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A meridional overturning circulation (MOC) in the tropical troposphere, called the Hadley cell, consists of upward (downward) motion
driven by diabatic heating (cooling). Another MOC in the zonal-mean extratropical circulation, called the Ferrel cell, is driven by eddies,
and warmer (cooler) air apparently sinks (rises) in lower (higher) latitudes. We found a local MOC in the lowermost troposphere over
extratropical oceanic fronts, which are confluent regions of cold and warm oceanic currents, in the zonal-mean atmospheric circulation
of the wintertime Northern Hemisphere in the ERA-Interim reanalysis. The upward motion in the local MOC is to the equatorward of
oceanic fronts, and is driven by diabatic heating produced by warm oceanic currents. The downward motion is to the poleward of oceanic
fronts, and driven by diabatic cooling over land and also by eddies. We performed two atmospheric general circulation model experiments
forced by observed sea surface temperatures (SSTs), and by SSTs horizontally smoothed in midlatitudes. The local MOC is stronger in the
former due to stronger meridional contrast of SSTs and diabatic heating across oceanic fronts. The stronger local MOC leads to stronger

surface northerlies, which decelerates surface westerlies through the Coriolis force over oceanic fronts.

Keywords: Meridional overturning circulation, Ferrel cell, vertical motion, extratropical oceanic front, atmospheric general

circulation model

1. Introduction strong upward motion into the upper troposphere [4]. The
In the zonal average, meridional overturning circulations Kuroshio warm current also provides strong heat fluxes, thus
(MOC:s) called the Hadley cell [1] are observed in tropics. such upward motions forced by warm SSTs may be observed
In them, the warmer air around the equator rises, while the over other midlatitude oceans, and may affect the atmospheric
cooler air in higher latitudes sinks in association with poleward general circulation.
(equatorward) flow in the upper (lower) troposphere. In In this study, we found that there is upward (downward)
midlatitudes (30~60 degree latitudes), there is another type of ~ motion in the warmer (cooler) side of extratropical SST fronts
MOC:s called the Ferrel cell, where the warmer air in lower in the zonal-mean lowermost troposphere in the wintertime
latitudes apparently sinks while the cooler air in higher latitudes Northern Hemisphere. These vertical motions form a local
rises. The Ferrel cell is not driven by diabatic heating, but MOC in ERA-Interim atmospheric reanalysis datasets. We also
by eddies in the atmosphere through their heat and vorticity perform two atmospheric general circulation model (AGCM)
fluxes. The eddies involve stationary planetary-scale waves experiments: one forced by observed SSTs and the other forced
and transient synoptic-scale eddies. Development of the latter by horizontally smoothed SSTs in midlatitudes to discuss the
is often observed over extratropical oceans, particularly over formation mechanism of the local MOC and potential impact on
extratropical oceanic fronts which are confluent regions of  the surface wind.
cold and warm oceanic currents. The meridional contrast of
warm and cold sea surface temperatures (SSTs) leads to that of 2. Used data and numerical experiment
sensible heat fluxes to the atmosphere, which further maintains We use ERA-Interim reanalysis dataset [5] and JRA-55
that of air temperatures. Such cross-frontal air temperature reanalysis dataset [6]. The data is on pressure vertical coordinate.
contrast provides favorable condition for development of = The analysis is based on monthly-mean fields. In calculating
transient synoptic-scale eddies through baroclinic instability [2]. zonal-mean mass stream function, meridional wind on grid
A latent heat supply from the warm oceans can also promote points under the surface is replaced by zero, because there should
their development [3]. Over the Gulf stream, warm SSTs be no mass transport under the surface. In zonally averaging

provide strong latent and sensible heat fluxes, which causes other variables, values on such grid points are not used.
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We use AFES (AGCM For Earth Simulator; [7]) configured
at horizontal resolution T119 (~100km), with 56 vertical
levels covering from the surface to ~0.1hPa. The prescribed
SST data is OISST compiled on a 0.25°x0.25° grid. Our
15-member ensemble experiments consist of two different
types of experiments according to the prescribed SST: (i)
control experiment forced with observed SST globally, and
(ii) “smoothed SST” whose SST is horizontally smoothed in

midlatitudes.

3. Results
3.1 A local MOC over extratropical SST fronts

In mass stream functions of zonal-mean, climatological-
mean atmospheric circulation in boreal winter, Hadley cells
are observed in tropics, while Ferrel cells are observed in
midlatitudes. Close inspection reveals that there is local upward
motion around 37~38 degree latitudes and downward motion
around 40 degree latitudes in the lower troposphere in ERA
Interim reanalysis. Consistently, there is a closed local MOC
over 37~40 degree latitudes, embedded in the downward branch
of the Ferrel cell. In JRA-55 reanalysis, however, such upward
motion and closed MOC are not discernible in midlatitudes.

Over the ocean, the zonal-mean vertical motion is upward
around 37~38 degree latitudes in both ERA Interim and JRA-
55 reanalysis datasets. In contrast, the vertical motion averaged
over lands are downward. The upward motion zonally averaged
over the ocean accompanies mean diabatic warming on the
warmer side of oceanic fronts, while the downward motion
over the land accompanies diabatic cooling. In ERA Interim,
the upward motion over the ocean exceeds downward motion
over the land, which results in upward motion in entire zonal
mean fields. In JRA-55, the downward motion over the lands
is stronger, thus the vertical motion is downward if zonally
averaged over whole longitudes. Around 40 degree latitudes,
which roughly correspond to latitude of cooler side of oceanic
fronts, the vertical motion zonally averaged only over the
ocean is upward except for levels below 900-hPa level in
association with diabatic warming, while that only over the land
is downward. The upward motion over the ocean accompanies
diabatic warming, while the downward motion over the land
accompanies diabatic cooling. The latter exceeds the former,
which results in downward motion if zonally averaged around

40 degree latitudes.

3.2 AGCM experiments

Ensemble-mean, zonal-mean and climatological-mean
vertical motion in boreal winter in the control experiment
also shows local upward and downward motions around the
latitudes of extratropical oceanic fronts (36~45 latitudes) as in
ERA-Interim. Differences between control and smoothed SST
experiments, which represent influences of stronger oceanic

fronts, reveal that upward (downward) motion is enhanced in
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association with anomalous diabatic warming (cooling) on the
equatorward (poleward) flank of oceanic fronts. The anomalous
diabatic warming (cooling) is imposed by anomalous warm
(cool) SST through anomalous upward (downward) surface
latent and sensible heat fluxes and more (less) precipitation. In
association with the anomalous vertical motions, there exists
anomalous poleward (equatorward) flow in the middle (low)
troposphere. Those anomalous vertical motions and meridional
flow imply enhancement of the local MOC due to stronger
oceanic fronts.

In association with stronger MOC, anomalous easterlies in
the lowermost troposphere is observed just over the oceanic
front, which is accelerated by anomalous equatorward flow
through Coriolis forcing. This easterly acceleration appears
to overcome the westerly acceleration by downward transport
of westerly momentum resulting from enhanced transient
eddy activity over stronger oceanic fronts. Surface winds,
particularly over oceanic fronts are affected by the SST
anomalies. Anomalous easterlies are actually observed over the
oceanic fronts and accompany cyclonic (anticyclonic) vorticity
anomalies over warmer (cooler) side of the fronts. Those
anomalous winds should affect oceanic fronts through changes
in the ocean circulations driven by the associated surface wind

stress anomalies.

4. Conclusions

In this study, we found a local MOC in the lowermost
troposphere over extratropical oceanic fronts in the zonal-mean
atmospheric circulation of the wintertime Northern Hemisphere
in the ERA-Interim reanalysis. The upward motion in the local
MOC is to the equatorward of oceanic fronts, and is driven
by diabatic heating produced by warm oceanic currents. By
conducting AGCM experiments, we confirmed that oceanic
fronts are important for the formation of the local MOC. We
further suggest that the local MOC may feedback on circulations
and fronts in the ocean through modification of surface wind

stress.
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