
1 Motivation
The modeled atmospheric equilibrium response to North Atlantic boundary forcing of spatial pattern that
corresponds to that of the observed trend in sea-ice extent and sea surface temperature (SST) over a recent
forty year period was examined in Magnusdottir et al (2004).They found that the response to the sea-ice
forcing overwhelmed that due to SST forcing. With approximately doubled the area of sea-ice extent
change over the forty year period (ICE2 experiment, Fig. 1a), the response was equivalent barotropic and
resembled the negative polarity of the North Atlantic Oscillation (NAO) (Fig. 1c). Since the pattern of
the sea-ice forcing is closely related to the circulation pattern of the positive NAO (Deser et al. 2000), the
atmospheric response to observed sea-ice trends acts as a negative feedback on the whole North Atlantic
climate system.

Deser et al (2007) looked at the transient evolution of the �ow in the ICE2 experiment, and showed that
it evolves from an initial, baroclinic response driven by diabatic heating anomalies (Fig. 1b), giving way
over several weeks to the equivalent barotropic response (Fig. 1c) which is maintained by transient eddy
vorticity �uxes v0� 0. They do not identify the physical process responsible for the transition from the
baroclinic response to the equivalent barotropic equilibrium response. Here, we build on previous re-
search strongly linking the NAO to tropospheric Rossby wavebreaking (Strong and Magnusdottir 2008)
to show that 1) the initial, baroclinic response to the ICE2 forcing modi�es the background �ow so as
to destroy critical lines where tropospheric Rossby wave breaking (RWB) occurs, and 2) the altered spa-
ciotemporal distribution of RWB supports the NAO-like equivalent barotropic response through transient
eddy vorticity �ux convergence.

Figure 1: (a) The NCAR CCM3 was forced by removing sea ice fromthe dark-shaded region and adding
sea ice to the light-shaded region (ICE2 experiment). The forcing varied slightly by month, and Decem-
ber is shown here. (b) Initial and (c) time-averaged geopotential height response at 300 and 1000 hPa
contoured at 10 m with negative values dashed and the zero contour suppressed. Initial refers to the �rst
two weeks and time-averaged to the subsequent weeks. Adapted from Deser et al. (2007).

2 Shift in Rossby wave breaking
RWB is manifested by the large-scale and rapid, irreversible overturning of potential vorticity contours on
isentropic surfaces. An example of anticyclonic RWB is shown in Fig. 2. For each case of overturning, we
measure the area of the poleward-advecting tongue and mark its centroid as shown in Fig. 2. We denote
by 
 a the probability or relative frequency of anticyclonic RWB at a particular location. Locations of high

 a are known as “surf zones” (inside the bold contours in Fig. 3a), and are found on the anticyclonic �ank
of the jet streams close to “critical lines” where the phase speed of the waves matches the background
�ow �eld.

Figure 2: Example of anticyclonic tropospheric Rossby wave
breaking at 350-K on 18 January for the 80th ensemble member.
Shading shows potential vorticity with the 5-pvu contour bold,
and the �lled circle shows the centroid of the break's poleward-
advecting tongue.

When boundary forcing modi�es the upper tropospheric �ow �eld it may change the location of such
critical lines, with important rami�cations for the evolution of the circulation's response to the forcing.
The initial, baroclinic response to the ICE2 forcing results in negative geopotential height anomalies at
300 hPa over the North Atlantic (dashed contour, Fig. 1b) that reach maximum amplitude near week two
(dashed line, Fig. 3b). The associated acceleration of the zonal �ow into the primary Atlantic surf zone
results in a dramatic and rapid decrease in
 a (blue line, Fig. 3b), which has important implications for
the spatial distribution of eddy vorticity �uxv0� 0.

3 Effect of Rossby wave breaking
Using simple baroclinic arguments, we can approximate how the circulation is modi�ed by the decrease in

 a shown above by considering the inviscid, time-mean vorticity equation under quasigeostrophic scaling
written in terms of streamfunction 
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wherev is geostrophic velocity,� is absolute vorticity,D is divergence, primed quantities are obtained
by a 2.5-6 day bandpass �lter, and the overbar represents time-averaging.
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Figure 3: (a) For the 350-K isentropic surface, bold contours enclose anticyclonic surf zones and shading
is the response in the relative frequency of anticyclonic Rossby wave breaking (� 
 a) for the ICE2 exper-
iment. (b) The
 a response in the magenta region in panel (a) is shown in blue, and the amplitude of the
300-hPa geopotential height response (de�ned the area-averaged root mean square poleward of 30� N) is
shown in black.

The �rst term on the rhs tends to dominate in the upper troposphere, and is the forcing associated with the
convergence of transient eddy vorticity �ux sometimes referred to asS. Using reanalysis data in order to
have six-hourly resolution, Figure 4 shows composite �eldsof S for times when an anticyclonic centroid
was located within the magenta box. The poleward tongue of the breaking wave is a region of anticy-
clonic vorticity �anked to the northwest and southeast by regions of cyclonic vorticity (not shown). The
associated forcing of the mean streamfunction is a large region of increase near 40� N �anked to the north
and south by decreases (Fig. 4). The spatial pattern of the compositeS result is strikingly well-aligned
with, and opposite in sign to, the time-averaged response at300 hPa in the ICE experiment (Fig. 1c). The
S �eld and the time-averaged geopotential height response are of opposite sign because it is the decrease
in 
 a that leads to the time-averaged height response to the ICE forcing.
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Figure 4: The forcing of the mean streamfunction
by convergence of transient eddy vorticity �ux as-
sociated with anticyclonic Rossby wave breaking
within the magenta-bounded region. Using several
thousand observations in the winter (December-
February) NCEP-NCAR reanalysis when an anti-
cyclonic centroid was located within the magenta-
bounded region, we calculated a composite global
�eld of v0� 0, and inverted the laplacian of its con-
vergence to obtainS = �r � 2(r � v0� 0) as given in
equation 1. Contouring is every 0.1m2s� 2.

The decrease in mid-to-high latitude anticyclonic RWB is strongest and most rapid along the eddy-driven
jet downstream from the eddy forcing (across Europe and Asia, Fig. 3a), but eventually appears around
the entire hemisphere. Near the major surf zones (bold contours, Fig. 3a), the con�guration of
 a dipoles
(blue north of red) indicate equatorward-shifted surf zones, which is a characteristic feature of the negative
polarity of the North Atlantic Oscillation or Northern Annular Mode (Strong and Magnusdottir 2008).

4 Conclusions
� The initial localized baroclinic response of a GCM to oceanic boundary forcing can dramatically impact

the spaciotemporal distribution of RWB

� Shifts in the position or frequency of RWB then force the meanstreamfunction or geopotential height
�eld through convergence of eddy vorticity �ux

� RWB thus represents a key physical mechanism by which we can understand the transient evolution of
a GCM's response to oceanic boundary forcing
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