- Article -

doi: 10.13679/j.advps.2019.3.000xx

Interaction of diabatic processes, large-scale eddies and
the mean atmospheric circulation over the Atlantic,
Arctic and Eurasia

Ralf JAISER", Dorthe HANDORF & Klaus DETHLOFF

Alfred-Wegener-Institut, Helmholtz-Zentrum fiir Polar- und Meeresforschung, Telegrafenberg A45, 14473 Potsdam

Received 30 April 2018; accepted 14 January 2019

Abstract In the last decade, the atmospheric part of the climate system experienced a shift from pronounced zonal to stronger
meridional flow configurations and regionally diverse changes and trends. The climate system shows complex interactions and
nonlinear behavior, manifested in global warming, rising ocean temperatures and the retreat of Arctic sea ice. Although
atmospheric trends and changes are observed, underlying processes are not well understood. In this study we diagnose the
interaction of large-scale atmospheric eddies and the mean flow with respect to diabatic heating and cooling processes that
impact on the atmospheric advection of heat. For this purpose, the three-dimensional Eliassen-Palm flux theory is used in
combination with an analysis of the thermodynamic equation, diabatic heating and cooling and heat advection. The most recent
decades of observed winter climate are evaluated in terms of climatology and trends over the Atlantic, Arctic and Eurasia. The
change of the atmospheric circulation and related processes differ between early and late winter. In early winter, the interaction
of macro-turbulent eddies with the mean flow is inhibited at the Atlantic jet stream entrance region and atmospheric heat is
meridionally advected into the Arctic, both related to strong high pressure anomalies. In late winter, these anomalies are inverted
and a negative phase of the Arctic Oscillation with a more wavy mean flow and a tendency towards stronger meridionalization is
observed.
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1 Introduction

Climate changes in the Atlantic and Eurasian sector have
been exposed to regional and global drivers and are
characterized by strong trends. Generally, CO, levels are
rising globally and climate is subject to global warming.
Sea level temperatures (SST) are rising and a change to a
positive phase of the Atlantic Multidecadal Oscillation
(AMO) is observed for recent decades. Furthermore, sea-ice
extent is rapidly declining in the Arctic. From the
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perspective of the atmospheric circulation, these processes
are external drivers having the potential to induce trends in
the atmospheric circulation.

Global climate change is a phenomenon that is not
only related to CO,, but also to several other anthropogenic
influences on the whole climate system as reviewed by the
Intergovernmental Panel on Climate Change (Pachauri et al.,
2014). These changes do not lead to a uniform global
warming, but involve changes in atmospheric dynamics,
circulation changes and regional differences. Furthermore,
SST and sea-ice changes are related to global climate
change and potentially interact with each other. For instance,
the atmospheric response to changes of sea ice and CO; is
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mostly additive (McCusker et al., 2017), while the response
to sea ice loss varies depending on the state of the AMO
(Osborne et al., 2017).

Changes in the AMO phase and corresponding changes
in the North Atlantic SSTs affect European climate. The
effects of SSTs are expected to be small compared to
internal variability (Kushnir et al., 2002). While the short
term variations of European SAT are dominated by the
North Atlantic Oscillation (NAO) variability, long term
variations can be related to SST anomalies (Arthun et al.,
2018). Nevertheless, Gastineau and Frankignoul (2015) find
negative phases of the NAO in winter related to a warm
AMO phase. Therefore, a wide variety of potential
influences of North Atlantic SST anomalies on the northern
hemisphere climate exist on time scales from seasons to
multiple decades (i.e. Grosfeld et al., 2008; Arguez et al.,
2009; Gamiz-Fortis et al., 2011; Gan and Wu, 2015). Thus,
observed trends in SST very likely lead to trends in the
atmospheric circulation. Here, diabatic processes play a role
especially in winter, when the ocean acts as a heat source.

The impact of Arctic sea-ice decline and Arctic
Amplification on the atmospheric circulation in winter is
one of the hot topics in climate sciences. A particular
interest is the analysis of linkages between the Arctic and
mid-latitude climate. It has been addressed in a variety of
controversial studies discussing mechanisms, processes,
impacts and the significance in observations and models
(Cohen et al., 2014; Vihma, 2014; Barnes and Screen, 2015;
Overland et al., 2015, 2016; Francis, 2017; Screen et al.,
2018). In these studies, the most discussed finding is that
sea-ice reduction leads to a signal similar to a negative
phase of the Arctic Oscillation (AO) or NAO with reduced
meridional temperature and pressure gradients and
consequently reduced zonal winds in mid-latitudes and
continental cooling in winter. The highest potential for a
robust connection exists between Barents-Kara sea ice and
Siberian cold anomalies (Zhang et al., 2018). Two main
pathways of explanation for these kinds of linkages exist.
The first pathway works in the troposphere alone. Arctic
warming related to reduced sea ice directly decreases the
temperature and pressure gradient (Francis and Vavrus,
2012; Tang et al., 2013; Semmler et al., 2016). Further
amplification of this mechanism arises from warming
events impacting the winter surface temperatures in the
central Arctic that have positive trends (Graham et al.,
2017). Additional heat release at the surface from the ocean
to the atmosphere also leads to changes in vertical stability
affecting  atmospheric ~ baroclinicity. =~ Consequently,
synoptic-scale systems in the Arctic are observed more
often and with higher intensity (Stroeve et al., 2011; Jaiser
et al., 2012; Rinke et al., 2017). It is indicated by
Crasemann et al. (2017) that this applies preferably to the
early winter season. The second pathway involves the
stratosphere. Changing tropospheric patterns lead to
enhanced planetary wave activity disturbing the
stratospheric polar vortex in winter. Weak vortex anomalies
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propagate back into the troposphere leading to negative
AO-like anomalies (Jaiser et al., 2013, 2016; Kim et al.,
2014; Kretschmer et al., 2016). Both, the tropospheric and
stratospheric pathways are coupled in the troposphere and
mutually intensify the impact. The complexity is further
enhanced by Eurasian snow anomalies that impact the
system in similar ways through the stratospheric pathway
(Cohen et al., 2007; Fletcher et al., 2009; Liu et al., 2012;
Peings et al., 2012; Furtado et al., 2016; Gastineau et al.,
2017; Tyrrell et al., 2018). These snow anomalies are
potentially linked to Arctic changes in terms of additional
moisture sources and changed transports by baroclinic
cyclones (Wegmann et al., 2015). Snow and sea-ice
anomalies relate to the atmosphere through diabatic
processes in terms of changing heat sources and sinks at the
surface.

It is important to note that a trend of more negative
NAO/AO phases and continental cooling in recent winters
is not well reproduced by climate model simulations. Smith
et al. (2017) showed that not only sea-ice changes are
important but also different background states. They find a
positive NAO response as well as a negative NAO response
in winter. Crasemann et al. (2017) detected a higher
frequency of negative NAO situations related to less sea ice
extent only in late winter. Thus, there is a potential for
intraseasonal variability, which will be further analyzed in
this study. Overall, amplified changes in the Arctic
characterized by strong trends in sea ice, snow and surface
conditions are potential candidates for explaining trends in
the atmospheric circulation such as observed trends to a
more pronounced negative NAO/AO in winter.

While potential drivers for impacts on the large-scale
atmospheric circulation exist, the underlying processes are
not well understood. The large-scale circulation can be
described by the mean atmospheric flow interacting with
large-scale eddies, connected with planetary-scale and
synoptic-scale processes. The zonal mean theory of
interactions between large-scale eddies and the mean flow
is based on Andrews and MclIntyre (1976) and Edmon et al.
(1980), showing that the zonal mean wind tendency is
forced by the divergence of momentum and heat fluxes.
With the work of Hoskins et al. (1983), Plumb (1985, 1986),
Trenberth (1986) and Dethloff et al. (1987) this concept has
been extended to the three-dimensional time-averaged flow,
allowing the three-dimensional discussion of the interaction
between large-scale eddies and the mean flow. Diabatic
processes in terms of sources and sinks of energy play an
important role in these three-dimensional interactions,
which we analyzed via the thermodynamic energy equation
following Trenberth and Smith (2009). A combined analysis
of diabatic processes in relation to interactions between
eddies and the mean flow has the potential to improve our
dynamical understanding of the underlying atmospheric
processes.

In this study, we focus on the discussion of
climatologies and trends from 1979 to 2016 in the Atlantic,
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Arctic and Eurasian sector. The focus is on the
three-dimensional interaction between large-scale eddies
and the mean flow, their relation to diabatic heating and
cooling processes and the atmospheric circulation. The aim
is to develop and implement an improved framework of
diagnostics for a better and more detailed understanding of
atmospheric processes, dynamics and related changes. For
this purpose, we rely on the above mentioned concept and
implement the three-dimensional Eliassen-Palm (EP) flux
theory in combination with an analysis of the
thermodynamic equation and heat advection. In the
following section we introduce the methods. Afterwards the
main results are presented and discussed in detail.

2 Methods

This study explores the thermodynamic equation in the
perspective of the atmospheric heat energy budget based on
Trenberth and Smith (2009). The diabatic heating source

O is in balance with the local temperature change and
advection of heat in the atmosphere.
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Here, ¢, is the specific heat capacity for constant

pressure, T is the temperature, v, is the horizontal wind

vector (u, v), w is the pressure tendency (vertical wind in

pressure coordinates), R is the gas constant and p is the

atmospheric pressure. Equation (1) is time-averaged and

transformed to the flux form by using the continuity

equation and further simplified by using the hydrostatic
approximation 0®/dp=—-RT/p:
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An overline indicates the time mean, while the prime
stands for the deviation from that mean. In this study the
time mean corresponds to monthly averages and the
deviations are calculated as differences from that mean
without any further filtering. The mean diabatic heating rate

O can be estimated as a residual based on Equation (2).

The right-hand side of the equation will be discussed in
three separate parts:
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The turbulent advection Qturb (4) contains all flux
terms and thus deviations from the time average. The mean

advection O (5) contains the remaining time mean

mean

terms. The tendency term étcnd (3) is formed by the local

time derivative of temperature corresponding to the
intraseasonal temperature change. It is an order of
magnitude smaller than all other contributions. Furthermore,
the focus of this study is on circulation changes and the
interaction between large-scale eddies and the time-mean
flow, and therefore the tendency term is omitted in the
discussion.

The mean diabatic heat source is in balance with
turbulent and mean heat advection only, if small local
temperature changes are omitted. Therefore, only these
three terms can interact. Advection is related to the transport
of heat from or to sources and sinks, respectively. Here,
positive advection corresponds to a gain of heat of the
atmospheric flow and thus a transport away from the source.
Drivers of heat sinks and sources are radiative processes as
well as interaction with kinetic and latent energy
components, which are not discussed here. Additionally, the
mean and turbulent advection are also able to interact
meaning that heat can be exchanged between these two
scales of motion. In the framework of this study, mean heat
advection is related to the quasi-stationary mean flow, while
turbulent advection is related to atmospheric eddies on large
scales ranging from synoptic-scale systems to planetary
scales. A discussion of differences between synoptic scales
and planetary scales of the large-scale turbulent advection is
enclosed as supplementary material.

We use EP flux diagnostics to characterize the
interaction between large-scale turbulence and the mean
flow. Since we are interested in regional relations in
comparison to the heat advection terms, we use the
three-dimensional or local EP flux formulation by Trenberth
(1986). The forcing of the time-mean zonal wind is
described by the divergence of the EP flux vector in
spherical log-pressure coordinates (4, ¢, z).

V.E=iﬁ(v7—u7)— 1
o

a _
—(u'V' cos® ¢)+

g rEcosc/ﬁ
— (6)

fcos¢5li —V'T’

poz| P oT kT

0z cpH

The forcing is given by horizontal derivatives of the
momentum fluxes and the vertical derivative of heat flux in
relation to vertical stability. The radius of the earth is given
by rg, fis the Coriolis parameter and p is the density of air.
A discussion of synoptic-scale and planetary-scale filtered
EP flux divergence is appended as a supplementary.

Characteristics of the mean flow are determined by
orographic forcing, thermal forcing and eddy forcing (Held
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et al, 2002). Orographic and thermal forcing can be
explained by potential vorticity (PV). Through the
conservation of PV on isentropic surfaces the absolute
vorticity must change if the depth of an atmospheric column
changes, leading to displacement of air masses (e.g. Holton,
2004). Local heating or diabatic forcing has the potential to
change the distribution of PV, since it is associated with
changes in density of PV (Haynes and Mclntyre, 1987). The
large-scale eddy forcing is described above in terms of EP
flux diagnostics. If changes are considered, only diabatic
forcing and large-scale eddy forcing are relevant on decadal
time scales. Thus, our two diagnostic approaches cover the
relevant forcings of the mean flow.

We phenomenologically discuss the interaction
between large-scale turbulence and the mean flow jointly
with the diabatic heating terms related to large-scale
turbulent and the mean advection. We want to explore,
whether a transfer or conversion of heat energy between
these scales of advection can be assumed through a relation
to EP flux divergence anomalies. Since there is no direct
mathematical framework between the 3D EP flux
diagnostics and the analysis of thermodynamic heat
advection, we follow a phenomenological approach. We
discuss eddy-related terms of the 3D EP flux diagnostics in
relation to large-scale turbulent advection terms and mean
flow terms of the 3D EP flux diagnostics in relation to mean
advection terms, respectively. The EP flux diagnostics
describe the interaction of large-scale eddies and mean flow
based on momentum fluxes and heat fluxes. The
corresponding large-scale circulation features are related to
the corresponding advection of heat as described by the
analysis of the thermodynamic equation. Therefore, a
physical relation between these two types of diagnostics
exists. These interactions are discussed based on the
observed climatology and trend of each term. In terms of
climatology, we further discuss the relation of diabatic
forcing and the general circulation from an observational
point of view.

The diagnostic is applied to the observed climate of the
last decades based on the ERA-Interim reanalysis data (Dee
et al., 2011). The reanalysis is generated six-hourly by a
T255 spectral model with 60 vertical levels up to 0.1 hPa.
All diagnostic calculations are performed on a 2°X2° grid
with daily data, which is feasible for the analysis of
large-scale circulation features. Diabatic heating rates and
corresponding advection terms are calculated as a vertical
mass-weighted integral for the troposphere from 850 hPa up
to 300 hPa. We do not aim at a full characterization of the
whole atmospheric column and thus not on the mass
balanced full energy budget. The focus is on the free,
quasi-geostrophic troposphere, the advective processes
there and the corresponding interaction between large-scale
eddies and the time mean flow. The analysis is performed
on a monthly time scale and thus with a monthly mean in
Equations (2) to (6). In the following, “mean” always refers
to this time scale. The corresponding deviations and
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covariance terms correspond to variability limited by the
daily data and the monthly mean as well as by the 2° spatial
resolution. Therefore, they correspond to atmospheric
variability ranging from the large mesoscale and synoptical
scale to planetary scales.

In the following sections, we first discuss the
climatology of the mean circulation, the processes related to
diabatic heating and the interaction between large-scale
eddies and the mean flow in the North Atlantic, Arctic and
Eurasian sector. After this characterization we discuss the
long-term trends. Climatology and trends are based on the
ERA-Interim time series of winters from 1979/1980 to
2015/2016. Significance of trends is determined with a
Student’s #-test. Crasemann et al. (2017) have shown that
changes of circulation regimes over the North Atlantic and
Eurasian region differ between early winter and late winter.
According to this, we analyze the early winter (December
and January) and late winter (February and March)
separately. The results have been checked against an
analysis of all four single months. No inconsistencies of the
general results have been identified. Moreover, the
climatology shows only marginal changes over the whole
winter and is analyzed over the period from December to
March.

3 Results
3.1 Climatology

Diabatic heating in winter is characterized by a general
contrast between ocean and land. Figure 1d shows the
diabatic heating rate calculated as residual according to
Equation (2) and integrated between 850 hPa and 300 hPa.
Even in this mid-tropospheric region, the ocean is a region
of heat source, while the land areas act as a heat sink.
According to well-known features of the general
atmospheric circulation (Holton, 2004), energy sources at
the boundary between mid-latitudes and the polar regions
drive the direct circulation of the polar cell. Air is warmed
around 60°N leading to the Icelandic surface low, rises and
moves northward. The corresponding circulation features in
500 hPa over the Atlantic Oceans are shown in Figures la,
Ib and 1c for the winter circulation. Over land, the
circulation turns slightly southward as observed over the
Eurasian continent in particular over the eastern part. The
lack of solar radiation in winter leads to the cooling of
continental regions. Therefore, diabatic forcing with warm
oceans and cold continents coincides with more northward
and more southward flows, respectively. The related
stationary large-scale waves can either be diagnosed as
deviations of the geopotential height field from its zonal
mean in Figure 1b or are directly visible in terms of wind
vectors in Figure 1c. These planetary waves are a combined
result of the diabatic, orographic and eddy forcing (Held et
al., 2002). There is a strong wave number 2 component with
troughs at 70°W and 150°E, but around S50°E, there is a
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weak secondary trough that indicates a weak higher wave
number component. A wave number 2 corresponds well to
the diabatic forcing with two continents and two oceans.
The orographic forcing of the Rocky Mountains further
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intensifies this pattern, whereas the Ural Mountains
spatially correspond to the secondary trough at S50°E.
Overall, these basic climatological results correspond to
well-known features of the atmospheric circulation.
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Figure 1 Winter (DJFM) Climatologies (1979-2016) of geopotential height in 500 hPa in m (a), geopotential height anomalies from
zonal mean in 500 hPa in m (b), wind speed with wind vectors in 500 hPa in m's' (¢), diabatic heating rate integrated between 850 and
300 hPa in W-m 2 (d), mean heat advection integrated between 850 and 300 hPa in W-m > (e) and large-scale turbulent heat advection
integrated between 850 and 300 hPa in W-m ™2 (f), EP flux divergence in 500 hPa in m's > (g).

Heat sources and the atmospheric circulation are
directly related in terms of heat advection or more general
in terms of energy transports. In Equation 2, two
contributions to heat advection have been identified. The
first contribution is the mean circulation involving monthly

averages calculated according to Equation 5 and shown in
Figure le. The other contribution to heat advection arises
from the large-scale turbulent covariance terms, which is
weaker in many regions. This term is calculated based on
Equation 4 and shown in Figure 1f. These contributions are
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discussed in the context of the diabatic heating rate
estimated according to Equation 2 and shown in Figure 1d.
A heat source exists over the ocean in winter. The
atmospheric circulation gains heat and the resulting
advection or transport is positive. Over land, a heat sink
exists in winter, the atmospheric circulation loses or
deposits heat and the advection or transport is negative.
Over the central parts of ocean and land this is consistently
reflected by mean and large-scale turbulent advection in
Figures le and 1f, respectively.

In more detail, the climatological mean advection is
positive over the eastern parts of the continents and
becomes negative over the eastern parts of the oceans
(Figure le). The large-scale turbulent advection is shifted
towards the opposite direction (Figure 1f). This spatial
phase shift between both terms can be interpreted as
compensation between both types of advection in the
regions of transition between ocean and land. We diagnosed
a heat sink over land that is related to winter continental
cooling. At the east coast of North America this is
consistent with negative turbulent advection, which means,
the atmosphere is losing heat here due to eddy-related
processes. Mean advection is positive, which is not in
agreement with the energy sink. It is assumed that this
positive transport is driven from turbulent advection terms.
Over the adjacent Atlantic Ocean we diagnose a source of
heat that is consistent with positive mean advection
transferring this energy into the atmosphere. Still the
turbulent advection is negative and this heat is assumed to
additionally drive the mean advection. At the west coast of
Eurasia we have the opposite behavior, which is interpreted
as a transfer of energy from mean advection to turbulent
advection. These two regions of transition between ocean
and continents are of particular interest for the EP flux
diagnostics, since the interactions between quasi-stationary
mean and large-scale turbulent flow can be analyzed in
terms of EP flux divergence.

The ocean region in mid-latitudes is mostly
characterized by strong westerlies as seen in Figure lc that
are related to intense storm tracks. Thus, the above
described compensation mechanism can be related to the
entrance and exit regions of storm tracks and the interaction
between large-scale eddies and the mean flow. In general,
the atmospheric circulation is driven by heat supply over
the oceans (Hoskins and Valdes, 1990). Over the western
parts, at the entrance region of the storm tracks, the
contribution of large-scale turbulent advection is negative,
while the mean advection is positive. The related interaction
between large-scale eddies and the mean flow can be
detected in the divergence of the 3D EP flux divergence in
Figure 1g. It is positive in the same region of transition
between North America and the Atlantic Ocean, which is
the entrance region of the jet stream. Large-scale turbulent
processes force the mean zonal wind component. As
discussed before, related heat transports show a consistent
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behavior between negative large-scale turbulent advection
and positive mean advection. This suggests an overall
transfer of heat from large-scale turbulence to the mean
flow. The sign of EP flux divergence is negative in most
other regions. Here, the mean flow is slowed down by
large-scale turbulence, which can also be interpreted as a
forcing of turbulence by the mean flow related to
atmospheric instabilities. Over the easternmost parts of the
ocean and western parts of land, this coincides with
negative mean heat advection, while the large-scale
turbulent contribution is slightly positive. Therefore, we
suggest a conversion of heat transport related to the mean
flow to large-scale turbulent processes referring to the
coherent findings based on heat advection and EP flux
divergence. Over land, mean advection is in agreement with
the energy sink of the cooling land through atmospheric
heat loss, while large-scale turbulent advection is neutral.
Through the observed compensation and negative EP flux
divergence, it is indicated that the forcing of the large-scale
turbulent transports originate from the mean advection.
Large-scale turbulent systems have the potential to transfer
heat deeper into the continents and into the Arctic, while the
atmosphere is depositing heat to balance the heat sink that is
basically related to missing solar radiation in winter. These
general climatological features are the same over the Pacific
region, but will not be further discussed there, while we are
focusing on the region from North America over the North
Atlantic and Arctic Ocean to Eurasia.

3.2 Trends

The changes in the time period from 1979 to 2016 of the
climatological patterns of 500 hPa geopotential heights and
winds shown in Figure 2 differ between the early winter
season (December and January) and the late winter season
(February and March). While higher geopotential heights
are found in Arctic regions in the whole winter (Figures 2a
and 2c) and the pressure gradient to the mid-latitudes is
reduced accordingly (compare Figures la and 1b), the
centers of significant change shift. In early winter, the
strongest positive trend is found between Scandinavia and
Siberia with a maximum above the Barents and Kara seas.
A further significant increase of geopotential heights occurs
over the easternmost part of North America. In late winter,
the positive trend anomaly lies right over the central Arctic
Ocean. Considering the climatological waviness of the
geopotential height pattern in 500 hPa, we find two
climatological troughs at 70°W and 150°E and a smaller
one at 50°E according to Figure 1b. In all three regions, the
anomaly patterns based on trends are different between the
early and late winter trends. In early winter, these troughs
are significantly filled (Figure 2a), while in late winter there
is a weak deepening (Figure 2c). This indicates a straighter
but also blocked flow in early winter, while in late winter
the waviness and meridionalization is amplified.
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Figure 2 Trends (1979-2016) in DJ (a, b) and FM (¢, d) of geopotential heights in m'a™' (a, ¢) and wind speed with wind vectors in
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The climatological westerly flow over the Atlantic in
mid-latitudes is generally weaker in the whole winter
mostly due to the reduced pressure gradient according to
easterly wind trends in early winter (Figure 2b) and

increasing meridional components in late winter (Figure 2d).

In contrast, the circulation trend is reversed in the Arctic
and over large parts of Eurasia between early and late
winter as shown in Figures 2b and 2d. In more detail, the
climatological circulation is weakened through anomalous
easterly winds over the Atlantic Ocean roughly between
North America and Island in early winter (Figure 2b).
Northeast of this region, the trends show intensified
southerly winds that transport warm air masses from the
Atlantic Ocean into the Arctic. Consistent with higher
geopotential heights indicating blocking, the wind
magnitude is overall smaller, but the anomalous vectors
show a clear northward trend. The anomalous flow then
turns towards the Siberian Arctic, bringing polar air masses
to the continent. Over the continent the flow is significantly
reduced, which is again related to increasing geopotential
heights. In late winter, the circulation over the North
Atlantic and Arctic region is disturbed through trends with
strong meridional components (Figure 2d). Thereby, the
maritime influence from the Atlantic Ocean on European
mid-latitudes is reduced. This is supported by an easterly
wind trend over Western Europe. In more southern regions
of the North Atlantic mid-latitudes, increased westerly
winds are found indicating a southward shift of the wind
maximum. Between Iceland, Scandinavia and the Arctic,
wind trends have a similar high magnitude during the whole
winter as indicated by the length of the vector, but point in

the opposite direction. In the central Arctic, winds become
calmer in agreement with the increasing geopotential
heights in late winter (Figures 2c¢ and 2d). Furthermore,
anomalous winds arise from the Arctic and head towards
Europe. Thus, the influence of the Arctic on Europe through
northerly winds increases, which is different from early
winter. In the continental Eurasian region, the trends
intensify the climatological westerlies in late winter, which
is also in contrast to early winter conditions.

The trend in mean winds certainly influences the mean
advection terms. In early winter, we find negative trends of
mean advection around the Scandinavian region extending
well into the Arctic (Figure 3a). The atmosphere is
depositing more heat stemming from the ocean in the south.
This is in agreement with the intensified northward
circulation as discussed before that reaches farther into the
Arctic (compare Figure 2b). At the same time and in the
same region, the trend of large-scale turbulent advection
terms is positive as displayed in Figure 3b. This indicates
the same compensation mechanism that we already
suggested based on the climatological advection terms over
the eastern boundaries of the oceans. Thus, the North
Atlantic and the Arctic are strongly influenced by maritime
conditions. More heat is transported here by the mean flow,
acting as a potential source for additional large-scale
turbulent heat advection. Further south and east over Siberia,
both terms switch signs. These trends act against the
climatological heat advection, which is in agreement with
reduced westerly winds and weaker meridional gradients.
The trends indicate a calmer and even more continental
climate.
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Figure 3 Trends (1979-2016) in DJ (a, b) and FM (¢, d) of mean heat advection (a, ¢) and large-scale turbulent heat advection (b, d) both
in W-m *a! and integrated between 850 hPa and 300 hPa. Significance at 95% (90%) level as solid (dashed) black contours.

The compensation of reduced mean and increased
large-scale turbulent advection can be related to higher
geopotential heights in the same region. Besides the
Scandinavian region, this is also found in the very east of
North America in early winter as displayed in Figures 3a
and 3b. The reduction of mean advection corresponds to a
blocking effect of the higher geopotential heights. The
increase in large-scale turbulent advection could also be
related to blocking, since it counteracts the climatological
pattern as the mean advection does. This is true for the more
continental anomalies over North America and east of
Scandinavia. The anomalies over west and north of
Scandinavia are in agreement with the higher geopotential
heights in terms of forced southerly winds due to the
intensified geopotential height gradient. This results in more
maritime influence as discussed before. The anomaly at the
eastern part of North America relates to interactions
between large-scale eddies and the mean flow, which will
be discussed later in more detail. Southwest of the negative
North American anomaly of mean advection terms in Figure
3a, some further positive anomalies are found, which may
indicate a shift of centers of action related to shifting jet
streams.

In late winter, the compensating effects between
mean and large-scale turbulent advection continue.
Nevertheless, the trends are typically shifted or even
inverted and show very different characteristics (Figures
3¢ and 3d) compared to early winter (Figures 3a and 3b).
This corresponds well to the mostly reversed circulation
trends that have been diagnosed before and were displayed
in Figure 2. Figure 3c indicates positive trends of mean
heat advection in the North Atlantic region. In a region of

climatological neutral mean heat advection, these are
explained by either less heat loss due to reduced
northward transports or more heat supply related to
anomalous southward flow of air (compare Figure 2d).
Furthermore, weaker winds transport less heat into the
Arctic, reducing the maritime influence. This is suggested
by pronounced corresponding negative trends in terms of
large-scale turbulent heat advection as displayed in Figure
3d. The influence from the intensified meridional flow
leads to the alternating patterns of positive and negative
trends starting over North America and continuing over
the Atlantic Ocean. Still, these show signs of
compensating each other with respect to mean and
large-scale turbulent advection. The anomalous trends tend
to reduce the climatological pattern except for the very
western boundary of the Atlantic Ocean. This is related to
intensified interaction between large-scale eddies and the
mean flow, which will be discussed later. Over the
southern parts of Siberia, the trends intensify the
climatological pattern with stronger negative mean heat
advection and enhanced positive large-scale turbulent heat
advection. This is in agreement with the intensified
climatological westerlies.

The trends of EP flux divergence are shown in Figure 4.
Significance of EP flux divergence trends is generally
patchy, but anomalies discussed here are in agreement with
the trends discussed before, which implies robustness,
although only small areas are significant. Trends of the EP
flux divergence pattern are approximately inversed between
early and late winter showing completely different
characteristics of changes of the interaction between
large-scale eddies and the mean flow in both periods. In
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early winter (Figure 4a), the most striking feature is a
weakening of the climatological EP flux divergence that
starts in the eastern part of North America with negative
trends and continues over the North Atlantic with positive
trends. This weakening of the climatological pattern was
already observed for the heat advection trends (Figures 3a
and 3b). In this way, it can be suggested that the heat
transfer from large-scale turbulence to the mean flow at the
entrance of the storm track is reduced, which is consistent
with weaker westerlies and weaker meridional gradients.
The negative EP flux divergence trend anomaly at 70°E in
early winter (Figure 4a) has a similar effect. In this region,
the zonal wind is also reduced (Figure 2b). In the region
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with the strongest wind reduction east of this EP flux
divergence anomaly, the positive trend of mean heat
advection acts against negative climatological values as
well (compare Figures 3a and 1e). An overall smoothing of
the climatological pattern is induced by the trends over the
Eurasian continent that is further indicated by the positive
EP flux divergence anomaly at 30°E close to the region
with the strongest climatological negative values. All
features described here indicate increasingly calmer
conditions. These have a potential relation to the positive
geopotential height trends in between mid and high latitudes
suppressing strong atmospheric flows and interaction
between large-scale eddies and the mean flow.
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Figure 4 Trends (1979-2016) in DI (a) and FM (b) of EP flux divergence in m-s 2a ' in 500 hPa. Significance at 95% (90%) level as

solid (dashed) black contours.

In contrast, there is an intensification of the
climatological EP flux divergence through the late winter
trends at the westernmost part of the Atlantic Ocean (Figure
4b). In this specific region, it agrees with the observed
forcing of mean advection and reduced large-scale turbulent
terms. Again, the trend anomalies alternate further
downstream in zonal direction. This is related to the
occurrence of a more disturbed and meridional flow in late
winter. The strong positive westerly wind trend over
Eurasia is not conclusively related to any anomalies of EP
flux divergence or heat advection. Especially over central
Siberia we conclude that the interaction between mean flow
and large-scale turbulence plays no role for this wind
increase and is also not influenced by it.

4 Discussion and conclusions

The climatology and trends of advective components of the
atmospheric heat energy budget and their relation to
interactions between large-scale eddies and the mean flow
have been analyzed in winter for the ERA-Interim period
from 1979 to 2016. A fundamental feature is the strong
contrasts between ocean and land. In winter, the ocean acts
as a heat source, while the continents act as heat sink. This
observation holds for large regions, if heat advection is
separated into its mean contribution and the contribution of
large-scale turbulent processes. Advection transports heat
either away from sources or to sinks. A phase shift between
the two contributions in the region of transition between

continents and oceans indicates compensation and
interaction. While mean advection is shifted westward,
large-scale turbulent advection is shifted eastward relative
to the ocean and land distribution. On the western boundary
of the ocean, large-scale turbulent terms are negative and
mean terms are positive, while the inverse situation occurs
at the eastern boundary. These compensation effects are
related to interactions between large-scale eddies and the
mean flow. Starting at the western boundary of the ocean,
atmospheric eddies force the strong mean flow and thus
strong mean heat advection. This is diagnosed in terms of a
positive 3D EP flux divergence. The relation is built on a
phenomenological observation of corresponding anomalies
of heat advection related to large-scale turbulence and the
mean flow. Further downstream the flow becomes more
turbulent, which is related to the storm tracks. The
divergence of EP flux becomes negative indicating a forcing
of eddies from the mean flow. Accordingly, the mean heat
advection decreases and becomes negative while large-scale
turbulent heat advection is still positive. This indicates a
transition of transports related to quasi-stationary mean
flow conditions to large-scale turbulent flow conditions that
are consistent with negative EP flux divergence.

Changes of the advective contributions feature an
additional compensation effect. If a positive trend of mean
advection is diagnosed, a negative trend of large-scale
turbulent advection is often found in the same region. Heat
transports from heat advection are not overall increased or
reduced. The findings suggest a change from the more
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variable large-scale turbulent advection to the more
stationary mean advection and vice versa. Inverse trends of
both contributions to heat advection appear in several
regions. These compensating effects are in agreement with
the compensating effects in the climatology in transition
regions and often counteract or amplify them.

Synoptic-scale and planetary-scale contributions of the
large-scale turbulent terms can be separated, which is
discussed in the supplementary material. Summarizing, both
scales are in agreement in terms of significant trends almost
everywhere, but the planetary-scale dominates concerning
the magnitude of these trends. Therefore, a separation of
scales does not add further insights to the general
conclusions.

A general observation is the weakening of the zonal
flow in the middle troposphere in mid-latitudes that is
related to the trend of higher geopotential heights in high
latitudes and the correspondingly reduced driving
geopotential height gradient over the whole winter. In early
winter, this is related to a reduced forcing of the Atlantic jet
diagnosed in terms of reduced interactions between
large-scale eddies and the mean flow. This further relates to
the trend of positive geopotential height anomalies at the
western and eastern transition between ocean and land over
the Atlantic Ocean that also blocks the flow. The higher
frequency of these conditions is confirmed by a preceding
study by Crasemann et al. (2017). They find these blocking
weather situations occurring more often during early winter
in recent decades. Luo et al. (2016) also find a more
persistent Ural blocking related to sea-ice loss in the
Barents and Kara seas region and to the Warm Arctic — Cold
Eurasia pattern. At the same time, the flow of air masses
penetrates deeper into the Atlantic sector of the Arctic, in
agreement with the western flank of the high anomaly over
Scandinavia. This might be related to higher SSTs and the
more positive phase of the AMO as well as reduced sea ice.
These changes make the Arctic more maritime
corresponding to more energy available in the north. The
enhanced northward flow into the Arctic is confirmed by
Dahlke and Maturilli (2017). The intensified anomalous
flow of air into the Arctic cools there and enhances Siberian
cooling when it penetrates back into the continent. If all
early winter circulation anomalies together are taken into
account, we find an overall more straight circulation with
reduced higher wave numbers. The geopotential height
ridge over the ocean is flattened and the weak
climatological trough related to the Ural Mountains is filled.
This is in agreement with EP flux divergence trends that
smooth the corresponding climatological pattern.

Trends observed in early winter are reversed in late
winter. Trends of heat advection components and EP flux
divergence now intensify the climatological patterns in
many regions. Furthermore, the geopotential height and
circulation trends show a generally wavier pattern. The
topic of meridionalization and intensification of large-scale
waves was widely discussed in recent years. While some
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studies suggest an increase in waviness of the jet stream
related to Arctic warming and weaker poleward gradients
(Francis and Vavrus, 2012, 2015; Cattiaux et al., 2016),
other studies discuss large uncertainties depending on the
metrics that are implemented and pronounce strong
interannual and decadal variability (Barnes, 2013; Screen
and Simmonds, 2013). The intraseasonal variability
between early and late winter described here, potentially
explains the uncertainties in studies looking at the winter as
a whole. We note that the reduction of the zonal flow
consistently occurs in early and late winter over the Atlantic,
although the mechanism is different. In late winter, the
reduced westerlies are related to a wave-like forcing related
to EP flux divergence and heat advection terms, which is in
contrast to a reduced forcing and blocking highs observed
in early winter.

The Arctic is directly influenced by a trend of
increasing geopotential heights reducing the gradient to the
mid-latitudes resembling a more negative AO phase in late
winter. This is in agreement with a different approach by
Crasemann et al. (2017), who detected an increased
frequency of negative NAO conditions in late winter, that
are closely related to the Atlantic impact of an negative
phase of the AO. A negative AO phase is consistent with the
trend of enhanced planetary waves and reduced or
southward shifted zonal flow over the Atlantic. Consistent
with this wavy structure of the flow, an anomalous flow
from the Arctic towards Europe was detected, increasing the
potential for cold events. This is supported by the
intensified higher wave number anomalies in the
geopotential height field and the deepened trough over
Eastern Europe. Enhanced negative AO phases might be
related to changes in the stratosphere in terms of downward
propagating weak stratospheric polar vortex events
according to Baldwin and Dunkerton (2001). This
mechanism has been discussed with respect to sea ice
changes in recent studies (Kim et al., 2014; Kretschmer et
al., 2016; Jaiser et al., 2016). Thus, the anomalous trends in
early winter are largely generated in the troposphere itself,
while in late winter a stratospheric influence becomes more
likely.

There are large consistencies between the findings
provided by the study and previous studies as discussed
before. This gives new insights to energy-related processes
and further related interactions between large-scale
turbulence and the mean flow. A clear attribution of these
trends to specific changes, feedbacks or impacts is difficult.
The diagnostic already is complex and rather sensitive,
leading to the effect that extracting specific phenomena
leads to diminishing statistical significance.

With this study, we introduced an improved set of
diagnostics to determine the interaction of large-scale
eddies and the mean flow in three-dimensional datasets and
discuss their relation to diabatic processes based on a
phenomenological approach. Since diabatic processes are
very likely changing in a warming climate, this approach
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contributes to a better process understanding in particular in
studies involving future climate scenarios.
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