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Abstract

The link between atmospheric waviness and extreme weather events carries significant
socioeconomic implications. However, future atmospheric waviness trends remain elu-
sive due to uncertainties arising from diverse definitions and insufficient dynamical for-
malism in existing metrics. This study employs a local wave activity (LWA) metric, whose
prognostic equation links wave activity changes to forcing mechanisms, to assess win-
tertime Northern Hemisphere waviness in ERA5 and HighResMIP datasets. The mod-
els generally exhibit high fidelity in reproducing observed waviness, particularly improv-
ing with higher resolutions. The LWA, generated by low-level meridional heat flux, re-
veals biases in the historical period stemming from underestimation of the source. Fu-
ture projections exhibit reduction in LWA, primarily due to suppressed LWA generation,
which is mitigated by higher resolution models. We found that both biases and reduc-
tion of the LWA source are closely associated with sensible heat fluxes from the ocean
to the atmosphere, highlighting the potential impacts of resolving ocean currents.

1 Introduction

In the mid-latitude atmosphere, surface weather is tightly coupled with fluctuations
of the circulation aloft that is associated with the propagation of atmospheric waves. These
atmospheric waves in turn are closely linked to the frequency and severity of extreme
weather events. As such, there has been a growing interest in the past decade to char-
acterize and understand changes in waviness of the midlatitude circulation.

Based on a metric quantifying the meandering of an arbitrary geopotential height
contour, Francis and Vavrus (2012) claimed that the waviness of the extratropical North-
ern Hemisphere (NH) circulation had been amplifying as a consequence of the enhanced
near-surface warming over the Arctic, a phenomenon known as Arctic amplification. This
claim, however, has been disputed by Barnes (2013), who argued that the positive trend
found in their study likely stems from an artefact of the metric used. Using an improved
metric that is also based on geopotential height, she has highlighted a lack of robust trends
in waviness in the historical record. Since then, many studies have assessed waviness trends
using various methods based on the meridional excursion of contours of different vari-
ables such as potential vorticity (PV) (Rothlisberger et al., 2016) and geopotential height
(Cattiaux et al., 2016; Di Capua & Coumou, 2016; Martin, 2021), or the amplitude of
circulation anomalies with respect to the zonal mean (Coumou et al., 2015). It is, how-
ever, generally challenging to draw an unanimous conclusion on the observed and future
trends of waviness from these diverse metrics.

Notably, Screen and Simmonds (2013) emphasized that assessments of trends in
waviness are sensitive to whether waves are considered as meandering of contours, or zonal
anomalies. Chen et al. (2015) and Martineau et al. (2017) attempted to reconcile these
two concepts by using a metric that takes into account both the meridional displacements
of geopotential height contours and the amplitude of the enclosed anomalies. These new
metrics, together with the predecessors, however, suffer from not being grounded in a
dynamical formalism. As such, no prognostic equation links changes in these waviness
metrics to forcing mechanisms.

A waviness metric called local wave activity (LWA) developed by Huang and Naka-
mura (2016) overcomes this drawback, thereby possibly leading to acquiring a better un-
derstanding in the changes in waviness. LWA is a conservative quantity for quasigeostrophic
flows, whose governing equation links LWA time tendencies to dynamical processes. Gen-
eralizing the linear, small-amplitude theory to eddies of arbitrary amplitude, LWA has
demonstrated its usefulness in capturing extreme jet meandering events such as atmo-
spheric blocking, while enabling the diagnosis of the physical processes that drive wavi-
ness (Huang & Nakamura, 2016; Nakamura & Huang, 2018).



Here, we employ the LWA budget analysis to assess historical and future waviness.
In view of a growing body of evidence that enhanced model resolution improves the rep-
resentation of transient eddies (Boville, 1991) and large-scale atmospheric variability (Davini
& D’Andrea, 2020; Athanasiadis et al., 2022), here we apply LWA metric to a suite of
low- and high-resolution climate models and a reanalysis dataset. Our study aims to 1)
evaluate the fidelity of state-of-the-art climate models in reproducing the waviness in the
current climate, 2) diagnose changes in the atmospheric waviness in the future climate,
and 3) investigate the benefits of using high-resolution models.

2 Dataset Used

We utilize selected model output from the High Resolution Model Intercompari-
son Project (HighResMIP; Haarsma et al., 2016). HighResMIP is a coordinated effort
to systematically assess robust advantages of increasing horizontal resolution in mod-
els, given that simulation of a multitude of atmospheric and oceanic phenomena have
been reported to improve with higher horizontal model resolution (see reviews in Haarsma
et al., 2016). Here, “high-resolution” denotes a resolution higher than 50 km or 0.25°
for the atmosphere and the ocean respectively.

We use coupled model runs from five sets of HighResMIP models (Table S1), each
of which meets the following criteria: A model 1) has both low- and high-resolution ver-
sions, 2) has daily three-dimensional zonal and meridional wind speed and temperature,
and 3) has all the meteorological fields extrapolated under the topography. The latter
two criteria are necessitated for the LWA computation. Table S1 illustrates that the range
of high and low resolutions depends entirely on the model being used. Here, regardless
of the actual model resolution, we categorize lower and higher resolution of each model
set as “low-resolution” and “high-resolution” models. All three-dimensional fields are
provided on the common eight pressure levels (1000, 850, 700, 500, 250, 100, 50, and 10
hPa). In addition to the aforementioned three-dimensional variables, we use monthly sen-
sible heat flux data. Here, we analyze boreal winter (December-January-February; DJF)
seasons for years 1960-1995 from historical runs, and years 2015-2050 from the future
runs. Since ECMWF-IFS models only provide historical runs, they are only used for the
assessment of model fidelity and the historical LWA budget analysis. We use one ensem-
ble member from each model, and each dataset is interpolated onto 2°x 2° horizontal
grid prior to analyses.

Additionally, the fifth generation ECMWF atmospheric reanalysis dataset (ERAS5;
Hersbach et al., 2020) is used as a reference atmospheric state for the historical period.
ERAS5 data are also interpolated on the same common grid and temporal resolution as
HighResMIP prior to the analyses.

3 Local Wave Activity (LWA) diagnosis

In this study, we use local wave activity (LWA; Huang & Nakamura, 2016) as a
measure of waviness. LWA is a generalization of the finite amplitude wave activity that
quantifies wave activity in the pressure-latitude plane (Nakamura & Solomon, 2010) to
its three-dimensional representation. The LWA quantifies waviness based on the merid-
ional displacements of the quasi-geostrophic potential vorticity (QGPV) substance. It
is advantageous over classical definitions of eddies by its ability to quantify and provide
a conservation relation that holds for eddies of finite (as opposed to small) amplitude.

LWA (A) quantified at each longitude (\), latitude (¢), height (z), and time () is
defined as follows:
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where a is the planetary radius, and g, is a QGPV anomaly with respect to its zon-
ally symmetric reference state, gre¢ (9, 2,t), defined as
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@res is computed by zonalizing the QGPV contours while preserving the enclosed
areas (Nakamura & Solomon, 2010). In this formulation LWA is by definition a positive
definite quantity, regardless of whether it is assessed over sectors where the zonal flow
is perturbed by troughs or ridges (Huang & Nakamura, 2016).

When averaged over a season, LWA contains both stationary and transient eddy
components, whose straightforward partitioning is hindered partly by the fact that a ref-
erence state (Equation 2) is based on the Lagrangian average of QGPV. Here, follow-
ing Huang and Nakamura (2017), we estimate the stationary component by computing
LWA from the temporal mean of QGPV, and the transient component as a difference
between the total LWA and the stationary component.

The time tendency of LWA is defined as follows:
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where (---) denotes the density-weighted vertical average. The terms (i) and (ii)
represent zonal and meridional LWA flux convergence, respectively, whereas the term (iii)
represents low-level eddy meridional heat flux, which describes vertical LWA flux at the
lower boundary. The term (iv) denotes residual, which results from non-quasigeostrophic
processes, including diabatic processes such as vertical transport of low PV air from the
lower troposphere fuelled by latent heat release (Grams & Archambault, 2016; Pfahl et
al., 2015; Yamamoto et al., 2021; Neal et al., 2022).

The zonal LWA flux (Fy) in term (i) is composed of three terms:
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The terms (a) and (b) of Equation 4 make up of advective flux of LWA. Here, we
investigate these density-weighted vertical averages, given the quasi-barotropic nature
of these phenomena.

4 LWA Biases in Historical Runs

Comparison of the climatological wintertime LWA spatial distribution in the his-
torical period for ERA5 and multi-model mean (MMM) of all the climate models used
(top two panels of Figure 1a) reveals that the general features in the reanalysis are well
captured by the MMM, including the two distinct maxima observed over the Pacific and
Atlantic sectors. This spatial distribution resembles that of wintertime climatological block-
ing frequency, a weather event that disturbs the path of the jet stream and consequently
affects waviness (see Figure 2 of Woollings et al., 2018).

The MMM bias of LWA against ERA5 in the historical record (Figure 1a lower-
left panel) illustrates that waviness maximum found over Europe is underestimated by



the models by approximately 10%, which is also fairly analogous to the well-known com-
mon model bias for the European blocking frequencies. This model bias in blocking stems
from a lack of anticyclonic wave breaking and bias in the eddy-driven jet, which, while
alleviated compared to its predecessors, are still prevalent in CMIP6 models (Davini &
D’Andrea, 2020; Athanasiadis et al., 2022). Thus, the negative bias found in the sim-
ulated LWA also likely reflects these biases in models. Decomposition of the observed
and MMM LWA into its stationary and transient components (Figure S1) reveals that
this negative bias stems solely from the stationary component, hinting that underesti-
mation in blocking frequency has an imprint on the suppressed time-mean ridge. Con-
versely, the MMM LWA over much of the mid-latitude Pacific and also over Eurasia over-
estimates the observed strength of waviness. While the excessive LWA over the Pacific
stems from both stationary and transient components, it is mostly due to transient com-
ponent over Eurasia (Figure S1). The sectors where the MMM LWA positive biases are
found correspond to where the depth-averaged MMM zonal wind exhibits negative bi-
ases against ERAD, suggesting that a wavier flow is accompanied by a reduction in zonal
winds (Figure S2). Inconsistencies from this relationship possibly arise due to the sur-
face forcing over the land, and from averaging multiple realizations of the atmosphere
and time. The lower-right panel of Figure 1a illustrates the difference in model bias be-
tween high-resolution models and low-resolution counterparts. It is shown that biases

in the high-resolution models are generally reduced over eastern Eurasia and southwest-
ern edge of Europe, though slightly amplified over the northeastern Europe.

A Taylor diagram (Figure 1b) illustrates the reproducibility of the LWA spatial pat-
tern in the historical record by each model. It is evident that each model simulates the
climatological LWA pattern fairly well, which typically improves with high-resolution mod-
els (up-pointing triangles) compared to their low-resolution counterparts (down-pointing
triangles), while the extent of improvement highly depends on the model. HiIRAM-SIT-
HR is an exception, which, despite having a high correlation, displays much lower stan-
dard deviation compared to HHRAM-SIT-LR. As shown in Figure S3, HHRAM-SIT-HR
shows a weaker climatological LWA compared to ERAB, particularly over the North At-
lantic sector. As whether including this model or not did not qualitatively change the
results for the rest of the analyses, we retain this model in the rest of our analyses.

5 LWA budget analyses in the historical period

To show how the LWA budget is upheld, Figure 2 illustrates the climatology of the
first three forcing terms on the right-hand side of Equation 3. It is evident that for both
ERAS5 and the MMM low-level meridional flux (Figure 2¢) acts as a source of LWA over
the storm track regions of both the Atlantic and Pacific sectors (encircled by black con-
tours) as well as over the Gulf of Alaska, consistent with Huang and Nakamura (2017).
While the two maxima of low-level meridional flux over the Pacific are locally confined,
the region of positive (i.e., poleward) low-level meridional heat flux over the Atlantic sec-
tor spans further to the northeast following the North Atlantic Current, an extension of
the warm Gulf Stream. Huang and Nakamura (2017) attributed a significant portion of
this elongated signal over the Atlantic to the quasi-stationary zonal asymmetry in low-
level potential temperature which arises from the underlying sea surface temperature (SST)
distribution and the accompanying meridional wind. This positive low-level meridional
heat flux is largely compensated by the zonal advective flux divergence, such that LWA
is redistributed mainly downstream (Figure 2a). The eddy momentum flux divergence
(Figure 2b) also acts as a sink though to a much lesser extent.

When compared to ERA5, models tend to underestimate the low-level meridional
heat flux upstream of LWA maximum found over the Atlantic sector (Figure 2 third col-
umn). This underestimation of the LWA source appears to stem from the suppressed sur-
face sensible heat flux (SHF) from the ocean to the atmosphere in the vicinity of so-called
Northwest Corner, the beginning of the North Atlantic Current (Figure S4). This region



coincides with where a strong cold SST bias is commonly found in the ocean-sea-ice sim-
ulations (Tsujino et al., 2020), which gives rise to the negative SHF bias. Together with
the overestimation of SHF over the North Atlantic south of Iceland, these SHF biases
lead to the subdued meridional heat flux, which results in suppressed LWA source over
this region. Consequently, the downstream redistribution of LWA by zonal advective flux
divergence is weaker than ERAD (i.e., positive bias), resulting in the underestimation of
LWA over the Atlantic sector. This result is consistent with Athanasiadis et al. (2022),
who showed that the reduced cold SST bias at the Northwest Corner generally leads to
improved representation of European blocking in climate models, due to ameliorated low-
level baroclinicity. On the contrary, overestimation of simulated LWA over much of the
rest of the NH midlatitudes stems from excessive LWA production by low-level merid-
ional heat flux found over the eastern edge of Eurasian continent and the vicinity of Gulf
of Alaska (Figure 2c), which results in extra LWA advection downstream over both of
these regions (Figure 2a). The excessive LWA sources are likely attributable to positive
SHF bias over Japan Sea and off the west coast of North America (Figure S4). In both
cases, the role of eddy momentum flux divergence (Figure 2b) is comparatively negligi-
ble. The last column of Figure 2 illustrates that higher resolution models systematically
reduce the suppressed low-level meridional heat flux bias over the western edge of the
Atlantic LWA maximum, leading to the improved model fidelity in LWA. This better model
fidelity should also be ascribable to the ameliorated SHF (Figure S4).

6 Historical vs. future LWA

The future LWA projection features a general reduction in LWA, particularly at
the southern flanks of both maxima over the Atlantic and Pacific sectors and over the
west coast of North America (Figure 3a third column), which are all mostly attributable
to the stationary component (Figure S5). Reduction over the northern flanks of LWA
maxima over the Atlantic is mitigated with high-resolution models compared to the low-
resolution counterparts (Figure 3a fourth column), which is also solely due to the sta-
tionary component (Figure S5). An exception for this general reduction in waviness is
found near Barents-Kara Sea, where over three quarters of models investigated suggest
projected increase in waviness. This region coincides with where a statistically signif-
icant increase in LWA linear trend is found in the historical period (Nakamura & Huang,
2018, see their Figure S6).

The LWA budget retains its balance in the future projection, such that the low-
level meridional heat flux acts as the primary LWA source (Figure 3d), while zonal ad-
vective flux divergence (Figure 3b) acts as the primary sink over both the Atlantic and
Pacific sectors, redistributing LWA downstream. The low-level meridional heat flux par-
ticularly in the north of Iceland and Japan is projected to decrease in the future, which
results in reduced downstream redistribution of LWA by zonal advective flux divergence
(i.e., increase in convergence) and reduction in LWA. We found that these areas coin-
cide with reduced transfer of SHF from the ocean to the atmosphere in the extratrop-
ics, while closer to the pole, increased SHF is released to the atmosphere, due likely to
sea ice melting in the future (Figure S6). These contrasting SHF change in turn results
in the reduced meridional heat flux. Intriguingly, this future reduction in both LWA source
and sink is damped in the majority of high-resolution models, resulting in less projected
reduction of LWA. Figure S6 further reveals a strong positive signal over Kuroshio ex-
tension and weak but significant positive signal over the North Atlantic Current in SHF
of high-resolution models, indicating that the suppression in reduction of LWA is attributable
to resolving larger ocean heat fluxes released from the western boundary currents. The
waviness increase found near Barents-Kara Sea, in contrast, is characterized by ampli-
fied divergence of zonal advective flux, without any increase in LWA source by low-level
meridional heat flux (Figure S7), possibly indicating an enhanced waviness due to di-
abatic source.



Figure 4a summarizes the contribution by each term comprised in the LWA time
tendency equation (Equation 3) along with the residual term obtained by assuming the
tendency to become zero climatologically, over the Pacific Sector (encircled area on Fig-
ures 2 and 3). It is evident that (iii)low-level meridional heat flux stands alone as the
primary LWA source over the Pacific sector. For ERA5, the LWA production is balanced
by (i)zonal advective flux divergence (73.2%), (ii)eddy momentum flux divergence (16.7%),
and (iv)residual (10.1%). For the low-resolution models in historical run, LWA produc-
tion is overestimated by 12.4% compared to ERA5 on average, which is reduced to 3.4%
with high-resolution counterparts. LWA production in the future decreases compared
to the historical run by 6.9% and 6.7% for low- and high-resolution models, respectively.

Figure 4b) summarizes the balance of each term over the Atlantic Sector. In con-
trast to the Pacific case, it is apparent that (iv)residual acts as a secondary LWA source,
along with (iii)low-level meridional heat flux. This is consistent with the fact that this
Atlantic Sector coincides with the outflow region of a large-scale cross-isentropic ascent
associated with extratropical cyclones called a warm conveyor belt (WCB; Madonna et
al., 2014), which can increase the upper-level waviness by bringing low-PV air from the
lower troposphere (Grams & Archambault, 2016; Pfahl et al., 2015; Yamamoto et al.,
2021). For ERAS, (iii)low-level meridional heat flux explains 62.6% of the LWA produc-
tion, whereas the rest is due to (iv)residual. 90.9% of this LWA production is redistributed
by (i)zonal advective flux divergence. Underestimation of the LWA source with low- and
high-resolution models compared to ERA5 amount to 11.4% and 12.9%, respectively, while
excluding HIRAM-SIT models enhances agreement with ERA5 for high-resolution mod-
els (Figure S8). In the future LWA production decreases compared to the historical run,
by 16.1% for low-resolution models, and by 11.9% for high-resolution models, which is
primarily balanced by the decrease in (i)zonal advective flux convergence for both sets
of models.

7 Conclusion and Discussion

In this study, by applying a local wave activity (LWA) metric to both a suite of low-
and high-resolution climate models and a reanalysis dataset, we characterized the his-
torical model bias and future changes in Northern Hemisphere wintertime climatolog-
ical waviness, and identified causes behind them.

We found that both the biases in historical LWA source and reduction in LWA source
in the future are associated with biases and reduction in sensible heat fluxes (SHF), re-
spectively. Higher resolution better resolves SHF and suppresses both biases and reduc-
tion of LWA, thus pointing towards the importance of having higher ocean resolution for
an accurate future waviness projection. In the present study we have highlighted the po-
tential role of the ocean for the atmospheric waviness from a climatological perspective.
Understanding how sensitive waviness is to oceanic variability on shorter time scales also
has important implications.

Additionally, the analysis illustrated that the residual term serves as a source over
the Atlantic on average, which undergoes reduction in the future. This result appears
to suggest a projected reduction in fuelling low potential-vorticity air from low latitude
and low altitude via warm conveyor belt (WCB) over the region (Grams & Archambault,
2016; Pfahl et al., 2015; Yamamoto et al., 2021). This assumption, however, is in appar-
ent odds with a recent study which found a general increase in the WCB intensity in a
future simulation (Joos et al., 2023). A quantitative assessment of how much low potential-
vorticity air sets waviness in the changing climate remains to be investigated.
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Figure 1. a) DJF LWA climatology [m s~'] computed using ERA5 (top left) and all High-
ResMIP models (top right), LWA climatology difference between all HighResMIP models and
ERAS5 (bottom left) and difference between high-resolution models and low-resolution models
(bottom right). Unstippled areas in the last two columns show a mean difference sign agreeing
with at least three-quarters of models, and black contours indicate ERA5 LWA DJF climatology.
b) Taylor diagram displaying a statistical comparison of LWA computed with HighResMIP model
simulations against that computed with ERA5.
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library to compute LWA was obtained from https://github.com/csyhuang/hn2016_falwa.
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