obvious is that a
column of the troposphere heats almost entirely in unity (up until
around 14 km). The magnitude of the column approximately
follows a moist adiabat—per degree of warming in the lower
troposphere, there is greater warming in the mid and upper
troposphere, as shown in Fig. 2B. In general, the correlations
with upper tropospheric temperature decrease as one moves
downward, closer to the boundary layer. This is unsurprising, as
inversion layers can often form in the tropics when the boundary

layer moist static energy is smaller than the saturation moist static
energy of the free troposphere. This generally occurs over regions
of relatively colder sea surface temperature.

Most strikingly, Fig. 2 shows that the local temperature in
the lower stratosphere can be predicted if one knows the local
tropospheric temperature. Tropospheric-only models of moist
convection stay silent on the temperature and geopotential
response above the level of neutral buoyancy. But, Fig. 2
shows that the cooling in the lower stratosphere, in association
with tropospheric warming, can be quite large: around 2
times larger than that of the 4 km temperature anomaly. The
upward temperature response decays quite rapidly higher into the
stratosphere, to around −0.5◦ in magnitude at around 20 km.
Note that the height-dependent correlations are performed from
20◦S to 20◦N. The magnitude of the tropospheric correlations is
slightly smaller when extending to 30◦S to 30◦N, but still large
and significant (SI Appendix, Fig. S5).

Stratospheric Response to Tropospheric Forcing. The remark-
able connection between tropospheric temperature and lower
stratospheric temperature is deserving of a physical explanation.
To our knowledge, there is only one explicit explanation for
the ubiquitous anti-correlation between tropospheric and lower
stratospheric temperature on local scales—that of a “convective
cold top” (1). This theory posits that above regions of tropo-
spheric warming, there is an adjustment to hydrostatic balance,
which enforces that the pressure gradients decay with height,
thus generating a cold anomaly. Crucial to this argument is
the assumption of a fixed level at which the pressure gradient
vanishes. The adjustment to hydrostatic balance must occur on
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A B

Fig. 2. (A): Pearson correlations of the linear fit between temperature anomalies at the vertical level denoted by the ordinate axis, per degree of warming
at the level denoted by the abscissa axis. Contour spacing is 0.2, and data is calculated using the DJF climatology, from −20◦S to 20◦N. (B): Same as (A), but
showing the magnitude of the temperature anomaly at the level denoted by the ordinate axis. Contour spacing is 0.25. Local stratospheric cooling is strongly
correlated with local tropospheric warming.

extremely fast time scales and was estimated to occur on the order
of half an hour (1). Furthermore, the theory lacks a scaling for
the magnitude of the temperature anomalies in the stratosphere,
with respect to the temperature anomalies in the troposphere.

Alternatively, a recently proposed theory by the authors
suggests that there is a quasi-steady, quasi-balanced response of
the stratosphere to tropospheric heating (20). To qualitatively
understand the physical mechanism, we first consider a tropo-
sphere in radiative-convective equilibrium, with an overlying
stratosphere at rest. Suppose that the troposphere is forced
through the imposition of a warm sea surface temperature
anomaly. The troposphere warms, following a moist adiabat,
the pressure at the surface falls, and the geopotential rises
at the tropopause. Since pressure cannot be discontinuous across
the tropopause, there must be a response in the stratosphere.
The geopotential anomaly initially decays with increasing height
in the stratosphere, according to a height scale that follows the
Rossby penetration depth, Rd = f0L/N , where f0 is the Coriolis
force, L is the horizontal length scale of the anomaly, andN is the
buoyancy frequency. Note that in the tropics, Rd is very small.
This process occurs on the time scale of geostrophic adjustment.

Since the geopotential anomaly decays with height, a cold
anomaly must be initially present above the tropopause. There-
after, rising motion accompanies the cold anomaly, since the as-
sociated radiative heating must be balanced by adiabatic cooling.
Over a long period of time, the cold anomaly migrates upward
in the stratosphere as it is radiatively heated. Thus, despite the
smallness of Rd in the tropics, radiative adjustment acts to make
the cold anomaly “taller” and weaker. This process occurs slowly,
however, since in the tropical lower stratosphere, the radiative
relaxation time scale is approximately a month (19). Regardless,
the theory predicts the presence of a local cold anomaly above a
local warm anomaly and serves as an alternative explanation of
the oft-observed anti-correlation between tropospheric and lower
stratospheric temperature.

The proposed theory argues that the stratosphere is thermally
forced by the troposphere through quasi-steady, quasi-balanced
dynamics. It matters not whether the thermal forcing is provided
through heating of the ocean, or more generally through large-
scale tropospheric heating. As a mathematical shortcut, one
can think about the stratosphere being thermally forced by the
troposphere through the imposition of a geopotential anomaly
at the tropopause (in reality, the tropopause geopotential is also
influenced by the stratosphere itself). In this way, the theory

can be easily generalized to regions where there is less of a
direct coupling to the ocean—such as over land, and in the
subtropics/extratropics. Furthermore, this perspective means that
any disturbance that has an upper-tropospheric geopotential
anomaly can elicit a quasi-balanced response in the stratosphere.
This is including, but not limited to, monsoons, the Tibetan anti-
cyclone, mesoscale convective systems, and tropical cyclones.

A third explanation, involving the vertical propagation of
quasi-stationary waves, could also potentially explain features
of the observational data, though it has only been used to
explain the anti-correlation in zonally asymmetric tropospheric
and lower stratospheric temperature (and not the climatology)
(12, 21, 22). This mechanism is especially attractive, since the
Eliassen-Palm (EP) flux divergence associated with the quasi-
stationary waves can connect with wave-driving theories. Tropical
and sub-tropical stationary waves excited as a response to tropical
heating tend to have baroclinic vertical structures (23), which
matches the tropospheric vertical profiles of temperature shown
in Fig. 2. The stratospheric component of an upward propagating
quasi-stationary wave, however, does not necessarily have to
possess a vertical structure that is associated with cooling in the
lower stratosphere, as the characteristics and vertical propagation
of the tropospherically forced stationary wave strongly depend on
the background state (24, 25). However, models generally show
that the vertical propagation of stationary waves in the tropics is
strongly inhibited (26). The geopotential amplitude associated
with the damped stationary wave decreases with increasing
height in the stratosphere, implying a lower stratospheric cooling
signature that also decays strongly with height, consistent with
the observational data (Fig. 2).

Note, however, that there is a strong anti-correlation in
tropospheric and lower stratospheric climatological temperature
even close to the equator, where the Coriolis parameter is small,
as indicated by Fig. 1. This behavior is not readily explained
by wave-based theories. Still, it is important to highlight the
subtle differences between the quasi-balanced response of the
stratosphere to tropospheric heating, and the upward propagation
of stationary waves that can be excited in response to heating.
We return to our radiative-convective equilibrium troposphere
and impose a warm sea surface temperature anomaly at the
equator. In the case of a constant Coriolis force everywhere, there
would be no stationary Rossby waves associated with the heating.
However, a cold anomaly would still form above the tropopause,
since pressure cannot be discontinuous across the tropopause. In
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contrast, suppose there are gradients in the Coriolis force. In the
simplest case where there is no background wind anywhere, a Gill-
like pattern appears in the troposphere as a response to a stationary
SST anomaly at the equator (27). While the quasi-balanced
stratospheric response would be to cool, an important question
is whether the steady stratospheric response can “survive” given
the possibility of equatorial Rossby waves. The behavior of these
waves will depend strongly on the background zonal wind in
the stratosphere. Owing to these nuances, we cannot, at present,
explicitly rule out the role of the vertical propagation of stationary
waves. It is likely that both mechanisms play a role in modulating
lower stratospheric temperature in the real world.

Time Scale Dependence. In the previous section, we analyzed
the anti-correlation between tropospheric and lower stratospheric
temperature on climatological time scales. To what extent does
the relationship hold on faster time scales? We answer this
question by performing linear correlations between the grid-
point temperature anomalies at 8 km and 17 km, using varying
time-averaging periods. Given the high correlations with lower
stratospheric temperature, 8 km is chosen as representative of
mid-tropospheric temperature (Fig. 2). Fig. 3 shows that on daily,
monthly, seasonal, and interannual time scales, the asymmetric
pattern of 8-km temperature imprints itself onto the pattern
of 17-km temperature. The anti-correlations are robust and
significant even during relatively fast time scales (i.e., 3 d). Across
the observed time period, the average correlation is r = −0.70
for the 3-d time scale, r = −0.73 for the weekly time scale,
r = −0.82 for the monthly time scale, r = −0.87 for the
seasonal time scale, and r = −0.96 for the annual time scale.
Thus, the extent to which tropospheric temperature influences
temperature in the lower stratosphere is mediated by the time
scale: The longer the time scale, the stronger the influence.

To what extent could the observed anti-correlation reflect the
vertical propagation of convectively-coupled equatorial waves
or gravity waves? These waves generally propagate along the
equator and upward into the stratosphere, with periods from
a few days to longer than a month. They have a phase tilt in the
stratosphere that is proportional to their horizontal phase speed
(and their horizontal scale) (28). Because of this phase tilt, it is
not necessary that the 17-km temperature, or the whole lower
stratosphere for that matter, be anti-correlated with tropospheric
temperature. A wave with just the right vertical wavenumber
would need to dominate the wave spectrum in order for the
entire lower stratosphere to be anti-correlated with tropospheric

temperature. Wave number-frequency decompositions show a
red-noise background spectrum in both the tropical troposphere
(29) and lower stratosphere (30), such that it is unlikely that
the upward propagation of equatorial waves or gravity waves
can explain this phenomenon. This suggests that increasing the
time-averaging window smooths out both sampling error and
temperature variability from upward propagating waves.

Historical Trends. In the previous two sections, we showed that
the local temperature in the lower stratosphere can be well
predicted by the local tropospheric temperature. A natural follow-
up is to ask whether or not this relationship extends to climate-
change time scales. To answer this, we compute linear trends
of temperature over 1979 to 2022, using ERA5 reanalysis. In
order to emphasize the spatial variability of the temperature
trends, we subtract out the zonally averaged trend at each
latitude (SI Appendix, Fig. S7 shows the raw trends). Fig. 4
shows the anomalous trend of temperature at the sea-surface,
500 hPa, the cold-point tropopause, and 70 hPa. We observe
that the anomalous trends at 500 hPa broadly resemble a Gill-like
response to a stationary heating at the equator (27). Strikingly,
the patterns of anomalous temperature trend at the cold-point
tropopause and 70 hPa are nearly mirror (opposite in sign)
that at 500 hPa. In other words, where the free troposphere
is anomalously cooling, the lower stratosphere is anomalously
warming, and vice versa. The trend patterns at 500 hPa and
the cold-point resemble temperature patterns that are related
to El Niña-like variability (31) and could thus be related to
the observed increase in zonal sea-surface temperature (SST)
gradient near the equator (or a trend toward a more “La Niña-
like” state) (32).

We can quantitatively analyze the anti-correlation between
tropospheric temperature trends and lower stratospheric tem-
perature trends by repeating the analysis shown in Fig. 2.
Fig. 5 shows that even on climate change time scales, the
local temperature trend in the mid-troposphere can skillfully
predict the local temperature trend in the lower stratosphere. We
note the striking similarity between Figs. 2 and 5 (though the
two are not exactly the same since the former is evaluated in
height coordinates and during DJF, and the latter in pressure
coordinates). In general, warming between 850 and 600 hPa is
less correlated with temperature changes aloft, as compared to
climatology (c.f. Figs. 2 and 5). This behavior is mostly an effect
of annual averaging and also observed in the climatological data

Fig. 3. Correlations of the linear fit between grid-point 8 km temperature anomalies from the climatological zonal monthly mean, and those at 17 km, with
varying time-averaging periods. Line colors indicate time averaging period. Correlations are performed over the region 20◦S to 20◦N. Only data points with a
minimum of at least 100 passes over the region and time period are shown.
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Fig. 4. Anomalous linear trends in temperature at the sea-surface, 500 hPa, cold-point, and 70 hPa, in the ERA5 reanalysis, from 1979 to 2022. Anomalies in
trends are computed with respect to the zonally averaged linear trend and shown in K per decade. Note the color scale of the Bottom two panels is two times
that of the first two panels.

when calculating correlations over annual-averaged anomalies (SI
Appendix, Fig. S6).

The sign of the temperature response to tropospheric warming
switches from positive to negative at around 175 hPa. The
local cooling response to tropospheric warming maximizes
slightly above 100 hPa and decays with decreasing pressure
into the stratosphere. Note, the annual-mean tropical cold-point
tropopause is also slightly above 100 hPa (33). Per degree of
local warming trend at 500 hPa, there is around a 1.7◦ of a local
cooling trend at 100 hPa, decaying in magnitude as one moves
upward in the stratosphere.

These results provide strong evidence that the anti-correlation
between tropospheric and lower stratospheric temperature also
exists on climate change time scales. However, it is also important
to note that in response to tropospheric warming, there is cooling
from approximately 150 to 100 hPa, below the annual-mean
tropical cold-point tropopause (33). The recently proposed the-
ory does not explicitly take into account the tropical tropopause
layer (TTL), the transition region between the troposphere
and stratosphere (34). As such, cooling below the cold-point
tropopause in response to tropospheric warming is not readily
explained by the proposed theory of Lin and Emanuel (20).

Up until now, we have only shown that anomalous tro-
pospheric temperature trends can predict anomalous lower
stratospheric trends. While it is immediately clear why mean
trends are important, the same cannot be said for anomalous
trends. The pattern of the anomalous warming/cooling trends
far from the surface is only important to understand if it 1) is of
comparable magnitude to the mean trend, and/or 2) is a factor
in Earth’s equilibrium climate sensitivity. Research has shown
that the water vapor flux into the stratosphere is predominantly

controlled by the Lagrangian cold-point tropopause temperature
(7). As such, the spatial pattern of cold-point tropopause trends
may be important for the water vapor flux into the stratosphere,
especially if the cold-point tropopause temperature changes over
regions where there is a large degree of tropospheric transport of
water vapor into the stratosphere. However, future changes to the
Lagrangian cold-point tropopause temperature will also depend
on the three-dimensional circulation response to warming, not
just the temperature pattern trends. As a result, further research
is required before making conclusions on the second point. For
now, we provide evidence for the first point.

To illustrate this, Fig. 6, solid-black line, shows vertical profiles
of the tropically averaged (20◦S to 20◦N) temperature trend,
calculated over 1979 to 2022, using ERA5 reanalysis. Linear
regression of the anomalous temperature trend at 500 hPa, with
that at other vertical levels, is shown in Fig. 6, red. Broadly, there
is greater mean warming in the upper troposphere than the lower
troposphere, and strong stratospheric cooling, a large portion of
which has been attributed to the destruction of ozone (35–37).

We next compute the average magnitude of the temperature
trend deviation from the zonal-mean trend, henceforth referred
to as the magnitude of the anomalous trend, which acts as a proxy
for the zonal asymmetry in warming/cooling. The magnitude of
the anomalous trend is shown in Fig. 6, dashed-black. In the
troposphere, there is a significant amount of mean warming, such
that the magnitude of the anomalous trends is approximately
a third that of the mean trend. There is a minimum in the
magnitude of the anomalous trend at 175 hPa associated with
the sign reversal of the temperature response to tropospheric
warming. Above 175 hPa, there is strong cooling associated
with warming at 500 hPa, with both the magnitude of the
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A B

Fig. 5. (A): Pearson correlations of the linear fit between anomalous temperature trends at the pressure level denoted by the ordinate axis, and the anomalous
temperature trend at the pressure level denoted by the abscissa axis. Contour spacing is 0.2, and data are calculated using the ERA5 linear trends from 1979
to 2022, over −30◦S to 30◦N. (B): Same as (A), but showing the magnitude of the linear fit. Contour spacing is 0.25.

cooling response and the magnitude of zonal asymmetry rapidly
increasing with decreasing pressure, peaking at ≈100 hPa. Most
importantly, at both the cold-point tropopause, and more
broadly in a small layer from approximately 125 to 90 hPa,
the magnitude of the anomalous trends is more than half that
of the mean-trend, as shown by the shaded region in Fig. 6.
This is because in this region, the mean temperature trend shifts
from warming to cooling, while the magnitude of the anomalous
trends maximizes. Finally, the magnitude of the anomalous trends
decreases with decreasing pressure further into the stratosphere;
correspondingly, the magnitude of the temperature response to
tropospheric warming also decreases.

Fig. 6. The solid-black line shows the tropically averaged (20◦S to 20◦N)
trend in temperature (K per decade) at varying pressure levels. Trends are
calculated over 1979 to 2022 using ERA5 reanalysis data. The dashed-black
line shows the average magnitude of the deviation from the zonal-mean
temperature trend (i.e., magnitude of the anomalous trends) over the same
period/region. The shaded gray region indicates levels where the magnitude
of the anomalous trends exceeds half the magnitude of the mean trend.
The red solid line shows the linear coefficient of the anomalous temperature
trend at varying vertical levels regressed onto the anomalous temperature
trend at 500 hPa. The shaded square, diamond, and circle are, respectively,
the mean trend, anomalous trend magnitude, and linear coefficient, except
evaluated at the cold-point tropopause.

It is perhaps unsurprising that the mean trend near the
tropopause is close to zero. Tropospheric warming and strato-
spheric cooling can largely cancel out in this region, which,
in addition to data sparsity and quality-control issues, leads to
large uncertainties in the temperature response to anthropogenic
forcing (38, 39), especially across various observational and
reanalyses products (40). Thus, temperature trends near the
tropopause should be interpreted with caution. Regardless, the
results show that the anomalous trend may be just as important
as the mean trend in the lower stratosphere, which may have
implications for future changes to the water vapor flux into the
stratosphere.

Summary and Discussion. In this work, we provide a potential
explanation for the ubiquitous anti-correlation between tropo-
spheric temperature and lower stratospheric temperature. Since
a warming of the troposphere is associated with decreasing
surface pressure and a positive geopotential anomaly at the
tropopause, the stratosphere must respond, as pressure cannot be
discontinuous across the tropopause. The geopotential anomaly
initially decreases with increasing height, and the associated cold
anomaly is balanced by radiative heating. This simple physical
explanation posits that there is a quasi-balanced response of the
stratosphere to large-scale tropospheric heating.

Analysis of observational data taken from 15 y of GPS
radio-occultation measurements shows that on a variety of time
scales, the troposphere is remarkably anti-correlated with lower
stratospheric temperature. The correlations occur on the local-
scale, in both the climatological base state, as well as in anomalies
calculated by removing the zonal mean (Fig. 1). The lower
stratosphere cools by nearly 2◦ per degree of heating at 6 km.
Correlations performed over varying time scales also show that
the strength of tropospheric influence on lower stratospheric
temperature increases as the time scale is increased, from
r = −0.70 at a 3-d time scale, to r = −0.96 at an annual
time scale. The troposphere thus exerts a strong influence on
lower stratospheric temperature across a variety of time scales. It
is hypothesized that upward propagating higher frequency waves
can disrupt the observed anti-correlations, though further analysis
by regressing out high-frequency variability could be performed
in future work.

We also analyze historical trends in temperature and find that
on climate-change time scales, the local temperature trend in the
troposphere is also strongly anti-correlated with that in the lower
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stratosphere. We show that the local cooling/warming patterns
are of comparable magnitude to the mean trends in the lower
stratosphere, owing both to the smallness of mean trends and a
maximization of the anti-correlation signal near the cold-point
tropopause. Our results imply that the pattern of tropospheric
warming will strongly influence the pattern of temperature trends
in the lower stratosphere.

The connection between tropospheric warming and strato-
spheric cooling is not a new idea. In fact, there is already
much literature that connects tropical-averaged SST with the
Brewer–Dobson mass flux. In both models and re-analyses,
there are strong correlations between the tropically averaged SST
and the 70-hPa mass flux (41–44). For example, interannual
variability in tropically averaged SST explains around half of the
interannual variability in the vertical mass flux at 70 hPa (42, 44).
These strong correlations between tropically averaged SST and
lower stratospheric mass flux have been explained through the
theory of downward-control: Warming in the tropics warms
the upper troposphere, which alters the sub-tropical jets and
increases the wave-dissipation in the sub-tropics (42, 45, 46).
However, as this work emphasizes, there is a large degree
of zonally asymmetric variability in the temperature near the
tropopause that seems to mostly be a consequence of zonally
asymmetric patterns in tropospheric temperature (47). This
zonally asymmetric variability is not well explained by existing
wave-driving theories, which can only explain variations in the
zonally averaged temperature.

This work may have implications for our understanding of the
stratospheric water vapor feedback. Most CMIP6 models show
that the cold-point tropopause warms with increasing greenhouse
gas emissions, increasing the stratospheric water vapor con-
centration (48)—in other words, the zonal-mean tropospheric
temperature is positively correlated with the mean cold-point
tropopause temperature. In contrast, our work emphasizes the
negative correlation between the two, but on local scales. The
sign difference in the relationship of tropopause temperature
with tropospheric temperature perhaps arises because of 1) a
systematic deficiency in CMIP6 models (for instance, inadequate
vertical resolution near the tropopause), or 2) a difference in
the mechanisms that are responsible for changes in cold-point
tropopause temperature on the zonal-mean scale vs. the local-
scale (47).

Regardless, we believe that the pattern of temperature trends
in the lower stratosphere may be important in determining the
stratospheric water vapor feedback, though this will also depend
on the 3-dimensional circulation response to warming. In general,
the upward diabatic mass flux of water vapor is proportional to
the amplitude of the cold anomaly in the lower stratosphere.
Thus, the colder the temperature anomaly, the drier the air being
moved into the lower stratosphere. This simple relation implies

that merely increasing the variance of tropopause temperature
will serve to dry out the stratosphere. Since the observed anti-
correlation between local tropospheric and lower stratospheric
temperature also holds on climate-change time scales, it will
be important to understand how the pattern of tropospheric
temperature might change as a consequence of anthropogenic
greenhouse emissions.

Materials and Methods
GPS Radio-Occultation Data. We use data from the COSMIC-1 (2007-2019)
and COSMIC-2 (2019-present) missions, available at https://data.cosmic.ucar.
edu/gnss-ro/cosmic1/repro2021/level2/ (52) and https://data.cosmic.ucar.edu/
gnss-ro/cosmic2/nrt/level2/ (53), respectively. The mission publishes Level 2
“wetPf2” files, which are radio-occultation profiles in which gridded analyses
or short-term forecasts are used to separate the contributions of pressure,
temperature, and moisture to refractivity. The profiles have an interpolated
vertical resolution of 100 m. We aggregate the occultation profiles with a spatial
resolution of 5◦ longitude by 5◦ latitude, and a temporal resolution of 1 d.
Furthermore, we truncate the radio-occultation profiles at 2 km and below, due
to super-refraction that can often occur in the tropical and sub-tropical boundary
layers with sharp inversions (49).

In Fig. 3, the specified time-averaging window dictates the temporal
resolution over which the occultation profiles are aggregated. For instance,
when the time-averaging window is 1 wk, all profiles over a 1-wk window are
averaged together to determine the grid-box average. A linear regression is
then fit to the scatter among all grid boxes to determine the correlation. We
require a minimum of 100 passes over the tropical region during the specified
time window, for robustness. Thus, there are breaks in observational data in
the second half of 2019, as COSMIC-1 was decommissioned and COSMIC-2 was
launched.

ERA5 Reanalysis Data. We use monthly averaged temperature data from the
complete ERA5 reanalysis, over the periods 1979 to 2022. Over the periods
1979 to 1999, and 2007 to 2022, we use the complete ERA5 reanalysis (50) via
DOI: 10.24381/cds.143582cf, and over the period 2000 to 2006, we use the
complete ERA5.1 reanalysis (51) via https://doi.org/10.24381/cds.143582cf.
The ERA5 reanalysis data are accessible by creating an account with the Climate
Data Store service, and usable according to ECMWF license to use Copernicus
products. The complete ERA5 data are provided on 138 model levels, which
have high vertical resolution in the lower stratosphere. The model levels are
interpolated to pressure levels, with a spacing in pressure coordinates of 25 hPa
from 850 to 250 hPa, and 5 hPa from 250 to 50 hPa.

Data, Materials, and Software Availability. Previously published data were
used for this work (https://data.cosmic.ucar.edu/gnss-ro/cosmic1/repro2021/
level2/ (52), and https://data.cosmic.ucar.edu/gnss-ro/cosmic2/nrt/level2/ (53).
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