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Yulaeva et al (1994)
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(Eliassen-Palm flux

Transformed Eulerian-mean .
divergence appears as

equations complete eddy forcing of
mean flow)
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simple representation of radiative
transfer

Forcing gives rise to response in both velocity and meridional
circulation — proportion of each depends on shape of forcing
distribution and on timescale (relative to radiative timescale)
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STRATOSPHERE (internal variability, sensitivity to external forcing)
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Schematic response to localised force
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Effect of radiative damping Holton et al (1995)
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Steady state limit

. - 1 0 [ [® V.F ,
W (¢ 2) = apo(2) cos ¢ O {/z 2Qa sin¢|¢:con8t' dz]l

(Haynes et al, 1991)
Steady upwelling at any location ( ¢ , z ) is determined by wave force
above that location — ‘downward control principle’. Steady circulation
requires wave force.
“Low latitude singularity”.

Does it make any sense to consider V.F as specified?

Time averaged BDC is controlled by time average wave force.

Time averaged BDC upwelling in tropics is controlled by time average
wave force in subtropics

P
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Annual cycle in wave-driven circulation

Rosenlof and Holton (1993)

. B 1 0 [[* VF ,
w($:2) = apo(2) cos ¢ O !/z 2Qa Sin¢|¢=C°nSt' dz]l

MESOSPHERE {
UKMO Holton [1990]
DJF 114.0 93.3 STRATOSPHERE
MAM 76.4 56.1
JJA 558 47.2
SON 703 62.4
TROPOSPHERE
Mean 79.1 64.8

SUMMER
POLE

EQUATOR

Plumb (2002)

2017 Noble Lectures (4)




extratropics

Yulaeva et al (1994) ;m’\/i
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Driven by annual variation in ozone heating in tropical stratosphere?
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Dynamical response to annual variation in wave fluxes in extratropical
stratosphere?
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Role of low-latitude waves in V.F ?
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Fueglistaler, H and Forster (2011)
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Fueglistaler et al (2011) 20
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Re-examination of driving of annual cycle

(a) ERA-I AT (K). 1991-2010, 20° S-N (b) ERA-I AT (K). 1991-2010, 70 hPa
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SEFDH calculation
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Effect of imposed AXY,
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Ozone
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Effect of imposed AXY o
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Water vapour

(a) AH20 (ppmv), 20° N-S (a) SEFDH AT (K) 20° N-S
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Water vapour — non-local effects in vertical

(a) L100. 20° N=S,90 hPa (b) SEFDH AT (K) 20° N-S. 130 to 100hPa (c) SEFDH AT (K) at 90hPa. 130 to 100hPa
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Temperature cycle driven by dynamical heating
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AT driven by dynamical heating

AT (K) () AT (K) from SEFDH AT (K) Annual mean O3z and H20
(d) ERA-Interim. 1991-2010 w*S — (w*S) assuming o = 1/40days ™" (e) w*S — (w*S). T fixed below 130hPa
30 T T T T T T 30 ?’ . 30 \J T \ T T T \ T T
40 » \ 40 40t
9
50 - 7 50 50
R 60 | 60 i o 60 |
< 70 o 70 F < 70 i
& 80 g Y /‘\7 Y /‘,\f > o
2 90 | 90 f
100 b—— -1 100 N 100 > 2
120 120 120 P
. - i /
Q /\o p
150 \ 150 | -7 \ e 150
1
200 .. TN S 200 / " \ - [ .\. / 200 S S S S S —
JJ FMAMUJU J A SONTD JFMAM J S OND J FMAMJ S O N D
SEFDH AT (K). AInnuaI mean Oz and Hz0 b) SEFDH AT (K). Anfiial mean O and Hy0 z ) SEE?H AT_(*K)' Annual cycle O3 and H;0
(a) 0.1 cos (27 t/365) K day ! w*S — (w*S) w*S — (w*S). T fixed below 130 hPa.
30 30 — : ——— — 30 T T N T \ : —
40 40+ 40 " \ \\
50 50 : : 7o
E 60 © o E 60 \ - o
[a
:E: 70 = <. © I < 70| w ) \'E/
80 o® = b v > o \ & K
90 :\ ). e-e S
100/ ° > o 1 ]
120 f °© ] |
150 | / 1 150 F
S FMAMGUJUJASOND e —
J FMAMUJUJ A SONTD

2017 Noble Lectures (4)




AT (K)
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Ming el al (2017)

(a) 20° N-S, 70 hPa
S O3
4+
3 L
2 L
= 1
X
g OF
4 19
2t )
—— ERA-Interim
3k
! —=— 03, H20 and w*S
4 —e— QO3 and H;O
5t

J FMAMUJ J A S OND

T or Tadj (K)
&

1
- |
h =

Gilford and

=2

. 85hPa

J FMAMUJ J A S OND

(b) 20° N-S, 90 hPa

—— ERA-Interim
—#— (03, H20 and w*S
—e— 03 and H;0

——MLS T/2
—_HO

— 0,

- _ .H,0=85hPa
) |- - .0,285hPa
H,0=68hPa
0,268hPa
H,0=56hPa

0,=56hPa

O 0 < <
[ S

Solomon (2017)

Month

JJFMAMJ J ASOND

Height wrt the Mean Tropopause (km)

20° N-S

-------- O3 —— ERA-Interim
- HoO —=— O3, H20 and w*S |
---- wW*S —e— O3 and H20

2 4 6 8
Peak to peak AT (K)

——MLST

— 0, Tadj

~ = -0,=85hPa
o 0,=70hPa

o 03 =53hPa

H,0 Tadj

H,0 > 85hPa

===

0 1 2 3 4 5 6 7 8
Peak—to—Peak Amplitude (K)

2017 Noble Lectures (4)




Relax SEFDH assumption

Radiation code + zonally symmetric dynamics

(a) AT (K) from O3 annual cycle (b) AT (K) from Og annual cycle. (c) (ATseron — ATicem) (K)
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AT (K) from O3 and H20 annual cycle AT (K) from O3z and H20 annual cycle
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Meridional circulation response on different timescales
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AT driven by V.F from different regions

¥ 10" temperature averaged [-20,20] forced by annual harmonic in all div F
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2011 ‘water vapour drop’

Gilford et al (2016)

a) Water Vapor Tadj (K), during 2011 Abrupt Drop
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Summary

1.

Annual cycle in tropical tropopause temperatures is driven both by
dynamical effects (response to wave force) and by radiative effects
(response to variations in ozone and water vapour)

Dynamical effects — non-locality of response to wave force needs to be
taken into account. Wave forces due to waves propagating from
extratropics and from tropics are likely to be important.

Radiative effects — SEFDH calculations give useful insight into tropical
average, but not into latitudinal structure.

Similar considerations apply to longer term variations, e.g. interannual
variations.

Calculations presented are for given change in wave force or given
change in chemical species — but in reality these are determined by
feedbacks and must be understood as part of the response as a whole.
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