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ABSTRACT

Itis shown that a quantitative relation exists between the stratospheric polar cap potential vorticity and the
100-hPa eddy heat flux. A difference in potential vorticity between years is found to be linearly related to
the flux difference integrated over time, taking into account a decrease in relaxation time scale with height in
the atmosphere.

This relation (the PV-flux relation) is then applied to the 100-hPa flux difference between 2008/09 and the
climatology (1989-2008) to obtain a prediction of the polar cap potential vorticity difference between the
2008/09 winter and the climatology. A prediction of the 2008/09 polar cap potential vorticity is obtained by
adding this potential vorticity difference to the climatological potential vorticity. The observed polar cap
potential vorticity for 2008/09 shows a large and abrupt change in the potential vorticity in midwinter, related
to the occurrence of a major sudden stratospheric warming in January 2009; this is also captured by the
potential vorticity predicted from the 100-hPa flux and the PV—flux relation.

The results of the mean PV—flux relation show that, on average, about 50% of the interannual variability in
the state of the Northern Hemisphere stratosphere is determined by the variations in the 100-hPa heat flux.
This explained variance can be as large as 80% for more severe events, as demonstrated for the 2009 major
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warming.

1. Introduction

Major sudden stratospheric warmings are phenomena
during which the polar stratosphere is substantially
warmed and the stratospheric winds reverse direction
from westerlies to easterlies. These stratospheric changes
can affect the tropospheric circulation directly through
hydrostatic and geostrophic adjustment or indirectly due
to changes in the reflection and propagation of plane-
tary waves.

Since the work of Charney and Drazin (1961) and
Holton and Mass (1976), sudden stratospheric warmings
are believed to be primarily forced from below by wave
activity entering the stratosphere from the troposphere
(see also Andrews et al. 1987). For example, Charlton and
Polvani (2007) show that the 100-hPa heat flux (which is
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a measure of the upward propagating wave forcing to
the stratosphere) is increased in the weeks before the
occurrence of a sudden stratospheric warming. Here we
examine to which extent the wave forcing of the strato-
sphere drives the large-scale stratospheric variability in
general, and the stratospheric variations accompanying
the 2009 sudden stratospheric warming in particular.

First, we examine the relation between the strato-
spheric polar cap potential vorticity (PV) and the 100-hPa
heat flux. The importance of such a relationship was high-
lighted in, for example, Ambaum and Hoskins (2002), who
showed that stratospheric PV anomalies are important
for the troposphere. They found a positive feedback loop
between stratospheric PV anomalies and tropospheric
circulation, mediated by upper tropospheric Eliassen—
Palm fluxes.

The relation between poleward heat flux and strato-
spheric PV (the PV-flux relation) is based on the idea
that a wave forcing can erode the stratospheric PV
structure. The values of the Northern Hemisphere PV
are, for example, much lower than those of the Southern
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Hemisphere PV, and it is generally known that wave
propagation to the stratosphere plays a larger role in the
Northern Hemisphere since the topography and land—
sea configuration are more favorable for wave excita-
tion in the Northern Hemisphere than in the Southern
Hemisphere.

In the present study we will examine this PV-flux
relation on a daily basis, using the European Centre for
Medium-Range Weather Forecasts (ECMWF) interim
reanalysis (ERA-Interim) data from 1989 to 2008. Al-
though it is often assumed that the 100-hPa heat flux is
the driving force behind stratospheric variability, to our
knowledge a PV-flux relation of the form presented
here, directly relating a flux difference to a PV differ-
ence on a daily basis, has not been published before.

Secondly, we use this mean PV—flux relation to predict
the daily 2008/09 polar cap PV anomaly from the 2008/
09 100-hPa heat flux anomaly. Comparison of the pre-
dicted PV with the actual ERA-Interim PV for the 2008/09
winter then indicates to what extent the stratospheric PV
can be predicted from the 100-hPa heat flux. The differ-
ences will also indicate the importance of other factors,
such as those internal to the stratosphere.

The present work is related to that of Newman et al.
(2001) and Austin et al. (2003), who present a relation
between the winter heat flux and the spring polar tem-
peratures, based on monthly time scales. In the present
study this idea is applied to daily differences in PV and
heat flux between different years in the Northern
Hemisphere.

The physical basis of the PV—flux relation is described
in section 2. Section 3 presents an overview of the data
used and our definition of splitting the PV into a refer-
ence state and an anomaly. The procedure to find the
mean PV-flux relation is given in section 4. Section 5
presents the results of the 2009 sudden stratospheric
warming case study and sensitivity studies are described
in section 6. Finally, section 7 presents a discussion and
some conclusions.

2. Physical basis

The PV-flux relation that we use is derived from the
zonal-mean quasigeostrophic potential vorticity equa-
tion (e.g., James 1995). It reads

], + [v*q*], = [S], 1)

where subscripts denote partial derivatives, square
brackets denote zonal means, and the asterisks denote
deviations from the zonal mean. In the above equation,
q is the quasigeostrophic potential vorticity (or pseudo-
potential vorticity; see Hoskins et al. 1985), v is the
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meridional wind, and S is some diabatic source term on
the quasigeostrophic potential vorticity. We use Carte-
sian coordinates for simplicity of notation.

If we integrate this equation poleward of some given
latitude yq (the polar cap in spherical coordinates) to
find the average (g) over the polar cap northward of this
latitude, then we get

(@), = (S) + LIv*q*](yy) @)

with L the longitudinal extent of the domain at latitude
vo- In Eq. (2) we now replace the average source term by
a Newtonian relaxation and rewrite the poleward PV
flux as the divergence of the Eliassen—Palm flux F:

Wr=10) , Ly ). 3)
PR

Here (q)g is the radiative equilibrium value of the polar
cap mean PV, 7 is the radiative time scale at the given
level, and py is the reference density profile, which is
required in the quasigeostrophic framework.

We now make the assumption that the spatial structure
of the Eliassen—Palm flux divergence does not vary, so

V-F=¢(y,2) x(1), “4)

where ¢ is the spatial structure function and y its tem-
poral modulation. This is a strong assumption, which can
only be justified in hindsight by the success of our model
(or lack thereof). However, some a priori justification
is found in the fact that the linear paradigm of Rossby
wave propagation on a background flow is defined for
a fixed background where the mean zonal state defines
the refractive index for the waves. Our assumption fur-
ther implies that the propagation of the Rossby waves
(where the local group velocity is assumed to be parallel
to F) is immediate, which is in contradiction with ob-
servations (e.g., Harnik 2002). Nonetheless, the time scale
of propagation is short enough for this assumption to be
reasonably satisfied.

We can now express the time modulation y(¢) in terms
of the mean poleward heat flux at the lower boundary
of the domain. To this end, we integrate V - F over the
whole stratosphere, with as lower boundary the 100-hPa
level, for simplicity. Using the Gauss theorem, this in-
tegral can be expressed as a boundary integral for the
Eliassen—Palm fluxes perpendicular to the boundaries.
We assume that the meridional boundaries do not con-
tribute to this integral (there are weak heat fluxes at the
equatorward edge of the domain and there are, by def-
inition, no meridional fluxes through the pole). We also
assume that the notional top of the domain (this could be
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space, in principle) does not support strong upward
Eliassen—Palm fluxes. We then find that the only contri-
bution to the integral comes from the vertical Eliassen—
Palm fluxes at the lower boundary. The integral is
therefore proportional to the meridional average value
of the 100-hPa poleward heat flux; that is,

J V»dedz=XJ FO dy
strat

strat

¢dydz = 7[

Jlowerbdy
= FoWpr{lv* T*1}ggnpa/ Tk- ®)

Here the two integrals are over the whole stratosphere
in the meridional plane and its lower boundary, respec-
tively. Further, {{[v*T*]}1oonpa is the meridional mean of
the 100-hPa poleward heat flux, W the meridional extent
of the lower boundary, f; a suitable reference value for
the Coriolis parameter, and T a suitable reference tem-
perature at 100 hPa. This result allows us to write y as
a function of the mean poleward heat fluxes at the lower
boundary only:

FoWog

x(1) =
TR,[t t(j)dya'z

{[v* T*1}10npa- (6)

With this expression for y, we can rewrite Eq. (3) as

(@)r — (@)

<q>[ = - A(Z){[U* T*]}IOOhPa (7)

with the vertical structure function A given by

_ foWL ¢(YQ’ )

A(z) T .
R J ¢dydz
strat

®)

Equation (7) describes some well-known properties of
the polar cap PV: it relaxes radiatively to some radiative
equilibrium value and any poleward heat flux (upward
Eliassen—Palm flux) at the lower boundary tends to de-
celerate the mean stratospheric wind and decrease the
PV value at the poles.

Equation (7) contains only the polar cap PV and
100-hPa poleward flux. It can be straightforwardly
solved as

<m®=@www+LEM§144wf
—A Jr F(t— t/)e*l'/ﬂr dr', )
0

where for brevity we write

F={[v*T*]},00npa- (10)
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The first term in Eq. (9) is the transient effect of the
initial condition, the second term is the radiative con-
tribution to the polar cap PV, and the last term repre-
sents the effect of waves on the polar cap PV.

After the initial transients have died away, the first
two terms on the right-hand side are the same every
year as long as we investigate the same hemisphere.
Furthermore, we start our integrations in the summer,
so there are only small differences between the initial
conditions anyway. Comparing two different years Y;
and Y, on the same hemisphere therefore leaves us with
an equation relating the PV difference between the years
to the flux difference between the years:

1

F(t—thYe"mar. (11)

AYIYZ

Ay ()0 =-A

0

The relaxation time scale 7 is related to the radiative
time scales in the stratosphere and is height dependent,
with an increasing time scale with decreasing height
(e.g., Dickinson 1973). Therefore, the integrated flux
difference is a function of height, even though the flux
difference itself is not. In the next sections the North-
ern Hemisphere potential vorticity difference and time-
integrated flux difference are determined from the
ERA-Interim data for different year combinations for
the years 1989-2008 and A is empirically determined. In
what follows, the perturbation Ertel PV anomaly (which
is defined in the next section) will be used to determine
the relevant value for gq.

3. Data

The ECMWF ERA-Interim reanalysis dataset is used.
This is the most recently produced reanalysis dataset,
with an improved representation of the stratosphere
compared to the previous 40-yr ECMWF Re-Analysis
(ERA-40) (Fueglistaler et al. 2009). The daily ERA-
Interim data (data from 1200 UTC) of the zonal and
meridional wind and the temperature for the January
1989—June 2009 period are interpolated from isobaric to
isentropic levels using the method described by Edouard
et al. (1997). To make optimal use of the available ERA-
Interim data, a stretched grid in the vertical direction is
employed. The isentropic potential vorticity Z, (Hoskins
et al. 1985) is then calculated from

Lt rf
Z,= "=

(12)

Here ¢, is the isentropic relative vorticity, f is the
Coriolis parameter, and o is the isentropic density:
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where u is the zonal wind, v is the meridional wind, a is
the radius of the earth, ¢ is the latitude, A is the longi-
tude, p is the pressure, 6 is the potential temperature,
and g is the gravitational acceleration. Zonal averaging
and averaging over the 20-yr period 1989-2008 gives
a dataset of zonal mean PV, zonal wind, and pressure on
isentropic levels. The domain of this dataset ranges from
90°N to 90°S in the horizontal, with a resolution of 1.5°,
and from the earth’s surface to about 1250 K in the
vertical, with a resolution varying from 1.7 K near the
surface to about 10 K in the upper layers. The lower
boundary of the domain is determined by the available
data, and for each latitude this is defined as the first isen-
tropic level for which data is available along the full
latitude circle, meaning that the pressure is below
1000 hPa at all longitudes along this latitude circle. We
will refer to this lower boundary as the “‘surface,” but it
should be noted that this does not correspond to the
actual surface of the earth but rather is located in the
lower troposphere. This surface-isentropic level varies
with latitude, during Northern Hemisphere winter from
around 260 K at 90°N to about 310 K near the equator.

The zonal mean PV and the isentropic density are split
into a reference state and an anomaly as follows:

Zy=Zy it 2y o=0,+0 (15)
with
_f
ZG,ref - O._f (16)
re
and
[aa cos(¢) dop
=5 17)
Ja cos(¢) dop

In other words, the reference isentropic density is the
area-weighted average of o over the domain in question.
In our case we focus on the Northern Hemisphere and
choose the area poleward of 10°N. Therefore, o de-
pends only on the height (). The PV anomaly Zj rep-
resents that part of the PV field that induces a wind field,
according to the PV inversion equation (see, e.g., Hinssen
et al. 2010).
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The polar cap PV anomaly is defined as the area-
weighted average of the PV anomaly poleward of 70°N.
We consider a year running from July to June the next
year. The year 2008/09 thus indicates the period July
2008-June 20009.

The meridional wind and temperature fields on pres-
sure levels are used to determine the zonal mean heat
flux, [v*T*], with the brackets denoting a zonal mean
and the asterisks a deviation from the zonal mean. The
100-hPa heat flux is often used as a measure of the wave
forcing from the troposphere to the stratosphere (e.g.,
Waugh et al. 1999; Polvani and Waugh 2004; Charlton
et al. 2007). Since most planetary wave activity crosses
the 100-hPa level between 40° and 80° (see, e.g., Fig. 2
in Charlton et al. 2007), we use the area-weighted av-
erage of the 100-hPa heat flux between 40° and 80°N as
a measure of wave forcing from the troposphere to the
stratosphere. This quantity is determined for each day of
each year. A more detailed discussion of the heat flux
can be found in Newman and Nash (2000).

4. The climatological PV-flux relation

First a mean relaxation time scale 7 is determined as
a function of potential temperature. There are 171 dif-
ferent year combinations, the first being 1989/90-1990/
91 and the last 2006/07-2007/08 (we only examine dif-
ferent year combinations, so, if 1989/90-1990/91 is ex-
amined, 1990/91-1989/90 is not, as it provides no new
information). For each year combination the polar cap
PV anomaly difference and flux difference are deter-
mined. The flux difference is then integrated from day 0
(the first of July) to day  to determine the integral on the
rhs of Eq. (11) as a function of ¢ (day of the year) and 7
for each year combination. The covariance between the
integrated flux difference and minus the polar cap PV
anomaly difference is determined for the time period
December-March (DJFM) as a function of 7 and 6
[negative PV values are only used to obtain a positive
correlation, and eventually positive values for A in Eq.
(11)]. The variance of the polar cap PV anomaly dif-
ference as a function of # and the variance of the in-
tegrated flux difference as a function of 7 are determined
for the same period. The months December—March are
chosen because the influence of waves on the stratosphere
is largest in the winter season since waves can only prop-
agate to the stratosphere when the winds are westerly
(Charney and Drazin 1961). The mean covariance and
variances over all year combinations are then calculated,
and these are used to determine a mean DJFM correla-
tion coefficient as a function of = and 6.

The mean 7 as a function of height is then found by
determining for which 7 the correlation coefficient is
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FIG. 1. Mean relaxation time scale 7 (days, bottom axis, black
line) and mean correlation coefficient between DJFM integrated
flux difference and minus DJFM polar cap PV anomaly difference
(top axis, gray line) for this 7, both as a function of potential tem-
perature (K). Note the logarithmic scaling of the potential tem-
perature axis in this and the following figures.

95% of its maximum value at each level. We do not use
the actual maximum value since in the lower strato-
sphere the correlation coefficient is found to increase
with increasing 7 to values of T exceeding 200 days, while
a correlation of 95% is obtained at much lower values
of 7. The resulting 7 and accompanying correlation are
given in Fig. 1. The value of 7 increases from about
10 days in the upper levels to about one month near
700 K and three months around 500 K.

Figure 1 also shows that for the lower to middle strato-
sphere the mean correlation coefficient is about 0.7.
This indicates that Eq. (11) may, indeed, provide a
reasonable predictive model for the polar cap PV. These
values of the correlation coefficient indicate that about
50% of the variance in the polar cap PV can be predicted
from the preceding 100-hPa heat flux.

Examples of the integrated flux difference and minus
the polar cap PV anomaly difference as a function of
time on the 600-K level are given in Fig. 2 for the year
combinations 1994/95-1996/97, 1998/99-2000/01, and 2003/
04-2004/05. Here the optimal value of = from Fig. 1 was
used. Figure 2 shows that there is a strong relation be-
tween the flux difference and PV anomaly difference in
general, although not all variations in PV anomaly are
accompanied by a flux variation, consistent with the
correlation values of Fig. 1.

To determine a general PV—flux relation based on all
year combinations, all DJFM flux differences and minus
polar cap PV anomaly differences are determined. The
minus PV anomaly differences versus flux differences
are shown for the 600-K level in Fig. 3a, and a linear fit
is plotted through the data. This can be done for each
isentropic level, and the slope [A in Eq. (11)] as a func-
tion of 0 is given in Fig. 3b. The assumption behind
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FIG. 2. Daily minus polar cap PV anomaly difference (PVU;
1PVU =10 °* K m® kg ' s %; left axis, black line) and daily in-
tegrated flux difference (m K; right axis, gray line), both on the
600-K isentrope, as a function of time for the year combinations
(a) 1994/95-1996/97, (b) 1998/99-2000/01, and (c) 2003/04-2004/05.
The tick marks indicate the middle of each month.

Eq. (11) is that a flux difference of zero is accompanied
by a zero PV anomaly difference, and it is indeed found
that the best linear fit through the data nearly crosses
through the (0,0) point (see Fig. 3a for the 600-K level).

We have determined a mean PV-flux relation based
on ERA-Interim data for the period July 1989-June
2008. The general form of the PV—-flux relation is given
by Eq. (11). The values of 7 and A (both as a function
of 0) have been determined from the 1989-2008 data
and can now be applied to any 100-hPa flux difference to
obtain a PV anomaly difference. The PV-flux relation



4022

100 T T T
[ fit: -055 + 024 x
[ corr coeff. 0.73

50_—

-Polarcap PV difference (PVU)
T

100
-400

-300  -200  -100 0 100 200
Integrated 100 hPa [v*T*] difference (m K)

1250
1104

975
860
760 -
671
592
523
462

408
360 . ; ; :
0.001 0.010 0.100 1.000 10.000
Slope (PVU K-1 m-1)

Potential temperature (K)
T

FIG. 3. (a) Minus polar cap PV anomaly differences (PVU)
against integrated flux differences (m K) at 600 K for the months
December-March, for all year combinations (points), and a linear
fit through the data (line). (b) Slope (PVU K~ ! m™!) of the linear
fit as a function of potential temperature. Note the logarithmic
scaling on both axes.

on the 600-K level, as visualized in Fig. 3a, shows that
interannual variations in the polar cap PV anomaly are
to a good approximation linearly related to the inter-
annual variations in the integrated 100-hPa heat flux.

5. The PV-flux relation applied to the 2008/09
winter

The mean PV-flux relation is now used to predict the
polar cap PV anomaly from the 100-hPa heat flux for
the 2008/09 winter. This is an independent test case since
the 2008/09 data are not used in the determination of the
general PV—flux relation. Applying the PV—flux relation
to the 2008/09 flux therefore presents a test on how well
the variation in the polar cap PV anomaly can be pre-
dicted from the variation in the 100-hPa heat flux. The
polar cap PV anomaly for 2008/09 is given in Fig. 4a,
clearly showing the drop in stratospheric polar cap PV
anomaly during the sudden stratospheric warming in late
January [24 January 2009 according to Labitzke and Kunze
(2009)]. For comparison, the 1989-2008 climatological
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FIG. 4. Daily polar cap PV anomaly (PVU) for (a) July 2008-
June 2009 and (b) the 1989-2008 climatology, as a function of po-
tential temperature (K) and time: contours at =1, 2, 5,7, 10, 20, 50,
100, 200, 500, 1000, 2000, and 3000 PVU; negative values repre-
sented by gray lines. In (a) 24 Jan is indicated by a vertical line.

stratospheric polar cap PV anomaly (Fig. 4b) is positive
throughout the whole winter season. Comparison of
the climatological and 2008/09 (not integrated) 100-hPa
heat flux (Fig. 5) shows that during the second half of
January 2009 the flux was about 3 times as large as the
climatological flux, indicating that the wave forcing of
the stratosphere was exceptionally large.

We apply the PV-flux relation to the 2008/09 winter
with respect to the climatology and thus use the dif-
ference in flux between 2008/09 and the climatology.
Equation (11) is used to calculate the PV anomaly dif-
ference from the flux difference, using the mean = and
A determined in the previous section. The 2008/09 polar
cap PV anomaly is then predicted by adding this PV
anomaly difference to the climatological polar cap PV
anomaly. The result is shown in Fig. 6a. At first sight the

60
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30F :
20F y
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Wy 4 Y ma -

- A A

[v*T*] (m K s-1)

10F

0 e et

anr B T

jul aug sep oct nov dec jan feb mar apr may jun

FIG. 5. Daily 100-hPa heat flux, [v*7*] (K m s~ 1), as a function
of time for the climatology (black) and 2008/09 (gray); 24 Jan is
indicated by a vertical line.
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FIG. 6. (a) Predicted 2008/09 daily polar cap PV anomaly (PVU)
as a function of potential temperature (K) and time, contours as in
Fig. 4. (b) Daily 2008/09 polar cap PV anomaly (PVU) on the 600-K
isentrope for the predicted (light gray), ERA-Interim (dark gray),
and climatological (dotted) PV anomaly as a function of time;
24 Jan is indicated by a vertical line.

predicted polar cap PV anomaly looks very similar to
the ERA-Interim polar cap PV anomaly (Fig. 4a) with,
as the most striking feature, the sudden stratospheric
warming accompanied by a change in sign of the polar
cap PV anomaly in the second half of January. Other
similarities between the predicted and ERA-Interim PV
anomaly are the increasing stratospheric PV anomaly
values in autumn as the pole cools and the recovery of
the positive polar cap PV anomaly values after the sud-
den stratospheric warming, starting in the upper strato-
sphere and extending downward in time (due to the
longer relaxation time scales in the lower stratosphere
compared to the upper stratosphere) but not reaching the
lower stratosphere before the final breakup of the vortex
in spring.

The main differences between the predicted and ERA-
Interim polar PV anomaly are a too small variability in
early winter for the predicted PV anomaly and some
differences in the timing and amplitude of the recovery of
the PV anomaly after the sudden stratospheric warming.
However, in general it can be concluded that the pre-
dicted polar cap PV anomaly captures the main features
and large-scale variability of the actual PV anomaly quite
well.

This is supported by Fig. 6b, which shows a cross
section at 600 K of the predicted polar cap PV anomaly
for 2008/09, the ERA-Interim polar cap PV anomaly for
2008/09, and the climatological polar cap PV anomaly.
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FIG. 7. Daily polar cap PV anomaly (PVU) for the 1989-2008
ERA-Interim climatology (dotted), for the 2008/09 ERA-Interim
data (dark gray), and for 2008/09 predicted from the climatological
polar cap PV anomaly and the 2008/09-climatology 100-hPa heat
flux difference (light gray) as a function of potential temperature
(K) and time. Only the zero contour is shown.

Potential temperature (K)

The 600-K polar cap PV anomaly values show that the
predicted PV anomaly captures the high values before
the sudden stratospheric warming, the quick decrease
during the sudden stratospheric warming, and the slow
recovery afterward. The clear resemblance between the
predicted and ERA-Interim polar cap PV anomaly is
also visible in Fig. 7, which shows the zero contour of
the daily polar cap PV anomaly as a function of time and
potential temperature for the climatology, ERA-Interim
2008/09 case, and the predicted 2008/09 case, indicating
the structure of the formation and breakup of the polar
vortex. This figure also shows that, although the re-
covery of the PV anomaly after the sudden stratospheric
warming is somewhat different for the predicted case
compared to the ERA-Interim data, the breakup of the
vortex for the predicted case is later than for the cli-
matology and the structure of the predicted PV anomaly
is clearly closer to the observed structure than to the
climatology.

The good agreement between the predicted and ac-
tual polar cap PV anomaly indicates that, for the 2009
case, the information for the sudden stratospheric warm-
ing was already present in the 100-hPa heat flux. A sup-
porting result is obtained by Kinnersley (1998) in a model
study. For the winter of 1987/88 Kinnersley (1998) found
that the state of the extratropical stratosphere during this
winter is hardly influenced by the phase of the QBO; in-
stead, it strongly depended on the planetary wave forcing
from the lower stratosphere.

Figures 6 and 7 thus show that it is possible to predict the
polar cap PV anomaly for 2008/09 from just the 2008/09
100-hPa heat flux, together with the climatological polar
cap PV anomaly and flux and the mean PV-flux relation.

6. Sensitivity studies

In this section the sensitivity of the results presented
in section 5 to the choice of the relaxation time scale 7
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FIG. 8. (a) Daily 2008/09 polar cap PV anomaly (PVU) on the
600-K isentrope for the ERA-Interim polar cap PV anomaly (dark
gray) and for the predicted polar cap PV anomaly (light gray) with
slopes A (solid), 0.5A (dashed), and 1.5A4 (dotted), as a function of
time. (b) Daily polar cap PV anomaly (PVU) for the 2008/09 ER A-
Interim data (dark gray) and for 2008/09 predicted from the cli-
matological polar cap PV anomaly and the 2008/09—climatology
100-hPa heat flux difference with slopes A (light gray, solid), 0.54
(light gray, dashed), and 1.5A4 (light gray, dotted) as a function of
potential temperature (K) and time. Only the zero contour is
shown.

Potential temperature (K)

and to the slope of the PV—flux relation [A in Eq. (11)] is
studied.

a. Sensitivity of the predicted PV anomaly to
the value of the slope

The results presented in the previous section are based
on the general PV-flux relation as given by Eq. (11),
with the slope A empirically determined in section 4.
However, Fig. 3a shows quite some scatter of the data
around the linear fit. Therefore, we study the sensitivity
of the results presented in the previous section to the
value of the slope by repeating the estimation of the 2008/
09 polar cap PV anomaly from the PV-flux relation, with
a 50% increased or decreased slope. The values of 7 are
kept at the values obtained in section 4. The observed
2008/09 polar cap PV anomaly is shown in Fig. 8, together
with the predicted polar cap PV anomaly with the slope A
as presented in Fig. 3b and with a slope of 0.54 and 1.54,
with a larger drop in PV anomaly during the sudden
stratospheric warming for a larger slope. Figure 8a shows
the results on the 600-K level, while Fig. 8b presents the
zero contours of the observed and predicted polar cap PV
anomaly as a function of potential temperature. Figure 8
indicates that the slope determines the value of the
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FIG. 9. (a) Daily 2008/09 polar cap PV anomaly (PVU) on the
600-K isentrope for the ERA-Interim polar cap PV anomaly (dark
gray) and for the predicted polar cap PV anomaly (light gray) with
relaxation time scales 7 (solid), 0.57 (dashed), and 1.57 (dotted), as
a function of time. (b) Daily polar cap PV anomaly (PVU) for the
2008/09 ERA-Interim data (dark gray) and for 2008/09 predicted
from the climatological polar cap PV anomaly and the 2008/09—
climatology 100-hPa heat flux difference with time scales 7 (light
gray, solid), 0.57 (light gray, dashed), and 1.57 (light gray, dotted) as
a function of potential temperature (K) and time. Only the zero
contour is shown.

Potential temperature (K)

PV anomaly minimum during the sudden stratospheric
warming.

b. Sensitivity of the predicted PV anomaly to
the value of T

The value of the relaxation time scale 7 also plays an
important role in the PV-flux relation. Therefore we
also examine the sensitivity of the results presented in
section 5 to variations in 7. The value of 7 is increased or
decreased by 50%, after which the procedure described in
section 4 is repeated to obtain the accompanying slope
values. The polar cap PV anomaly is then predicted again
from Eq. (11) with the new values for 7 and A. The ob-
servations and different predictions of the 2008/09 polar
cap PV anomaly are shown in Fig. 9a for the 600-K level
and in Fig. 9b for the zero contours as a function of po-
tential temperature. Figure 9 illustrates that the value of
7 determines the speed and strength of the recovery of
the PV anomaly after the sudden stratospheric warming,
where the recovery is less strong and takes longer for a
larger 7, as one would expect. The results for the 2008/09
winter are, however, not very sensitive to variations in 7.

Another way to obtain an estimate for the relaxation
time scale is by approximating 7 as a linear function of



DECEMBER 2010

Correlation coefficien (g{)eg)

00 01 02 03 04 05 06

1250
1104

975
860
760
671
592
523
462
408 -
360 - L \ N .

0 25 50 75 100 125 150

Relaxation timescale (days)

08 09 10

Potential temperature (K)

FIG. 10. Predicted relaxation time scale: 7 = —50 In(6) + 375
(days, bottom axis, black line) and corresponding correlation co-
efficient between DJFM integrated flux difference and minus
DJFM polar cap PV anomaly difference derived from the ERA-
Interim data 1989-2008 (top axis, gray line), both as a function
of potential temperature (K). Note the logarithmic scaling of the
potential temperature axis.

In(0) (with 6 in kelvin). Assuming 7 = 5 days at 1600 K
(at a height of about 40 km) and 7 = 90 days at 300 K
[comparable to the damping time scales mentioned in
Newman et al. (2001), to give good correlations between
the heat flux and polar temperatures], 7 is given by

7= -501In(0) + 375. (18)
The value of 7 as a function of potential temperature
obtained from Eq. (18) is presented in Fig. 10, together
with the correlation coefficient that accompanies this
(found by inserting this 7 into the correlation coefficient
obtained in section 4). Note that owing to the logarithmic
scaling of the vertical axis 7 is a straight line in Fig. 10.
The correlation coefficient for this 7 is very similar to the
correlation found for the mean 7 in section 4 (Fig. 1).
This 7 is now used to obtain a general PV—flux relation,
following the method described in section 4, after which
the values for the slope and 7 are applied to predict the
PV anomaly difference between 2008/09 and the clima-
tology. The 2008/09 polar cap PV anomaly is then de-
termined by adding this PV anomaly difference to the
climatological polar cap PV anomaly, and the results are
shown in Fig. 11a for the 600-K level and in Fig. 11b for
the structure of the polar cap PV anomaly as a function
of potential temperature. The results are very similar to
those presented in Figs. 6b and 7 for the 7 determined
from the ERA-Interim data, again showing that the re-
sults for 2008/09 are not very sensitive to the choice of 7.

7. Conclusions

We have shown that a quantitative, predictive relation
exists between the stratospheric polar cap PV anomaly
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FIG. 11. (a) Daily polar cap PV anomaly (PVU) on the 600-K
isentrope for the climatological PV anomaly (dotted), 2008/09
ERA-Interim PV anomaly (dark gray), and 2008/09 predicted PV
anomaly [with the relaxation time scale 7 as in Eq. (18), light gray]|
as a function of time. (b) Daily polar cap PV anomaly (PVU) for
the 1989-2008 ERA-Interim climatology (dotted), for the 2008/09
ERA-Interim data (dark gray), and for 2008/09 predicted from the
climatological polar cap PV anomaly and the 2008/09—climatology
100-hPa heat flux difference, with 7 as in Eq. (18) (light gray) as a
function of potential temperature (K) and time. Only the zero con-
tour is shown. In (a) 24 Jan is indicated by a vertical line.

and the 100-hPa heat flux. A difference in PV anomaly
is found to be linearly related to the integrated flux dif-
ference, with an integration over time of the flux differ-
ence times exp(—1/7) to include the effect of decreasing
relaxation time scales with height. This general PV—flux
relation was then applied to the 100-hPa flux difference
between 2008/09 and the climatology (1989-2008) to
obtain a prediction of the polar cap PV anomaly differ-
ence between the 2008/09 winter and the climatology. A
prediction of the 2008/09 polar cap PV anomaly was ob-
tained by adding this PV anomaly difference to the clima-
tological PV anomaly. The ERA-Interim polar cap PV
anomaly for 2008/09 shows a large and abrupt change in
the PV anomaly in midwinter, related to the occurrence of
the sudden stratospheric warming; this is also captured by
the PV anomaly predicted from the 100-hPa flux and the
PV-flux relation.

The results of the general PV—-flux relation show that,
on average, about 50% of the interannual variability in
the state of the stratosphere that is observed in the
Northern Hemisphere can be explained by the inter-
annual variations in the 100-hPa heat flux. For the in-
dividual winter of 2008/09, the fraction of the variability
explained by the 100-hPa heat flux was even larger
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(~80%). This is consistent with the conclusion of
Christiansen (2001), who found that the stratospheric
variability is driven by the vertical component of the
Eliassen—Palm flux (which is proportional to the heat
flux used in the present study) based on covariance
analyses.

Furthermore, we conclude that for the 2009 sudden
stratospheric warming the information for the sudden
stratospheric warming was already present in the 100-hPa
heat flux, indicating that the state of the upper strato-
sphere prior to the sudden stratospheric warming was
of minor importance for the occurrence of the sudden
stratospheric warming. Previous studies have shown that
before the occurrence of sudden stratospheric warm-
ings the stratosphere is often in a preconditioned state,
with a poleward displaced polar jet (Labitzke 1981;
Limpasuvan et al. 2004). This corresponds to a steeper
PV gradient near the pole, allowing for stronger vertical
wave propagation and stronger erosion of the polar
vortex (Polvani and Saravanan 2000; Scott et al. 2004).
Although a steep stratospheric PV gradient at a more
poleward location than for the climatology was indeed
present in early January 2009, this is only of secondary
importance for our study since we predicted the polar
cap PV anomaly for the 2008/09 winter from just the
climatological PV (which is not preconditioned), the
mean PV-flux relation, and the 2008/09 100-hPa heat
flux. So, the state of the upper stratosphere in 2008/09
is not needed to obtain a reasonable prediction of the
polar cap PV anomaly.

However, the state of the lower stratosphere before
the sudden stratospheric warming could be of impor-
tance in determining the amount of wave activity that
can propagate into the stratosphere, thereby influencing
the 100-hPa flux. In a model study, Scott and Polvani
(2004) indeed find that sudden stratospheric-warming-
like variability in the stratosphere may exist in the ab-
sence of tropospheric variability. Bell (2009) further
shows that the increased wave driving of the stratosphere
that is found for enhanced greenhouse gas concentrations
can partly be attributed to increased tropospheric wave
generation, but that changes in the radiative state of the
stratosphere are also important. Haklander et al. (2007),
on the other hand, show that the interannual variability
of the 100-hPa heat flux is dominated by stationary
waves (which are excited in the troposphere). Further-
more, transient wave excitation is abundant in the tro-
posphere, so it is realistic to assume that the 100-hPa
heat flux is influenced by tropospheric waves. This is
supported by the 2008/09 heat flux at 850 hPa (not
shown), which also shows a peak in January, a few days
before the peak at 100 hPa. We therefore believe that at
least part of the variability in the 100-hPa heat flux is
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related to wave forcing from the troposphere to the
stratosphere but cannot exclude a dependence of the
100-hPa flux on the state of the lower stratosphere in
the present study.

Smaller-scale stratospheric variability, as seen in
December 2008 in Fig. 4a, is only partly captured in the
PV anomaly predicted from the 100-hPa flux and might
thus be due to stratospheric internal variability.

Sensitivity studies show that the results for the 2008/09
predicted polar cap PV anomaly are not very sensitive
to the values of the slope A of the general PV—flux relation
[Eq. (11)] or to the values of the relaxation time scale 7.
Changes of +£50% in A or 7 hardly affect the qualitative
results. The value of A influences the value of the PV
anomaly minimum during the sudden stratospheric warm-
ing, such that a higher A leads to a stronger decrease in PV
anomaly during the sudden stratospheric warming. The
value of 7, on the other hand, influences the recovery of the
PV anomaly after the sudden stratospheric warming, with
a faster and stronger recovery for a smaller 7.

The occurrence of a sudden stratospheric warming
and its effect on the stratosphere depend on the clima-
tological state of the stratosphere, although the strato-
spheric climate itself is also partly set by the presence of
sudden stratospheric warmings. Nonetheless, our study
implies that the occurrence or strength of sudden strato-
spheric warmings might change due to climate change.
If, for example, diabatic cooling of the stratosphere due
to increased greenhouse gas concentrations increases
the climatological PV, the same wave forcing will lead
to a less severe disturbance of the polar vortex, and the
criterion of a major sudden stratospheric warming might
not be met. Since the PV—flux relation as applied to
2008/09 directly links the climatology and the wave forc-
ing, the PV-flux relation framework might be a useful
tool to examine the influence of climate change on the
occurrence of sudden stratospheric warmings. It should,
however, be noted that changes in the PV—flux relation
should then also be taken into account.

Similar to its application to climate change studies, the
PV-flux relation can be used to evaluate the ability of
models to simulate realistic sudden stratospheric warm-
ings [see Maycock et al. (2010) for a discussion about the
inability of some seasonal forecasting models to simulate
realistic sudden stratospheric warmings]. Three aspects
of the model climate can be compared to, for example,
the ERA-Interim climate. The first is the 100-hPa heat
flux, representing the forcing of the stratosphere. The
second is the polar cap PV anomaly distribution of the
stratosphere, representing the state of the stratosphere.
The third aspect is the PV—flux relation, representing the
coupling between the troposphere and the stratosphere.
The present PV—flux relation provides a useful framework
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in which to diagnose the performance of models with
respect to stratospheric warmings.
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