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ABSTRACT

THE SIGNATURE OF THE WESTERN BOUNDARY CURRENTS

ON TROPOSPHERIC CLIMATE VARIABILITY

Oceanic western boundary currents play a crucial role in transporting heat
poleward, thereby influencing the midlatitude climatological-mean climate and serving
as an important role for midlatitude storm tracks that provide rainfall to land regions. It is
not yet firmly established what role these oceanic currents play in influencing
atmospheric variability. Characterized by the presence of mesoscale features such as
oceanic eddies and sharp sea surface temperature (SST) gradients, the western
boundary currents define a uniquely separate regime for air-sea interactions on climatic
timescales relative to the rest of the ocean basins. In this study, simple but robust
observational and modeling evidence reveals that anomalous precipitation and vertical
motion co-vary with local SST anomalies in the western boundary currents, with a
measurable influence extending into the upper troposphere. Periods of anomalously
warm SSTs are associated with anomalous, co-located upward motion of > 0.02 Pa/s
and precipitation anomalies of ~0.6 mm/day when averaged over a month. Yet, the
standard resolution of most climate models, with grid cells on the order of 100
kilometers, fail to capture this co-variability. It is demonstrated that sharpening the
horizontal resolution in both a climate model and in atmospheric reanalyses alters the
spatial patterns both of sea surface temperature and of regional atmospheric processes.

Given the significant influence of these western boundary currents on the broader



regions surrounding them, climate projections conducted with grid cells coarser than 50

kilometers may overlook crucial processes.
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CHAPTER 1 — INTRODUCTION

With the world’s oceans covering 71% of Earth's surface, their state and
variability are critical drivers of Earth’s climate (Bigg et al., 2003). The oceans are major
transporters of heat from the relatively warm tropics to the relatively cold polar regions,
thereby reducing the equator-to-pole temperature gradient (Wunsch, 2005; Trenberth
and Caron, 2001; Hartmann, 2016). Furthermore, their basin-scale interannual and
multidecadal variability exerts a substantial influence on global climate patterns (Deser
et al., 2010), exemplified by phenomena like the El Nifio-Southern Oscillation (ENSO;
Bjerknes, 1966; Bjerknes, 1969). However, it is less clear the extent to which
midlatitude ocean variability influences atmospheric variability (see review by Seo et al.,
2023).

The uncertainty surrounding the role of the ocean to drive midlatitude climate
variability has led to the “null hypothesis” that the ocean is a simple “reddening” (i.e.,
associated with low-frequency temporal variability) integrator of the “white” noise (i.e.,
characterized by equal power across frequencies) that characterizes atmospheric
processes (Frankignoul and Hasselmann, 1977). In this case, the ocean does not
uniquely drive the atmosphere with its own internal dynamics. Some studies have
argued that large-scale oceanic modes of variability, such as the Atlantic Multidecadal
Variability, are predominantly driven by stochastic atmospheric weather patterns
(Clement et al., 2015), but the extent to which this is true is still a matter of debate.

A body of research continues to provide evidence supporting the idea that

internally-driven ocean dynamics significantly impact atmospheric behavior (Patrizio and



Thompson, 2022; Small et al., 2020). In particular, oceanic mesoscale features such as
eddies and sharp SST gradients exert a driving force on the troposphere regardless of
them being spatially small relative to basin-wide SST anomalies such as the El Nifio-
Southern Oscillation (Bryan et al., 2010; Seo et al., 2023). Evidence includes how
oceanic western boundary currents modulate the strength of the midlatitude storm track
(Nakamura et al., 2004; O'Reilly et al., 2015; Zhang et al., 2020; Zhou et al., 2022), how
the Gulf Stream enhances the variability of the midlatitude eddy driven jet (O’'Reilly et
al., 2017), and how the western boundary currents influence time-mean regional
circulation and precipitation (Liu et al., 2021; Ma et al., 2015; Wills et al., 2016). Such
prior research and discourse motivates the present study to search for regions where
local circulation changes may be influenced by oceanic mesoscale variations. Of note,
this study is focused on the oceanic forcing of the atmosphere in western boundary
current regions, rather than the influence of the atmosphere on the ocean.

Filled with mesoscale oceanic eddies and sharp sea surface temperature (SST)
gradients, western boundary currents lie on the western edges of the great ocean gyres
(Imawaki et al., 2013). The existence of these gyres can be primarily attributed to the
large-scale wind forcings generated by the trade winds and midlatitude westerlies
(Karnauskas, 2020), while the western boundary currents result from the increasing
influence of the Coriolis effect on currents closer to the poles (Stommel, 1948). Of the
global western boundary currents, five of them stand out for their strength and spatial
extent: the Gulf Stream in the North Atlantic; the Kuroshio-Oyashio Extension in the

North Pacific; the Agulhas Current in the Africa sector of the Southern Ocean; the Brazil



Current and the nearby Brazil-Malvinas Confluence to the east of southern South
America; and the East Australian Current. These are the focus of this study.

Prior empirical and modeling studies have highlighted the influence of these five
prominent midlatitude boundary currents on their regional climates. For instance, there
are extensive bodies of literature examining the Gulf Stream and the Kuroshio-Oyashio
Extension due to strong air-sea interactions and their proximity to Western population
centers (see reviews by Kelly et al., (2010) and Kwon et al., (2010) and the references
therein). With a flow measured to be approximately 32 Sverdrup, the Gulf Stream in the
North Atlantic is a major transporter of poleward heat (Bryden & Imawaki, 2001), and it
anchors and enhances the North Atlantic storm track (Booth et al., 2012). Modeling
studies have shown that ocean fronts enhance the transient eddy heat and moisture
fluxes in the storm track by 10-20% (Small et al., 2014a), which influences precipitation
in Europe (Dong et al., 2013; Yau and Chang, 2020). Analogous dynamics are
observed for the Kuroshio-Oyashio Extension, with some studies showing that the
oceanic eddies it generates enhances rainfall across the Pacific, affecting the Pacific
Northwest region of North America (Ma et al., 2015; Liu et al., 2021).

There have been comparatively fewer studies on western boundary currents in
the Southern Hemisphere, yet these currents still exhibit an analogous influence on their
regional climates. Results from two regional modeling experiments show that a
combination of the warm core and the sharp SST gradients in the Agulhas current
create a rain band that extends over the eastern coast of South Africa (Nkwinkwa
Njouodo et al., 2018). In observational studies, the Brazil Current and the adjacent

Brazil-Malvinas Confluence have been found to modulate surface winds and increase



the intensity of cyclones that form along the coast of Brazil (de Camargo et al., 2013;
Gramcianinov et al., 2019). Similarly, variability in the East Australian Current governs
patterns of rainfall and temperature along the East Coast of Australia and New Zealand,
respectively (Sprintall et al., 1995).

The measurement of these highly dynamic oceanic regions was insufficient until
satellites became a more robust tool available to scientists (Xie, 2004). Disentangling a
clear signal of the midlatitude oceans driving local atmospheric circulation changes is
challenging, especially relative to the tropics, due to frequent, large-amplitude synoptic
storms which are the dominant signal of the midlatitude atmosphere. Numerical
experiments forced with large scale SST anomalies in the western boundary current
regions produce a wide range of atmospheric responses (Czaja et al., 2019; Kushnir et
al., 2002; Kwon et al., 2010). This is due to both the ubiquitous mesoscale activity and
the large air-sea wintertime temperature differences in the currents which promote
vigorous air-sea interactions (Small et al., 2008; Kwon et al., 2010; Kelly et al., 2010).

With the advent of high-resolution satellite imagery in the 2000’s, studies
unveiled the robust influence of oceanic mesoscale features in time-mean atmospheric
conditions (e.g., Chelton et al., 2004; Chelton and Xie, 2010; Park et al., 2006; O’Neill et
al., 2005; Xie, 2004). As seen in Figure 1, adapted from Chelton et al. (2004), the data
from the QuickScatterometer satellite provided a new insight into fine-scale surface
winds over the ocean and how they may be driven. Just off the eastern coast of the
United States, the curl of the wind stress (an indication of wind speed) shows a marked
change relative to the interior of the ocean basin. This region of elevated wind stress

spatially tracks the underlying Gulf Stream current.
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Figure 1: Results which show how the surface wind field spatially tracks the underlying Gulf
Stream current. Adapted from Chelton et al. (2004), Figure 2. “Four-year averages (August 1999—-July
2003) of the curl of the wind stress over the North Atlantic computed from 25-km-resolution wind
measurements by the QuikSCAT scatterometer (left) and from the 1° by 1° by 6-hour analyses of winds at
10 m from the U.S. National Centers for Environmental Prediction (NCEP) operational NWP model (right)”

There are predominantly two physical mechanisms which drive these enhanced
surface winds. The first mechanism is that a surface heating anomaly destabilizes the
planetary boundary layer and causes this layer to deepen. This deepening, in turn,
augments mixing by entraining stronger winds from higher aloft and bringing them down
to the surface, thus intensifying surface winds (Wallace et al., 1989). The term "vertical
mixing mechanism" was coined to describe this phenomenon.

The second mechanism, named the pressure adjustment mechanism, originates
from the horizontal temperature gradient that is driven by SST anomalies. This
temperature gradient can give rise to vertical atmospheric circulations that manifest as
wind convergence and rising motion occurring over a warm SST anomaly, while wind
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divergence and sinking motion take place over a cold SST anomaly (Lindzen and
Nigam, 1987). The contrast between these two mechanisms and the determination of
which one exerts more influence is pertinent to the ocean’s capability to drive
atmospheric circulation anomalies beyond the boundary layer.

Since the early 2000’s, studies have utilized climate models to corroborate the
vertical mixing mechanism and the pressure adjustment mechanism evident in
observations, and their respective roles in establishing the influence of oceanic SST
gradients and mesoscale features on the time-mean climate above the boundary layer
(Czaja et al., 2019). Both Minobe et al. (2008) and Nakamura et al. (2008) used
atmospheric general circulation model (AGCM) experiments to demonstrate that both
the Gulf Stream and the Agulhas current system shape tropospheric circulation and
anchor rain bands in the time-mean, as seen in Figure 2 for the Gulf Stream. The spatial
pattern and peak magnitude of precipitation from a climate model driven with observed
SSTs are markedly like observations. However, if the observed SSTs are spatially
smoothed, the AGCM simulations show only a very weak precipitation signal over the
North Atlantic. Subsequent modeling studies have also shown how SST gradients
enhance the heating of the atmosphere by the ocean, especially in the wintertime,

which strengthens the storm track (Ma et al., 2015b; Small et al., 2014a, 2019).
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Figure 2: Observed rain rates over the Gulf Stream and AGCM results which depict that sharp
SST gradients are essential to producing the observed rainfall pattern and amplitude. From Minobe et al.
(2008), Figure 2. “Annual climatology of rain rate: a, Observed by satellites. b, c, In the AGCM with
observed (b) and smoothed (c) SSTs. Contours are for SST, as in Fig. 1.”

Given the inherently narrow nature of western boundary currents (scales of 10’s
of kilometers), and the importance of their pronounced SST gradients and SST
anomalies as drivers of atmospheric impacts, it follows that high-resolution climate
models —specifically those operating at oceanic eddy-resolving scales — are required
to adequately capture the vigorous air-sea interactions within these regions. To study
the role of spatial resolution, Smirnov et al. (2015) used an AGCM to characterize the
effects of an SST anomaly (i.e., a shift in the SST front) in the Kuroshio-Oyashio
Extension region. They determined that a low-resolution version of the model falls much
more in line with the linear theory proposed by Hoskins and Karoly (1981), which
generally states that a warm SST anomaly would result in cold, equatorward surface
temperature advection to offset the heating into the atmosphere, as seen in panel b of
Figure 3. Yet, the high-resolution experiment shows that the surface temperature
advection is greatly reduced, while the rising motion is much more enhanced, to offset

the surface heating. Moreover, the vertical motion extends up to the tropopause, where



it has the potential to influence global atmospheric circulations (panel c of Figure 3).
These results imply that fine horizontal resolution may change both the strength of the

signal and the driving mechanisms.
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Figure 3: AGCM experiments which illustrate the importance that fine horizontal model grid resolution has
on air-sea interactions and the resulting tropospheric dynamics. Adapted from Smirnov et al. (2015),
Figure 4. “The mean December—March atmospheric response (warm—cold) to a shift in the Oyashio
Extension SST front in (left) HR and (right) LR simulations. (a),(b) Turbulent heat flux (colors; K m s—-1)
and 950-hPa wind (vectors; m s—1). Black thick vectors are significant at the 95% confidence level. (c),(d)
Zonally averaged (145°-165°E) across-front (u, w) circulation (vectors) and 6E (colors) [ordinate is
pressure (hPa)]. Black thick vectors are significant at the 90% confidence level. The w component is
multiplied by 2000 to aid in visualization. In all panels, the mean difference is divided by 2.5 to account for
a +1.250 POEI SST anomaly.”

Such studies motivate the present study to examine how anomalous, fine-scale
sea surface temperatures, especially those in western boundary currents, influence
global climate variability. Previous studies also leave open two key questions: are the

midlatitude oceans significantly forcing the atmosphere at a level that is detectable?
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And can such oceanic-forced signals be found in both observations and climate
models?

This study employs reanalysis data to present robust evidence that oceanic
mesoscale features co-vary with atmospheric parameters such as precipitation and
vertical motion above the boundary layer. This evidence is showcased through a
comprehensive analysis encompassing five major midlatitude western boundary
currents: the Gulf Stream, Kuroshio-Oyashio Extension, Agulhas, Brazil-Malvinas, and
the East Australian Current. Two key methodologies are used that differ from most
previous studies: a focus on mesoscale features rather than basin scale anomalies, and
a focus on vertical motion rather than on surface horizontal winds. Additionally, through
a comparison of an AGCM coupled to both an eddy-resolving and a coarser ocean
model, it is demonstrated that high oceanic resolutions are needed to resolve the air-

sea co-variability that is clearly evident in observations.
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CHAPTER 2 - DATA AND METHODS

The European Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis v5 (ERA5) dataset provides the SST and vertical motion (w) fields for
Chapter 3 - Co-Variability in Reanalyses and Observations. ECMWF has a long history
of creating retrospective-analysis (or reanalysis) products, dating back to their first
product, the FGGE project in 1979 (Bengtsson et al., 1982). Decades of development in
data assimilation and physics, and up to 24 million global observations assimilated per
day, have gone into making ERA5 (Hersbach et al., 2020).

The analyzed precipitation field is produced by National Aeronautics and Space
Administration's (NASA) Integrated Multi-satellitE Retrievals for the Global Precipitation
Measurement (IMERG; Huffman et al. 2020) precipitation algorithm, which pulls in data
from both the Tropical Rainfall Measuring Mission (TRMM; Liu et al. 2012) and the
Global Precipitation Measurement Mission (GPM; Skofronick-Jackson et al. 2017). The
precipitation data is available on a grid with spatial resolution of 0.1° from January 2006
through September 2023.

The analysis here spans from September 2007 to December 2022 using
approximately 15 years of data. The choice of this specific period stems from a
significant transition: in 2007, the SST forcing dataset used in ERAS transitioned from
the Met Office Hadley Centre's sea ice and SST (HadISST; Titchner and Rayner 2014)
dataset with a V4 degree resolution to the Met Office’s Operational Sea Surface
Temperature and Sea Ice Analysis (OSTIA; Donlon et al., 2012), which has a higher-

resolution of 1/20° (Hersbach et al., 2020). Prior research, which generally align with our
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findings (see later discussion surrounding Figure 11), has demonstrated that very high-
resolution SST forcing datasets in reanalysis products are crucial to best capture
oceanic mesoscale features, the resulting vigorous air-sea interactions, and time-mean
precipitation in the region surrounding the western boundary currents (Chelton, 2005;
Maloney and Chelton, 2006; Hirahara et al., 2016; Masunaga et al., 2015; Parfitt et al.,
2017). ltis relevant to note that, historically, there have been significant shortcomings
with how well reanalysis products have represented precipitation in both the time mean
and the variance across the globe (Bosilovich et al., 2008). Much improvement has
been made in ERA5, which has been shown to be most accurate in wintertime
midlatitude regions (Lavers et al., 2022).

We also make use of climate model experiments run by the International
Laboratory for High-Resolution Earth System Prediction (IHESP), a former international
collaboration between Qingdao National Laboratory for Marine Science and Technology
(QNLM), Texas A&M University (TAMU), and the U.S. National Center for Atmospheric
Research (NCAR). These experiments explore the role of horizontal grid resolution in
the simulated climate. Version 1.3 of the Community Earth System Model (CESM) is
used to generate the output (Hurrell et al., 2013), and we analyze the final 250 years of
pre-industrial (1850 forcing) control output. The iIHESP dataset includes both a high-
resolution (HR) and a low-resolution (LR) version of the model. In the LR dataset, both
the atmosphere and ocean models are at a nominal resolution of 1°, while the
atmospheric resolution of the HR data is 0.25° with an oceanic resolution of 0.1° (Chang

et al., 2020). Chang et al. (2020) provide comprehensive look at multi annual-to-decadal
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variability in the iIHESP runs; however, they do not rigorously examine how oceanic
mesoscale features affect the troposphere.

Both ERAS and the iIHESP experiments have full global coverage. To analyze
variability, monthly gridpoint anomalies are derived by computing the temporal mean
across all years of each respective dataset (ERA5, CESM LR and HR) for each month.
The climatological monthly mean fields are then subtracted to obtain monthly anomalies
at each gridpoint.

All regression analyses employ ordinary least squares regression, where the

regression coefficients are calculated as

xlyl
B==

x'2

where primes denote departures from the long-term mean seasonal cycle, and
overbars denote the time mean. Regression is used to examine our hypothesis that
SST anomalies in western boundary current regions drive atmospheric parameters in a
predominantly one-way interaction.

The standardization of SST anomalies is performed as follows:

where x is the anomalous SST field, uy is the mean of x, and ¢ is the standard deviation
of x. In all the following results, grid cells located over land values are masked out, and
only extended winter months are analyzed: October-March (April-dJune) for the Northern
(Southern) Hemisphere.

For precipitation, it is desirable to remove the signal originating from midlatitude
synoptic storms, which can potentially obscure the influence from mesoscale oceanic

features. We thus use spatial high-pass filtering applied to fields of precipitation
14



anomalies. The spatial filtering uses a two-dimensional moving window, operating in
horizontal space (i.e., latitude and longitude) with a width and length set to 10 degrees.
Given the V4 degree horizontal resolution of ERAS, this gives a width and length of 40
grid cells (increased to 41 to ensure centering and symmetry around the grid cell of
interest). The window traverses all latitude and longitude points, calculating an average
from the surrounding grid cells. Of note is that the product of these averages is actually
the low-pass filtered data. Therefore, it is subtracted from the full-field anomalous
precipitation data to yield spatially high-pass filtered precipitation anomalies. This
method aligns with established practices (see, for instance, Chelton et al., 2004;

Maloney and Chelton, 2006).
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CHAPTER 3 - SIGNATURE OF THE WESTERN BOUNDARY CURRENTS IN

ATMOSPHERIC VARIABILITY AND REANALYSIS

SECTION 3.1 - VERTICAL MOTION AND PRECIPITATION

We begin with an analysis of standard deviation of SST anomalies over the five
western boundary currents of interest, as seen in the left column of Figure 4. With a flow
rate of ~40 Sv and ~50 Sv (1 Sv = 1 million cubic meters per second), the Gulf Stream
and Agulhas, respectively, are strong and fast-moving currents which separate from
coastlines and carry their inertia into the internal ocean basins (Sen Gupta et al., 2020).
The Kuroshio-Oyashio and Brazil-Malvinas currents are confluences of a warm,
poleward flowing western boundary current with a cold, equatorward flowing current.
The interactions of these warm and cold currents create strong SST gradients (ltoh et
al., 2022). Meanwhile, the East Australian Current is studied for its oceanic eddies and
mesoscale variability (Mata et al., 2000; Archer et al., 2017). Clearly, areas of enhanced
anomalous SST variance are co-located with the western boundary currents (Figure 4;
see also Bulgin et al., 2020). This clarifies the distinction and change in oceanic regime
from the western boundary currents (dark colored contours in the left column of Figure
4) and the internal ocean basins (pale or white colored contours in the left column of
Figure 4).

Standard deviations of anomalous atmospheric vertical motion measured on the
850 hPa pressure level (wsso) are in the center column of Figure 4. The influence of the

western boundary currents on atmospheric parameters is pronounced. In most regions,
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wsso anomalies over the western boundary currents are several times greater in
magnitude than in regions adjacent, such as the internal ocean basins. The East
Australian Current is not as clearly discernible relative to the Gulf Stream and Agulhas
currents in the vertical motion field.

The standard deviations of anomalous total (convective plus large scale)
precipitation can be seen in the right column of Figure 4. We utilize the standard
deviation method under the assumption that the anomaly space population is normally
distributed. Histograms of SST, wsso, and precipitation validate this assumption (not
shown). Prior to computing the standard deviation, precipitation data were first spatially
high-pass filtered using a 10-degree window to remove signals from synoptic storms.
Synoptic storms are prevalent in wintertime midlatitudes and can dominate the
precipitation variance (not shown). Once spatially filtered, the anomalous influence due
to western boundary currents can be more easily discerned. Precipitation variance in
the Gulf Stream, Brazil-Malvinas, and Agulhas currents reflects the signature of the
underlying currents. Results for the Kuroshio-Oyashio and East Australian regions are

nosier.
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Standard deviations of monthly anomalies
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Figure 4: Maps of (left) anomalous SST standard deviation, (center) anomalous wsso standard
deviation, and (right) high-pass spatially filtered anomalous total precipitation standard deviation in the 5
western boundary current regions. Results are based on ERA5 data.

Least squares regression analysis is performed as a function of gridpoint, rather
than a SST index area-averaged over the boundary current regions as has often been
done in previous studies. We chose to perform a local analysis to focus on mesoscale

rather than large scale air-sea co-variability. The first column (left) of Figure 5 depicts
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the regression of wsgso onto co-located standardized SST anomalies, while the second
column shows the results for total precipitation. The sign of w850 is such that warm
(cool) colors imply co-variability between a warm (cold) SST anomaly and rising
(sinking) vertical motion. Strong co-variability between both vertical motion and
precipitation anomalies with SST anomalies exists over the western boundary currents,
especially relative to the interior ocean basins. While the East Australian Current
exhibits a smaller magnitude of SST variability, vertical motion, and precipitation relative
to the other regions of interest (Figure 4), the co-variability between SST and
precipitation has a comparable magnitude (Figure 5).

Prior literature has demonstrated that SST variability in western boundary
currents is largely due to internal ocean dynamics (Bishop et al. 2017; Patrizio et al.
2021). With the spatial pattern of the co-variability tracking so closely to the underlying
standard deviation of SST anomalies, this strongly suggests that internal ocean
dynamics are driving lower-tropospheric variability. This is a testament to the western
boundary currents defining a unique regime within the oceans for air-sea interactions

(Ma et al., 2015a;. Sugimoto et al., 2017; Chen et al., 2017; Liu et al., 2018)
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Local - local regressions on SSTs
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Figure 5: (left) Maps of anomalous wsso and (right) total precipitation regressed onto SST
anomalies in the for each region of interest. The sign of wsso is such that warm (cool) colors imply co-
variability between a warm (cold) SST anomaly and rising (sinking) vertical motion. Results are based on
ERADS data.
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To examine the extent to which the western boundary currents affect mid- and
upper-tropospheric variability, the vertical motion field is regressed onto local SST
anomalies between 900 and 200 hPa in Figure 6. A spatial average of these regression
coefficients for each boundary current region is then taken for each vertical level (19 in
total).. The left panel of Figure 6 visualizes the vertical motion field in pressure units
(Pa/s/sigma) and the center panel visualizes the field in geometric units (mm/s/sigma).
The p-scores shown in the right panel of Figure 6 are found as follows.

At each vertical level, we form the spatially-averaged local correlations (r?) of

SST with vertical motion over the respective western boundary current regions as

where, ri denotes the correlation at grid point /, and the summation is performed over all
N grid cells in the areas indicated in the text. The spatially averaged regressions are
calculated separately for each vertical level and shown in the left panel of Figure 6.

We then estimate the number of degrees of freedom used in the correlations as

1—nr
N*=N e
1+nn

where N is the number of time steps in the data (in this case, 6 months x 16 years = 96),
and rs and r2 are the grid point lag-one autocorrelations of the monthly-mean SST and
vertical motion fields, respectively. Due to the large gradients in SST variability within

the western boundary current regions, r1 and r2 vary spatially, and are thus estimated by
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taking a masked spatial average over the boundary current regions. Using the observed
r1 and r yields 88 effective degrees of freedom (N").
The spatially averaged correlations are then converted to t-scores using

the relation

N
Ji-7

and the t-scores at each level are converted to the p-values shown in the right

N

t=r

panel of Figure 6 based on a one-tailed test of Student'’s t-distribution.

Each of the western boundary currents shows a peak around 875 hPa with an
exponential-like decay to near-zero regression coefficients around 240 hPa. Co-
variability of the western boundary currents with vertical motion is statistically significant
to 90% confidence up to 450 to 350 hPa, demonstrating that the signature of the
western boundary currents are found above the planetary boundary layer well into the
free troposphere (see also Chen et al., 2017; Smirnov et al., 2015). Also note that the
co-variability as a function of height is stronger in the Northern Hemisphere than in the

Southern Hemisphere.
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Regression of vertical motion onto SST as a function of height
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Figure 6: Regression of anomalous vertical motion onto SST anomalies as a function of level
(one line for each region). A spatial mask is created based on the 850 hPa regression map and applied to
each vertical level to include only the grid cells which are representative of the western boundary current
track. Results are based on ERAS data.

SECTION 3.2 - RADIATION, CLOUDS, AND UPPER-LEVEL RESPONSE

The strong co-variability between SST anomalies and vertical motion and
precipitation motivates an analysis into other variables from ERAS. The results of the
regression of anomalous low cloud cover (LCC) and mean surface downward
shortwave radiation flux (MSDWSWREF) onto standardized SST anomalies are
presented in Figure 7.

The term "low cloud cover" refers to the percentage of a grid box that is
enveloped by clouds situated in the lower regions of the troposphere. It is determined by
considering cloud formations on model levels with a pressure exceeding 0.8 times the
surface pressure, and the resulting data represents a single-level field. Note that the
sign of the mean surface downward shortwave radiation flux is such that warm (cool)
colors imply a warm (cold) SST anomaly co-varies with a decrease (increase) in surface
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downward shortwave radiation flux. Here, as for the precipitation results shown earlier,
low cloud cover and mean surface downward shortwave radiation flux are both spatially
high-pass filtered, utilizing an averaging window spanning ten degrees in both latitude
and longitude. This spatial filter helps minimize the influence of frequent midlatitude
synoptic storms and variability.

The regression results for low cloud cover also suggest co-variability with SST
anomalies. The top four regions shown in Figure 7 exhibit the most noticeable signals,
though signals over the Agulhas and Kuroshio-Oyashio regions are less clear. In
contrast, there is a low signal-to-noise ratio over the East Australian Current, likely
either due to a weak signal or the lack of a long enough time series to highlight the
signal. For the mean surface downward shortwave radiation flux, the familiar spatial
patterns reappear.

Connecting these findings to previous results, it’s intriguing that low cloud cover
does not exhibit the same level of spatial alignment and signal-to-noise ratio as
observed in the precipitation regression results. This discrepancy may be related to the
intricate dynamics of cloud formation. Warm SST anomalies can increase atmospheric
moisture, promoting convection and cloud formation, while cold SST anomalies stabilize
the planetary boundary layer, resulting in a temperature inversion conducive to low-level
stratiform clouds (Klein and Hartmann, 1993). A more detailed budget analysis would be
required to disentangle these different mechanisms. In contrast, mean surface
downward shortwave radiation flux presents a more pronounced signal, likely influenced
by clouds at any level. Mean surface downward shortwave radiation flux aligns with the

spatial patterns observed in the precipitation regression analysis (Figure 5). Of note,
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Yao et al. (2020) found in a comparison of ERA5 cloud cover to the satellite-based,
MODIS cloud product, that ERAS underestimates oceanic monthly-mean cloud by about

10% on average, but slightly more over western boundary current regions.
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Figure 7: Regression of spatially high-pass filtered low cloud cover and mean surface downward
shortwave radiation (MSDWSWRF) onto standardized SST anomalies. Note that the sign of mean
surface downward shortwave radiation flux is such that warm (cool) colors imply a warm (cold) SST
anomaly co-varies with a decrease (increase) in surface downward shortwave radiation flux. This
convention facilitates visual comparison with other variables. Results are based on ERA5 data.

26



Are the results robust if the regression was performed in another way? Instead of
performing regression as a function of grid cells, previous studies have adopted a
different method — utilizing area-averaged sea surface temperature (SST) anomalies to
construct an index. Regressing as a function of grid cells focuses on grid-cell-scale
processes while area-average regression emphasizes atmospheric and SST variability
on regional-scales. The latter approach has been utilized in numerous studies of both
the Gulf Stream and Kuroshio-Oyashio regions, and applied to both observational and
model data (Wills et al., 2016; Wills and Thompson, 2018; Yook et al., 2022).

We create a time series index of area-averaged SST anomalies by selecting only
those grid cells where the standard deviation of SST anomalies reaches 0.8 K or
greater, as illustrated in the left column of Figure 8. The choice of 0.8 K was based on
empirical considerations, effectively representing the spatial extent of the core of the
western boundary currents. A spatial mean of these masked regions was performed
and then standardized to produce an SST index.

Anomalous wsso regressed onto SST indices produces regression coefficients
(Figure 8) that are notably weaker than the regression coefficients based on individual
grid cells (Figure 5); namely, they are about half of the peak amplitude. Only the Gulf
Stream exhibits a discernible signal. The other four regions do not exhibit a robust
signal. Similarly, regressions of total precipitation onto the regional SST indices are
weak in all western boundary current regions (right column of Figure 8).

This result further emphasizes that mesoscale features in the western boundary

currents force atmospheric rising motion and precipitation locally. When the regional
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spatial average is taken, the mesoscale SST gradients and eddies are smoothed out

and their influence is no longer evident. The strong local influence of the oceanic

variability has thus not been noted in many prior studies. These results are somewhat at

odds with prior studies (Wills et al., 2016; Wills and Thompson, 2018; Yook et al., 2022).

The caveat is that prior studies found strong regression signals when a lead-lag

regression analysis was performed (i.e., that sea level pressure changed a few weeks

to a month after the SST anomaly). This lead-lag method was not performed in the

present study.
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Figure 8: (left column) Standard deviation of SST anomalies, masked to only show grid cells with a
standard deviation of 0.8 K or greater; (center column) anomalous wsso regressed onto the SST index;

28



and (right column) anomalous total precipitation regressed onto the SST index. Results are based on
ERAS5 data.

SECTION 3.3 — EXPLORING EDDY-DRIVEN INTERACTIONS IN A REANALYSIS

PRODUCT

With the previous results (Figures 4-7) demonstrating that mesoscale oceanic
dynamics drive tropospheric variability over the western boundary current regions of
both hemispheres, (as will be elaborated on in Chapter 4), a pertinent question arises: is
there significant air-sea co-variability in other oceanic regions where eddies are
prevalent? The Southern Ocean contains the Antarctic Circumpolar Current, the world’s
strongest ocean current (Rintoul et al., 2001). The Southern Ocean is characterized by
very strong westerlies that encounter no land masses to impede their flow (Derkani et
al., 2021). Also, oceanic mesoscale eddies are prevalent in the Southern Ocean due to
the instabilities of the highly dynamic Antarctic Circumpolar Current (Frenger et al.,
2013, 2015). Unlike western boundary currents, however, the predominantly zonal
Antarctic Circumpolar Current hinders poleward heat transport, contributing to the
extreme coldness of Antarctica (Martinson, 2012).

In Figure 9, the standard deviations of anomalous SST (panel a), anomalous
wsso (panel b), and spatially high-pass filtered anomalous total precipitation (panel c)
are presented. Note the relatively lower SST variance in comparison to the western
boundary currents, including the East Australian Current, which exhibits the lowest SST
variance among the five western boundary currents studied above. The peak SST
standard deviation, approximately 1 K, is observed in the Drake Passage, the most
constricted segment of the Antarctic Circumpolar Current. This is the region where the

southern tip of South America, commonly referred to as Cape Horn, and the Antarctic
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Peninsula form a bottleneck. Also, neither wsso nor precipitation exhibit pronounced
spatial patterns. The enhanced variability found along the coast of Antarctica is due to

topography and, thus, is not a focus of this study.
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Figure 9: Standard deviations of (a, top-left) SST anomalies, (b, top-right) wsso anomalies, and (c, bottom)
spatially high-pass filtered total precipitation anomalies, all centered on the Antarctic Circumpolar Current
region. Results are based on ERA5 data.

The gridpoint regression of wsso and precipitation (Figure 10) do not reveal robust
co-variability as seen in western boundary current regions. The view angle is expanded
to include the southern fringes of the Brazil-Malvinas and Agulhas currents for
comparison. In the Southern Ocean, however, only background noise is apparent, and
no cohesive spatial patterns of co-variability emerge. Curiously, this result does not
agree with that of Frenger et al. (2013), which highlighted the significant influence of
Southern Ocean eddies on atmospheric conditions. The study analyzed weekly data
from June 2002 to November 2009, collocating SST and atmospheric data for each of
the roughly 600,000 detected eddies. Frenger et al. (2013) study utilized satellite
observations of sea level anomalies, SST, cloud properties, wind speeds, and rain rates
to investigate the impact of these eddies on the atmosphere. While their study of
individual eddies found significant regression coefficients with atmospheric parameters,
the results in the present study do not.

Why might there not be a robust co-variability signal in the Southern Ocean?
Frenger et al. (2013) conducted their study using weekly satellite products, whereas the
present results rely on a monthly reanalysis product. Given the speed of eddies in the
Southern Ocean, about 10 km per week (Frenger et al., 2013), it is plausible that the
monthly temporal resolution may not sufficiently sample the rapid movement of these
eddies in the Southern Ocean. Moreover, it is likely that the atmospheric horizontal
resolution of ERAS may not be fine enough to capture the influence of the exceptionally

fine-scale sea surface temperature (SST) gradients in the Southern Ocean. Due to the
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Rossby radius decreasing with increasing latitude (Vallis, 2017), the radius of oceanic
eddies decreases with proximity to the poles. Thus, grid resolution must be finer near
the poles to explicitly represent these mesoscale air-sea interactions. Studies have
shown that in the Southern Ocean, a horizontal grid resolution ranging from s to 1/50
degree is necessary to fully resolve oceanic mesoscale features (Hallberg, 2013). While
the OSTIA SST forcing dataset is output with a resolution of 1/20 degree, it is
interpolated to the ERAS5 grid resolution of ¥4 degree. With an atmospheric resolution of
Ya degree, ERAS is likely not capturing much of the intricate oceanic mesoscale activity

in the Southern Ocean.
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Figure 10: Regressions of (left) anomalous wsso and (right) spatially high-pass filtered anomalous total
precipitation, both onto standardized SST anomalies for the Antarctic Circumpolar Current (ACC) region.
Results are based on ERAS data.

To further illustrate the importance of horizontal resolution, we now shift to
studying how our gridpoint regressions over the western boundary currents vary as a

function of time within the ERA5 dataset. As previously mentioned, in September 2007,
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ERADS transitioned from using the 4 degree horizontal resolution HadISST dataset to
the 1/20 degree AVHRR dataset for SST forcing (Hersbach et al., 2020). This change
allows an exploration of the role that horizontal resolution of SST plays in ERAS
products, which are sometimes misconstrued as the “absolute truth” in observational
studies. A comparison of the regression of precipitation onto standardized SST
anomalies (Figure 11, right column) shown previously (from 2008-2022) is now shown
for only the time period January 1979 to August 2007 (left column). There is a
significant increase in magnitude of about 50-100% along with a wider spatial extent of
the co-variability patterns in all regions in the latter period. Over the Brazil-Malvinas
region, for example, the “lobster claw” shape could be mistaken for noise in the pre-
2008 period. Only after the change to the higher resolution SST product in ERAS is it
clear that the western boundary current regions exhibit clear air-sea co-variability.
These same post-2007 increases in magnitude are also equally visible for the wsso
regressions (not shown).

In this chapter, definitive evidence of the co-variability of mesoscale SST
anomalies and atmospheric parameters such as rising motion in the free troposphere
and precipitation anomalies over western boundary currents has been presented. With
an introduction into how horizontal resolution plays a role in the ERAS5 reanalysis, the
next chapter delves into this ocean-atmosphere co-variability within a climate model,

exploring different resolutions across experiments.
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Figure 11: Comparison of spatially high-pass filtered anomalous total precipitation regressed onto
standardized SST anomalies from (left column) the ¥4 degree HadISST SST forcing dataset (1979-01-01
to 2007-08-31) with the (right column) the 1/20 degree AVHRR SST forcing dataset (2007-09-01 to 2022-
12-31). Results are based on ERA5 data.
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CHAPTER 4 - SIGNATURE OF WESTERN BOUNDARY CURRENTS ON

ATMOSPHERIC VARIABILITY IN THE COMMUNITY EARTH SYSTEM MODEL

SECTION 4.1 - STANDARD DEVIATIONS OF SST, VERTICAL MOTION, AND

PRECIPITATION

Climate models are important for society. The projections they provide help
society better understand and prepare for the risks of future climate change (Eyring et
al., 2016), among other applications. However, models are imperfect, so future
projections are uncertain. We are motivated to study how the air-sea co-variability
described in Chapter 3 is represented in the CESM - a state-of-the-art climate model
that is commonly used to understand climate processes and assess the predictability of
climate. Capturing the observed forcing of atmospheric variability by western boundary
currents in such a climate model could be important for seasonal and longer time scale
predictions of climate.

Chapter 4 maintains a similar overarching methodology as used in Chapter 3,
with the introduction of an additional dimension of data—the iIHESP experiments
conducted using the CESM. These experiments focus on assessing how variations in
horizontal spatial resolution influence global air-sea interactions and climate variability,
among other pertinent topics (Chang et al., 2020). The multi-centennial timescales for
which these fully coupled, high-resolution experiments were run is what makes them
uniqgue among earth system modeling experiments.

Figure 12 shows the standard deviations of SST anomalies for each of the

western boundary currents over the extended winter seasons. The left column repeats
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the results from the ERAS reanalysis dataset, as presented in Chapter 1. In the center
column, the high-resolution (HR) iHESP results reveal broad and impressive agreement
with ERAS. This includes the long meanders of the Gulf Stream and Agulhas currents,
the dynamic convergence of the Kuroshio-Oyashio current, and the “lobster claw” shape
of the Brazil Malvinas current.

Yet the model is not perfect. Of note is that the modeled Gulf Stream separates
from the east coast of the U.S. further north than observed. This issue has been a
persistent challenge in ocean and climate models (Kiss, 2010), and it influences the
positioning of the peak influence on atmospheric parameters, as will be shown. It is
additionally evident that the HR CESM simulations exhibit greater magnitudes and
larger horizontal spatial extents for all five western boundary currents compared to
ERAS.

Conversely, the low-resolution (LR) results in the right column of Figure 12 tell a
different story, with little resemblance to the SST variance evident in both the ERA5 and
the HR simulations. While subtle variance exists in the cores of the Gulf Stream and
Kuroshio-Oyashio currents, the Agulhas and East Australian currents are virtually
missing in the LR simulations. The Brazil-Malvinas previously depicted a two-pronged
“lobster claw” shape, now appears as a prolonged meander, akin to the Agulhas.
Furthermore, the Gulf Stream separates even farther north in the low-resolution model.
As will be shown, the lack of SST variance has implications for atmospheric behavior

over the boundary current regions.
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Figure 12: Comparison of standard deviations of SST anomalies as a function of both western
boundary current and dataset. Results are based on CESM data.

Shifting the focus to the atmosphere, the HR variances of vertical motion at 850
hPa (wss0) show a similarity to ERA5. Notably, the HR data appears smoother and
covers a broader range than the vertical motion variability in ERAS. This difference is
mainly due to the HR data sampling a much larger temporal dataset, spanning 250
years compared to ERA5's 15 years. Randomly selecting 15-year subsets of the HR

data confirms this (Figure 14).
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Figure 13: Comparison of standard deviation of w850 anomalies with the 5 ocean basins on the
“y-axis” and ERA5, high-resolution, low-resolution on the “x-axis.” Results are based on CESM data.
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Figure 14: Comparison of 15-year subsets of standard deviation of w850 anomalies with 3 15-

year subsets on the “y-axis” and ERAS5, high-resolution, low-resolution on the “x-axis.” The year written on
the row labels indicates the starting year of the 15-year iHESP subset. Results are based on CESM data.

The standard deviation of high pass spatially filtered total precipitation anomalies

(total here refers to the sum of large scale and convective precipitation) is shown in

Figure 15. The signature of the western boundary currents is more discernible in the HR

data. For instance, the Gulf Stream and Kuroshio-Oyashio regions exhibit more

pronounced precipitation variance over the boundary currents than elsewhere.

The LR CESM results reveal much greater variance than in either ERAS or HR

CESM. This outcome could be because the magnitude of large-scale precipitation

variations in the lower resolution CESM are too small. Thus, the high-pass filter

attenuates very little signal, resulting in a relatively high standard deviation.
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Figure 15: Comparison of standard deviation of high-pass spatially filtered precipitation anomalies

with the 5 ocean basins on the “y-axis” and ERA5, high-resolution, low-resolution on the “x-axis.” Results
are based on CESM data.
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SECTION 4.2 - REGRESSIONS OF VERTICAL MOTION AND PRECIPITATION ONTO

SST ANOMALIES

As for ERAS in Figure 4, we now regress CESM HR and LR wgso anomalies onto
standardized simulated SST anomalies for the extended winter months to examine the
relationships between warm (cold) SST anomalies and rising (sinking) vertical motion in
the model at different spatial resolutions (Figure 16). The HR simulations agree well
with the ERAS analysis, highlighting strong co-variability between midlatitude SST
anomalies and localized vertical motion over the western boundary current regions. The
spatial alignment of these regression patterns to the standard deviation of SST
anomalies (Figure 12) is striking. All five western boundary currents within the high-
resolution model exhibit co-variability and spatial extent that are equal, if not often
stronger, than in the ERAS5 data. Moreover, the background noise is notably diminished
relative to ERAS.

For instance, in the Kuroshio-Oyashio region the spatial pattern of the co-
variability between wsso and SST is fragmented and quickly dissipates as it extends into
the open Pacific Ocean, whereas the HR CESM reveals a continuous signal that
encompasses almost the entire eastern coast of Japan's primary island, Honshu. Upon
moving into the ocean basin, a robust magnitude is apparent for approximately double
the distance seen in ERAS. Strikingly, the co-variability patterns across the boundary
current regions closely mirror the standard deviation patterns. The Agulhas' retroflection
and meanders, along with the Brazil-Malvinas' distinctive "lobster claw" pattern, stand

out prominently.
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In contrast, four of the five boundary regions in the LR data do not exhibit large

regression coefficients, and over the Gulf Stream region, the suggestion is that warm

SSTs induce sinking rather than ascending motion. The one region that shows better

agreement is the Kuroshio-Oyashio Extension, but differences from the CESM HR data

are quite substantial. Likewise, disparities with ERAS are evident, but are not nearly as

drastic.
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Figure 16: Comparison of wsso anomalies regressed onto standardized SST anomalies with the 5
ocean basins on the “y-axis” and ERAS5, high-resolution, low-resolution on the “x-axis.” Results are based
on CESM data.

Applying the same regression technique to anomalous, spatially high-pass
filtered precipitation (Figure 17) reinforces the recurring theme in this chapter: the 1-
degree CESM does not capture the mesoscale air-sea interactions that drive rainfall
patterns over the vast areas encompassed by western boundary currents. The Brazil-
Malvinas Current again displays striking co-variability between SST anomalies and
high-pass filtered precipitation anomalies, comparable in magnitude and spatial extent
to the other four regions, despite having relatively lower anomalous SST variance.
When this regression is performed on anomalous precipitation without spatial high-pass
filtering, the signal from the western boundary currents remains visible (not shown),
though it is somewhat noisier, likely due to the influence of synoptic storms in these

regions.
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Figure 17: Comparison of 10-degree spatially high-pass filtered precipitation anomalies regressed
onto standardized SST anomalies with the 5 ocean basins on the “y-axis” and ERA5, high-resolution, low-
resolution on the “x-axis.” Results are based on CESM data.

SECTION 4.3 - STORM TRACKS

As suggested by the our western boundary current results demonstrating an
oceanic influence on atmospheric variability extending into the upper troposphere
(Figure 6), the potential exists for the oceanic forcing to influence global circulations and
extratropical storm tracks. To explore this further, the following two figures depict two
commonly used lower tropospheric (850 hPa) storm track metrics: meridional heat

transport (V'T’sso; Figure 18) and eddy kinetic energy (EKEsgso; Figure 19). Meridional
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heat transport was calculated by temporally high pass filtering as a function of grid cell
both meridional wind speed (Vss0) and temperature (Tsso) separately, then multiplying
them together. The temporal high-pass filter utilized was a Butterworth window
(Butterworth, 1930) and was set to exclude signals with a temporal oscillation longer
than 10 days, a method in alignment with established practices in the field (e.g.,
Trenberth, 1991; Hurrell, 1995). Eddy kinetic energy was calculated on a grid cell basis
using the simple 24-h difference filter described by Wallace et al. (1988) and verified on
storm track metrics by Chang et al. (2022). Two storm track metrics are shown to
enhance the robustness of the results, as it's acknowledged in the literature that storm
track studies can be sensitive to the chosen metric (Yau and Chang, 2020).

In contrast to earlier findings, which indicated significant disparities between the
high- and low-resolution versions of the CESM regarding parameters like SST
anomalies and air-sea co-variability, both V' T’ss0 and EKEgso do not exhibit pronounced
differences (Figures 18 and 19). Broadly speaking, the spatial patterns in both low- and
high-resolution datasets are in good agreement in terms of their spatial extent and
coverage of various global regions. The primary distinction lies not in the patterns but
rather in the peak magnitudes, with storm track regions across all ocean basins (North
Atlantic, North Pacific, South Atlantic, etc.) intensifying with higher resolution, most
notably over the Gulf Stream for both metrics.

It’'s beyond the scope of this study to precisely attribute why the storm tracks are
stronger in the HR CESM relative to the LR version. Yet, prior studies which utilize
numerical models have provided evidence that when the oceanic mesoscale is

included, it results in a strengthening of the storm track (Kuwano-Yoshida and Minobe,
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2017; Ma et al., 2017; Small et al., 2014a, 2019a; Zhang et al., 2020; Zhou and Cheng,
2022). These differences in storm tracks are discussed as an example of future work
that we are motivated to pursue, which aims to ask the question: do the western
boundary currents leave their signature on global circulation patterns such as the storm

tracks?
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Figure 18: Meridional heat transport measured at 850 hPa (V'T'850) for low-resolution CESM (top
left), high-resolution CESM (top right), and the difference of high- minus low-resolution (bottom center).
Note that the sign is such that positive values indicate poleward heat transport. Results are based on
CESM data.

46



low- resolutlon high- resolutlon

120°W 0°60°E  180°

120°W  0°60°E  180°

7 21 35 49 63 -15 -9 -3 3 9 15
m2 g2 m2 g2

Figure 19: Eddy kinetic energy measured at 850 hPa (V'T'850) for low-resolution CESM (top left),
high-resolution CESM (top right), and the difference of high- minus low-resolution (bottom center). Results
are based on CESM data.

This chapter provided evidence that mesoscale co-variability in the Community
Earth System Model necessitates using an eddy-resolving horizontal resolution to
properly resolve air-sea co-variability over western boundary currents. From
discrepancies in fundamental fields such as SST anomalies to how air-sea interactions
potentially influence global storm tracks, higher resolution model grids are necessary to

better resolve both western boundary current regions and global processes.
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CHAPTER 5 — CONCLUSION

This study provides evidence of co-variability between mesoscale SST
anomalies in global western boundary current regions and various atmospheric
variables. Periods of anomalously warm (cold) SSTs are associated with anomalous
upward (downward) motion of > 0.02 Pa/s on the 850 hPa pressure level and
precipitation anomalies of ~0.6 mm/day over a monthly average. The air-sea co-
variability has a spatial pattern that closely resembles the variance of the SST field — a
very strong indication that the ocean is forcing the atmosphere in these regions.
Notably, the same does not hold with the rest of the ocean basins, suggesting that the
western boundary currents are unique regimes for air-sea interactions.

Evidence shows that the western boundary currents leave a statistically
significant signature on vertical motion up to at least the middle troposphere, leaving the
door open for potential interaction with global circulation patterns. The study also
documents decreased mean surface downward shortwave radiation flux with increased
SST anomalies, although low cloud cover lacks a clear regression coefficient, likely due
to complex cloud dynamics.

The application of these methods to Earth’s five strongest western boundary
currents is an important novelty. Most prior studies examine only one or two current
systems at a time, with a strong bias toward the Northern Hemisphere. The application
of our analysis to five currents enables a comprehensive look at regions around the
globe. Our study also demonstrates the necessity of high horizontal resolution in both

the ERAS reanalysis and the Community Earth System Model in representing vigorous
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air-sea interactions over western boundary currents, impacting tropospheric patterns
and reinforcing this theme which has built in the literature (Czaja et al., 2019; Small et
al.; 2019a, 2020; and references therein).

Our study begins to bridge a gap in the existing literature, connecting studies on
composites of individual eddies (Ma et al., 2015) with those that explore the role of
basin-scale SST anomalies in multidecadal atmospheric oscillations (Deser et al.,
2010). On the note of eddies, while this study did not explicitly dive into warm core
(anticyclonic) vs cold core (cyclonic) eddy dynamics, previous literature has explored
composites of eddies in various regions around the globe. These prior studies showed
that it is the warm core eddies which more strongly leave their imprint on atmospheric
parameters such as rain rate, surface winds, and cloud cover (Chen et al., 2017; Ma et
al., 2015a, Frenger et al., 2013).

Future research could delve into how this co-variability extends its influence on
broader atmospheric circulations and teleconnections, potentially accomplished by
performing the regression with a temporal and spatial lag, or by breaking down air-sea
co-variability into spectral space like performed in Laurindo et al. (2022). Moreover,
further exploring the connection between western boundary currents and radiative
budgets might have implications for climate sensitivity analysis. For example, if the
western boundary currents leave their signature on the radiative budget but require
high-resolution to be resolved, are climate models run at a coarse resolution
significantly biased without the western boundary currents? While this study focused on

wintertime interactions, future work could investigate summertime interactions.
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This study additionally contributes to the ongoing discourse regarding whether
the atmosphere drives the ocean or vice versa in the midlatitudes (Kushnir et al., 2002;
Czaja et al., 2019; Seo et al., 2023). The observed air-sea co-variability which tracks the
underlying predominantly oceanic-driven SST field provides the clearest evidence to
date of the capability of oceans to drive local atmospheric circulation changes. As
regions of major heat transport and influencers of global atmospheric phenomena such
as storms tracks and jet streams, this mesoscale air-sea co-variability reinforces the

important role that western boundary currents play in the climate system.
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