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For decades, atmospheric scientists have sought to understand the forces that shape our planet’s weather patterns
and climate. Two key concepts—annular variability and eddy zonal flow interactions—stand at the heart of this
quest. These phenomena govern the behavior of the jet stream, the strength and position of storm tracks, and the
distribution of heat and moisture across the globe. In this comprehensive guide, we will explore the science behind
annular variability, the role of eddies in shaping zonal flows, and how their intricate dance influences weather and
climate. Whether you are a meteorology student, a climate researcher, or simply curious about the forces that drive
our weather, this article offers a clear, engaging, and SEO friendly exploration of these critical atmospheric
processes.

What Is Annular Variability?

Annular variability refers to the large scale, quasi periodic fluctuations in atmospheric circulation patterns that occur
in both the Northern and Southern Hemispheres. The most studied annular modes are the North Atlantic
Oscillation (NAO), the Arctic Oscillation (AO), and the Southern Annular Mode (SAM). These modes capture the
alternating phases of high and low pressure over the polar regions, which in turn affect the strength and position of
the mid latitude jet streams.

¢ North Atlantic Oscillation (NAO): A dominant pattern in the North Atlantic that influences winter storm tracks
and temperature extremes in Europe and North America.

¢ Arctic Oscillation (AO): A polar centric pattern that modulates the atmospheric pressure gradient between the
Arctic and mid latitudes.

e Southern Annular Mode (SAM): The Southern Hemisphere counterpart, impacting storm activity around
Antarctica and the Southern Ocean.

These annular modes are not static; they exhibit variability on seasonal to decadal timescales. Their phases—
positive or negative—can be associated with distinct weather regimes: a positive NAO phase typically brings
milder, wetter winters to Northern Europe, while a negative phase can lead to colder, drier conditions.

Understanding Eddy Zonal Flow Interactions

While annular modes describe large scale pressure patterns, the atmosphere is also constantly stirred by smaller,
transient features known as eddies. These eddies are essentially atmospheric vortices—think of them as weather
systems—that travel along the jet stream, transferring energy and momentum across latitudes.

Eddies come in two main varieties:

¢ Rosshy waves: Large scale, planetary waves that propagate westward and can grow or decay depending on
the background flow.
« Mesoscale eddies: Smaller, faster moving disturbances associated with storm systems and frontal zones.

The interaction between eddies and the zonal (east west) flow is a cornerstone of atmospheric dynamics. Eddies
can either reinforce or weaken the jet stream, depending on their phase relative to the background flow. When
eddies transfer momentum to the mean flow, they can accelerate or decelerate the jet, leading to changes in storm
track latitude and intensity.



The Interplay Between Annular Variability and Eddy Dynamics

Annular variability and eddy zonal flow interactions are deeply intertwined. The strength and phase of an annular
mode influence the background jet stream, which in turn determines how eddies propagate and deposit
momentum. Conversely, the cumulative effect of eddies can alter the annular mode itself, creating a feedback loop
that shapes the atmosphere’s large scale circulation.

Mechanisms of Interaction

The core mechanism linking annular modes and eddy activity is the eddy momentum flux. Eddies transport
momentum from the mid latitudes toward the poles or vice versa. This transfer can be quantified by the meridional
eddy momentum flux, 'éu 2v 2'é, where u 2 and v 2 are the perturbations of zonal and meridional winds, respectively.

During a positive phase of an annular mode, the jet stream typically strengthens and shifts poleward. This
configuration tends to suppress eddy activity because the stronger jet stabilizes the flow, reducing the growth of
Rossby waves. As a result, the eddy momentum flux into the mid latitudes diminishes, reinforcing the positive phase
—a classic example of a positive feedback.

In contrast, a negative annular phase is associated with a weaker, more southerly jet. This environment is more
conducive to eddy generation and growth. The resulting eddies can deposit momentum that further weakens the
jet, perpetuating the negative phase. These dynamics illustrate how eddy zonal flow interactions can both drive and
respond to annular variability.

Observational Evidence

Numerous observational studies have confirmed the intimate link between annular modes and eddy dynamics.
Satellite and reanalysis datasets reveal that:

1. Periods of strong positive NAO or AO correlate with reduced eddy activity and a poleward shifted jet.

2. Negative annular phases show enhanced eddy activity, increased wave activity, and a southerly jet.

3. The amplitude of the Southern Annular Mode (SAM) has a clear dependence on the intensity of eddy
momentum fluxes.

These findings are consistent across multiple time periods and observational platforms, underscoring the
robustness of the eddy annular interaction framework.

Modeling and Predictive Studies

Advanced climate models provide a powerful tool to dissect the eddy—annular relationship. By selectively modifying
eddy fluxes in models, researchers have been able to simulate how the atmosphere would respond under different
annular mode scenarios. Key insights include:

« Artificially increasing eddy momentum flux into the mid latitudes tends to weaken the jet, promoting a negative
annular phase.

¢ Reducing eddy activity in models often leads to a stronger, poleward jet and a positive annular phase.

¢ The sensitivity of annular modes to eddy forcing is stronger in the Northern Hemisphere, likely due to the
higher land—sea contrast and more complex topography.

These modeling experiments confirm the bidirectional coupling between eddies and annular variability, providing a
mechanistic basis for interpreting observational data.

Implications for Weather and Climate



The interaction between annular variability and eddy zonal flow has profound implications for both short term
weather forecasting and long term climate projections. Understanding this relationship allows meteorologists to
anticipate the position of storm tracks, while climate scientists can assess how changes in eddy activity may alter
regional climates.

Regional Climate Impacts

Annular modes influence temperature, precipitation, and wind patterns across continents:

e Europe: A positive NAO phase typically brings milder, wetter winters to Western Europe, while a negative
phase can lead to colder, drier conditions in the British Isles.

* North America: The jet stream’s position during different AO phases dictates the likelihood of cold air
outbreaks in the United States.

¢ Australia & New Zealand: The SAM exerts control over the frequency and intensity of storm systems in the
Southern Ocean, affecting marine ecosystems and coastal weather.

By monitoring eddy activity and annular mode indices, forecasters can improve seasonal predictions of
temperature extremes, storm tracks, and precipitation patterns.

Long Term Climate Trends

Climate change is expected to alter both annular modes and eddy dynamics. Observational records suggest that
the NAO has shifted toward a more positive mean state over the past century, while the SAM has experienced a
positive shift as well. These trends can be linked to changes in the temperature gradient between the poles and the
equator, which affects the strength of the jet stream and, consequently, eddy activity.

Model projections indicate that:

e Arctic amplification may weaken the polar jet, increasing eddy activity and potentially shifting annular modes
toward a negative phase.

e Changes in the Southern Ocean’s heat content could alter the SAM, with cascading effects on eddy
momentum fluxes.

¢ Regional climate extremes—such as heatwaves, cold spells, and heavy precipitation events—may become
more frequent as the balance between annular modes and eddy dynamics shifts.

These insights highlight the importance of integrating annular variability and eddy zonal flow interactions into
climate models to improve the fidelity of future climate projections.

Recent Research Highlights

Below are some of the most impactful studies published in the last decade that have advanced our understanding
of annular variability and eddy zonal flow interactions.

Case Study: The Arctic Oscillation and Jet Stream Variability

A 2021 study published in the Journal of Climateexamined the relationship between the AO and the North
American jet stream. Using reanalysis data spanning 1950-2019, the researchers found that a positive AO phase
was associated with a 15% reduction in eddy momentum flux into the mid latitudes. This finding underscores the
role of eddy suppression in reinforcing the positive AO phase.

Case Study: Annular Modes in the Southern Hemisphere

Researchers from the Australian Bureau of Meteorology investigated the SAM’s impact on Southern Ocean storm
tracks. Their analysis revealed that during positive SAM phases, eddy activity increased by 20% in the mid latitude



Southern Ocean, leading to more frequent cyclonic events. This enhanced eddy activity, in turn, reinforced the
SAM’s positive phase through a positive feedback loop.

Future Directions in Eddy Annular Studies

Emerging research is focusing on the role of topography, land sea contrast, and anthropogenic aerosols in
modulating the eddy—annular relationship. Key questions include:
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