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A Viewpoint on the Frontiers in Science Lead Article

Emerging signals of climate change from the equator to the poles: new
insights into a warming world

Key points

- Atmospheric circulation patterns are important for inducing extreme
weather/climate events.

« Improved understanding of how atmospheric circulation responds to a
warming climate is necessary to sharpen the accuracy of regional
climate change projections.

- Coupled ocean—atmosphere feedback is an important part of shaping
regional climate change patterns.

Each summer, record-shattering heat extremes are reported around the world. On 25
July 2019, Paris recorded an all-time high temperature of 42.6°C. On 28 June 2021,
Portland, Oregon, set a new temperature record of 47°C. The background warming caused
by the greenhouse effect is the culprit behind the increased frequency and severity of heat
waves. Hot and dry conditions are conducive to wildfires. Widespread bushfires ravaged
Australia from June 2019 to January 2020, driving koalas and kangaroos away from their
habitats. Smoke from the fires darkened the skies of New Zealand. In 2020, fires in
California burned a record 10.2 million acres, equivalent in area to the US state of Rhode
Island, while explosive fires on Maui Island, Hawaii, shocked the world in August 2023.
Such heat-related extreme events have severe socio-economic and health impacts,
contributing to a growing public perception and awareness of the threats posed by
ongoing global warming.

Global mean surface temperature increase is the direct consequence of increased
concentrations of heat-trapping greenhouse gases (GHGs) in the atmosphere. It is a good
approximation of regional temperature responses, especially for local summer climates
when the atmospheric circulation effect is small and heat extremes have a large impact on
the world around us. Heat extremes emerge quickly—the probability of exceeding an
extreme temperature threshold increases exponentially with mean warming. In addition,
so-called thermodynamic variables (such as humidity) are increasing functions of
temperature, and these are expected to increase further in a warming climate. Other
thermodynamic effects include extreme rainfall due to atmospheric rivers impinging on
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coastal mountain ranges and snowpacks, which are an important
source of fresh water for the state of California, for example. In a
warmer climate, atmospheric rivers and the associated rainfall on
the West Coast of the United States are likely to become more
intense. Meanwhile, the snowpacks in the western mountains are
likely to become smaller and melt earlier, resulting in a longer dry
season that exacerbates wildfires.

Vapor pressure deficit is defined as the difference between
saturation and measured water vapor pressure (e), VPD = ¢, — e =
(I - Ry) e, where Ry is the relative humidity. It is a measure of
dryness and is highly correlated with wildfire risk. An increase in
temperature results in an increase in vapor pressure deficit,

d
VPD = (1 - Ry) d—‘;iAT — e,ARy = &,[(1 - Ry) AT — ARy

as relative humidity tends to decrease over land in response to the
greenhouse warming. Here o = 0.07 K™'. Thus, the risk of fire rises
as a direct and indirect consequence of warming.

Extreme events such as heat waves are usually associated with
deep and long-lasting blocking highs in the westerly flow while
atmospheric rivers are part of extratropical cyclones. The vertically
integrated vapor transport, IVT = [vgq], in atmospheric rivers
increases with a warming climate (thermodynamic Aq effect) but
also responds to atmospheric wind change (dynamic Av effect),
AIVT = [vAq + qAv], where the brackets denote the vertical
atmospheric column integral. Flow dynamics are complex and
influenced by multiple factors: while the thermodynamic effect of
the slow background warming is robust and elevates the risk of
extreme heat, fires, and heavy rainfall, the way the flow field that
gives rise to the extreme events will change in warmer climates is
not as obvious. A dynamic response to global warming is thus key to
addressing important questions such as “How does the Walker
circulation change?”, “Will El Nifno-Southern Oscillation (ENSO)
become stronger?”, “Will there be more hurricanes in the North
Atlantic?”, and “How do extratropical storm tracks change?”
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Collins et al. (1) highlighted several robust changes in
atmospheric circulation that have emerged from recent studies in
the United Kingdom and elsewhere. Extratropical cyclones are
important for the United Kingdom and many extratropical
countries. The Southern Hemisphere storm tracks are projected
to shift poleward because of an increased poleward temperature
gradient in both the upper and lower troposphere due respectively
to elevated tropical warming and muted surface warming in the
upwelling zone of the Southern Ocean. In the Northern
Hemisphere, storm track change is complex because the amplified
surface warming in the Arctic opposes the increased temperature
gradient in the upper troposphere. Robust poleward shifts in storm
tracks are limited to the North Pacific (2).

Tropical cyclones (TCs), known as typhoons in the Northwest
Pacific and hurricanes in the North Atlantic and Northeast Pacific, are
highly organized deep convection. The maximum intensity TCs can
reach is an increasing function of sea surface temperature (SST), and
the most intense TCs are thus expected to become stronger and more
destructive in a warmer climate. The frequency of occurrences (basin
counts or track densities) is regulated by local convective instability or
SST relative to the tropical mean (3) because of the weak horizontal
temperature gradient in the free troposphere in the deep tropics.

Observations of year-to-year variability over the past century
illustrate that the tropical SST pattern is important for tropical
rainfall and TCs as well as for extratropical storm tracks: for
example, the southwestern United States is rainier and stormier
during El Nino than La Nifia winters. The so-called El Nino-like
SST change is a robust pattern induced by increased atmospheric
CO, over several generations of global climate models with a
reduced East-West gradient across the equatorial Pacific
(Figure 1). This SST pattern results from reduced evaporative
damping over the equatorial cold tongue (due to low SSTs and
weak surface winds in the background state) and is associated with
weakened easterly trades, which is consistent with the Bjerknes
feedback. The enhanced eastern equatorial Pacific warming has
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FIGURE 1

Patterns of climate change at the air—sea interface. Sea surface temperature (°C) and surface wind (m/s) change in the 1% carbon dioxide (CO;) run at
year 140 (the time of 4xCO,) based on the 31-model ensemble mean of the Coupled Model Intercomparison Project, phase 6. Adapted from (12).
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further been shown to amplify ENSO and its remote influence on
southwestern United States winter rainfall in a warmer climate (4).

Satellite-based remote sensing fills important gaps in in situ
observations, especially over remote oceans. During the satellite era
(which nominally started in 1980), the Eastern Tropical Pacific
Ocean did not warm up above the noise of large internal variability
(e.g., ENSO) against a backdrop of robust warming over the rest of
the tropics. The apparent discrepancy of the El Nifno-like warming
simulated by climate models could be due to several reasons,
ranging from insufficient representation of the effect of ocean
upwelling damping on SST increase (5), anthropogenic aerosol
cooling (6), freshwater discharges from melting Antarctic ice
sheets (7), and internal Pacific multi-decadal variability. This is a
hot topic under intense debate (8). Much hangs in the balance as a
large portion of the projected change in the literature is based on the
El Nifo-like warming pattern, including tropical and extratropical
cyclones (5), ENSO, and ENSO’s teleconnection. Coincidentally,
many of these changes are associated with atmospheric flows and
interactions with the ocean.

Just a decade ago, climate models mutually disagreed on how
ENSO would respond to global warming. The Intergovernmental
Panel on Climate Change Fifth Assessment Report concluded that
“confidence in any specific projected change in (ENSO) variability in
the 21st century remains low” (9). Now, a consensus has started
forming from model simulations that ENSO is likely to strengthen
through the middle of this century and then weaken if GHG
emissions were not mitigated (10, 11), and useful diagnostic tools
have been developed to explain the non-monotonic ENSO change.
This model projection, however, is being confronted with a
discrepancy, for the satellite era at least, in the warming pattern
and Walker circulation change between models and observations.
The approach that views the ocean and atmosphere as a coupled
system spurred rapid advances during the 1980s in our
understanding and modeling of climate variability, culminating in
successful predictions of ENSO with dynamical models. Research for
the past decade has led to the recognition that coupled ocean-
atmospheric feedback is key to determining regional patterns of
climate change (Figure 1) in response to spatially “uniform” GHG
forcing (12). With expanding observations and advanced modeling,
the coupled feedback view could help identify key ocean-atmospheric
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