The Brewer-Dobson
circulation:

Interannual variability
and climate change

Alwin Haklander
Peter Siegmund
Hennie Kelder
Michael Sigmond (Univ. Toronto, Canada)

CK/AK meeting Thu 24 Apr 2008



Outline of this talk

Something about zonal Fourier decomposition
The BDC: what it is and what it does
Quantifying the wave driving of the BDC

ERA-40: Observed interannual variability in NH (1)
- Associated with what wave type?

MA-ECHAMA4: Doubled-CO, climate experiment (ll)

How does the mean forcing of the BDC change?
- Can we understand this change?
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Decomposition in zonal wavenumbers
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Decomposition in zonal wavenumbers
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The BDC: what it is and what it does
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Ozone distribution in March 2004. Shaw and Shepherd, Nature Geoscience 1, 12 - 13 (2008)
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The BDC: what it is and what it does

Photochemical
ozone production,
CFC destruction

Wave-driven
poleward flow

Tropical Extratropical
upwelling downwelling
. . . N . .
Adiabatic cooling Adiabatic heating
Diabatic heating Diabatic cooling
Z
L,
tropopause
Equator North Pole

» BDC draws ozone-rich air
poleward from the tropics

=L ittle ozone loss at high
latitudes, new ozone production
in the tropics by the adjustment
towards photochemical
equilibrium >> net production

= BDC is a CFC processor: it
brings CFCs into the tropical
upper stratosphere (> 25 km)
where they are photochemically
destroyed

» Adiabatic compression of air in
downward branch at the pole
yields higher early-spring
temperatures — less PSC’s
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The BDC: what it is and what it does

« Zonal-mean zonal momentum equation
Palainay d e Shiriio et tbi e d
imaeasdBiatvoestetard wave forcing

FO£qiPg, ¢U§ telaseaalyainyaugs (R
relativ Iy $mall in the extratropical NH

winter stratosphere

Westward force due to Eastward deflection due to

Rossby-wave dissipation poleward mass flow
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Quantifying the wave driving

« The polar-cap average of the downward mass flux north of latitude
¢, i1s proportional to F, at ¢, at mid- to high latitudes:

90° __
j W COS ¢ .
: o E oc Poleward eddy heat flux [v*T*] at
90° Z1g, &, mid- to high latitudes good proxy
COS ¢ for northern-winter wave driving of
4 BDC

lzower-stratospiuboicar wamd [v*T*] should be highly
dorrelated wathperature
AdLectlaqzo ?)Iza\ﬁeer% i latitudes
ocal depariure from zonal average
= Polar-cap temperature tendency
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Quantifying the wave driving

= Advection of ozone at midlatitudes indeed highly correlated with F,
(Fusco and Salby, 1999)
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F1G. 4. Upward EP flux at 100 mb during Jan (normalized), av-
eraged over the winter hemisphere F', (dashed), compared against the
corresponding increase of extratropical total ozone AO; (solid).
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Quantifying the wave driving

» Temperature tendency at high latitudes indeed highly correlated with [v*T7|
(Newman, 2005)
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Quantifying the wave driving

NH wave driving of the BDC quantified by H,,:
H,oo = [v*T"] at 100 hPa (lower stratosphere),
averaged over

- January/February
- 40°-80°N

Total wave driving:
- sum of zonal wavenumber components
- sum of stationary and transient components

(stationary component is obtained by multiplying the Jan-Feb mean v* field
by the Jan-Feb mean T* field)
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Observed interannual variability in NH

Variations in the wave driving of the BDC possibly due to:

variations in shape of the wave spectrum (only waves with the lowest
zonal wavenumbers can enter the stratosphere)

variations in total tropospheric Rossby-wave generation
variations in total wave amplitude
variations in total wave ‘efficiency’

Data:
ERA-40 reanalysis data for 1979-2002 CCECMWF
2.5° x 2.5° lat-lon grid FE-'ﬂ%

6-hourly wind and temperature fields
23 levels between 1000 and 1 hPa
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Yeor [Jan—Feh)

Observed interannual variability in NH

Jan—-Feb mean [v+T+] at 100 hPa (K m/s, ERA-40)
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Observed interannual variability in NH
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Observed interannual variability in NH

Zonal-wave 1,2 component H100
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Linear regression analysis:

Total H,,, = sum of zonal
wavenumber
components

Sum of regression
coefficients is 1.

Wavenumbers 1+2
account for ~86% of
interannual variability

Stationary component of
wave 1: ~56% (not
shown in plot)
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Observed interannual variability in NH

Vertical coupling:

How important is the total
wave driving at other
(esp. lower) levels?

Correlate H,,, with [v*T"]
averaged over 20-90°N
at other levels
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Observed interannual variability in NH

same wave component Hig

Vertical coupling per
Individual wavenumber:

Correlate wave component of
H o with the same wave
component of [v*T7
averaged over 20-90°N at
other levels

—
L

20

a0

pressure [hPa]

Only individual wave 1 and 2
components show significant
coupling between 100 hPa
and the troposphere

zonal wavenumber s
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Observed interannual variability in NH

From previous slide:

Only year-to-year variations in
the individual wave 1 and 2
components show significant
vertical coupling between
100 hPa and troposphere

Next slide:
What does this vertical coupling look like in the meridional
plane, for the separate wave components?

CK/AK meeting Thu 24 Apr 2008

18



pressure [hPa]

pressure [hPa]

Stationary
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Correlation patterns for individual wave components of H,,,
([v*T*] averaged over 40°-80°N at 100 hPa) with the same
individual wave component of [v*T™] at other Iatltudes and levels
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January-February Index of refraction stationary wave 1

pressure [hPa]
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Conclusions Part |

Wave 1 + 2 account for ~86% of the interannual
variability in the wave forcing of the BDC

For both wave 1 and 2, interannual variability at 100 hPa
Is significantly correlated with troposphere, however only
for the stationary components

Stationary wave 1 accounts for most (~56%) of the
iInterannual variability

The magnitude of the stationary wave-1 component of
the wave driving seems to depend on the latitude of the
tropospheric wave source (ability to enter waveguide)

Haklander, A. J., P. C. Siegmund, and H. M. Kelder: Interannual variability of the stratospheric
wave driving during northern winter, Atmos. Chem. Phys., 7, 2575-2584, 2007 .

CK/AK meeting Thu 24 Apr 2008 21



Part II: Change BDC in 2xCO, climate

Model:

MA version of ECHAM4 GCM
- Vertical resolution: 39 layers, up to 0.01 hPa ~ 80 km
- Horizontal resolution: T42 ~ 2.8° x 2.8°

Two 30-year experiments (Michael Sigmond, 2004):
1) Control run with CO, at global-mean 1990 level (353 ppm)

2) Perturbation run with doubled CO, concentrations

SSTs prescribed from low-top ECHAMA4 + slab layer ocean
control runs

Ozone prescribed (identical for both runs)
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Change in BDC in 2xCO, climate
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Change in BDC in 2xCO, climate

a) total b) stationary c) transient

Difference in
Eliassen-Palm (EP)
flux vectors,

2xCO, — control:

Shading indicates
95% significant
changes in upward
component EP flux

Total sivptuspienic

change pattern very
similar to ttatisieaty
change pattern

20N 40N 60N

200000 200000 200000
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Change in BDC in 2xCO, climate

o)  total

200000

b) stationary ¢) stat 1

200000

200000
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2xCO, — control

components H,,:
Total +1.8 Km/s
Stationary +2.0 Km/s

Stat wavel +1.7 Km/s
(all >95% signif.)

Vertically coherent
increase F, stationary
wave 1, also in
troposphere (not
significant below 500
hPa)

More generation of
stationary wave 1
activity?

25
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Change in BDC
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Finally...

Can we understand the increased
wave driving of the BDC

at 100 hPa in terms of the
following relation?

Eddy field (deviation from zonal mean)

Longitude (°E)

[V *T*] — r.v,T GVGT

Zonal covariance Zonal correlation Zonal stdev v Zonal stdev T

between vand T coefficient
betweenvand T
‘wave efficiency’
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10

Change in BDC

Finally...
Can we understand the increased

ETAWA
; /N 0 \/90

5\ Y

180

wave driving of the BDC

Eddy field (deviation from zonal mean)

at 100 hPa in terms of the
following relation?

A/
\/

-15
Longitude (°E)

[V*T*] — v,TG GT
e

Increase +12% No significant Increase +4%  Increase +12%
(£8%) change (£3%) (£5%)

Highly significant increase of 12%, same magnitude!
More longitudinal temperature variability at 100 hPa
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Change in BDC in 2xCO, climate

a) control b) 23002

..............

...........

- Upper=no pC 2
- stratospheric cooling increa
temperature gradient at 100

Pressure (hPa)

INCref$@151663! PRRIatH & a0 HRa BRS kR To
increaspRs@itiARALIs AR Bjadient

(robust feature in enhanced-CQO,, climate experiments)
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Conclusions Part |l

Doubling CO, concentrations in the MA-ECHAM4 GCM
yields a significant increase in H,,, of ~12%

Transient waves account for most of the tropospheric
change, stationary waves for the stratospheric change

Stationary wave-1 increase significant and comparable
to total increase —® more tropospheric wave
generation?

Strenghtening of the wave driving likely associated with

Increased longitudinal temperature variability
(due to increased north-south temperature differences at 100 hPa)

Haklander, A. J., P. C. Siegmund, M. Sigmond, and H. M. Kelder: How does the northern-winter
wave driving of the Brewer-Dobson circulation increase in an enhanced-CO2 climate simulation?,
Geophys. Res. Lett., 35, L07702, doi:10.1029/2007GL033054, 2008.
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Thank you!
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