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The age of air, that is the residence time of an air parcel in the
stratosphere , is a measure of the Brewer-Dobson circulation.
The ability of GCM or analysed winds to reproduce this quantity
IS a pre-requisite for the representation of transport and ( (

v : SO The role of the assimilation increment
distribution of long-lived species in the stratosphere.

Age of air calculated with raw diabatic rates as
vertical velocities in isentropic coordinates

Each jump of temperature due to data assimilation should be considered as
a contribution to the heating budget.

( Data used in this study ' . . . naeSEh e . . . assimilation (ERA-40 / 3D-Var)

ERA-40 reanalysis from ECMWF (Uppala et al., 2005) over the period 1997-2001: cycle 23 of IFS model, ERA40 1999 : A"/’.
3D-Var assimilation, static bias correction, T159, 60 levels for winds and temperature, 240x480x61 ol (lower bound) . | Assimilation temperature increments Anzlr\s:s v
Gaussian grid for heating rates. compensate for: - e Assimilation
Intermediate reanalysis (Exp471) for 2000: cycle 29 of IFS model, 4D-Var assimilation, VarBC, same ERA40 1997-2001 Analysis | fesmiatio increment
resolution as ERA-40. Also used by Monge-Sanz et al., 2007 o 8f (lower bound) - 1) Errors that arise in the model itself o
ERA Interim reanalysis from ECMWF over the period 1996-1998: cycle 31 of IFS model, 4-D Var 2 (faulty radiation code or representation of Andlysis —
aSSimilation, VarBC, T255, 60 levels (See ECMWF newsletters 110 & 115) 'E 5L ) t ERA-Int Convection’ or non conservation of o forecast 12h 6h forecast
, _ , 2 B T : entropy by the dynamics) S

Wind and temperature are retrieved every 6h from analysis. 3h forecasts for ERA40, 3h and 9h forecasts * ; R | ﬂa 1) Errors that arise due to incorrect PGS Assimilation
for IRA, are used to generate 3-hourly datasets. 4 ¥ . B{ Nis representation of data fields other ncrements
Vertical velocity is calculated from integration of mass conservation equation (FLEXPART procedure). To B 'l ’ el 1 than wind
Heating rates are retrieved every 3h from short range forecasts lla) Errors in off-line fields like ozone time

- _ _ _ - . NS _T L7 lIb) Errors in observations and/or -
Age of air estimated from backward Lagrangian trajectories. ERA40 2000 *;5‘ " Exp471 2000 assimilation inducing biases in temperature

_ _ _ _ pb—L— S =S I1) Errors in the winds that induce spurious horizontal and vertical heat fluxes
Observed ages mainly from SF6 and CO2 data (Boering et al., 1996; Elkins et al., 1996, Harnisch et al., -80 -60 ~4d -2t |atit?me 2l 40 B0 50
1996; Andrews et al., 2001; Waugh et al., 2002; Monge-Sanz et al., 2007). For cases | and Il, the errors directly affects the calculation of the heating rate and the assimilation
.. . .. . . Diabatic ages at 20 increment provides a correction towards the right value
Continuity equation in isentropic coordinate km For case llI, the assimilation increment makes heating compatible with the spurious transport but

Do generally too long in
9, UD_t ERA40 but in 2000.

oo Slightly too young for
p —+V,(ocu)+ er =0 (1) Exp471 2000.

ot
: . * 1 ie . . . Correct values for
Age of air calculated with 2000 perpetuals* using diabatic heating rates is not automatically satisfied. That is: ERA-Interim

does it by drifting away from the right heating
There is essentially no way to distinguish these error sources

corrected to cancel the mean vertical mass flux and horizontal isentropic Do
mass divergence modified to balance the heating rates . - mean vertical mass flux ﬂf o—dxdydt#0 Relation between the
. D t _ mean mass flux and the | |
- the mass divergence of the horizontal wind CORRECTIVE STEPS mean increment g g
Age at 56 hPa (20km): does not satisfy (1) , : | |
a , , , , , , , , , (a) Add a horizontally uniform
_ correction to the mass flux T T e————
L ERA-Interim 3h E471 3h 1 The res'dual |mbalance o OB/t (ky M2 day') o OB/t (ky 2 day ')
270 glubal average diabatic vertical mass fluxes : 2500 glnbal average diabatic vertical Imass fluxes - (b) Correct the horizontal Wlnd Can Only be due to 3mgloba\l avelrage diablatic verticlal mass ﬂluxes :19?? ERA—4ID ag?luobal a\-'eralge diabatic verticall mass ﬂu>l<es :199?IERP.—Intelrim
.- =z T by replacing the horizontal imperfect conservation of
Ny . i 2000} T ERman s | mass flux divergence with that mass by the adiabatic sum
N\ |~ ERadt 21 —— ERed0 2001 calculated from (1) part of the model. - -
——l:lﬁl | N\ Exp 471 — EXp 471 §~ as0f . §~ 350
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= ] %350- % 30t . 30}
= sl 1000}
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- Mean vertical mass flux,
annual average.
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afude Age of air calculated with diabatic heating rates corrected to cancel the Healing + increment 1999 E4 (K/day) Heating + increment EI 1999 (K/day)
The common result (e.g. Schoeberl et al., 2003, Meijer et al., 2004) that analysed mean vertical mass flux and with horizontal isentropic mass divergence y » ¥ 0 |
velocities provide too young ages of air is challenged by recent developments in modified to balance the heating rates .
weather forecast models and assimilation.
However, using 3-hourly winds instead of 6-hourly winds is highly recommended.
* actually 15 years and extrapolation of ages done as in Scheele et al., 2005 S | | ﬁgle at 56 f?F'a EZDk:ﬂ): | | | Age spectrum (805 405 1f-‘~ge spectrum (155 15M)  Age spectrum (40N B0M) ff TSR | ff
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variance # 2 D t E471 3h %4 sz | az| sz} The sum of heating + assimilation increment for ERA40 is
/ 5 ol ol 2ol almost twice that for ERA-Interim in the lower stratosphere.
E471 6h & e ._ This is consistent with a too strong negative upward heat flux
ERA40 3h e RN £ 28T 28y in the ERA40 due to noisy vertical winds
Diffusive coefficients at 56 hPa 15S-15N 10} | ol ol '
ERA40 6h D=0.75 m?s™ = | | ERA40 6h sl o 24
- & ERA Interim | “*| el “l
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- sl ERA-l 6h _. | Nl . LaaA Age of air calculated with diabatic rates corrected by low-pass filtered
E4716h D=0.26 m’s oo wm e W A e D N assimilation increment and with recalculated mass divergence
atitude age of air {year age of air (year age of air {(year
E4713h D=0.097 m’s™ SR S
_ Single year perpetual cycles perform best with ERA Interim |
ERA_I 6h D:O 098 mZS 1 . &ge at 56 hPa (Z0km): Arge spectrum (BOS 405 Age spectrum (155 15M) Age spectrum (G0N BOMN)
' 0 = - ” ” - - Large difference between ERA40 1999 and ERA40 2000 e e L a— 1
- 0.4 0.4
ERA-l 3h D=0.062 m’s Time (day) Improveql results vylth 3-year .cycle 1996-1998 o DJ\
Larger discrepancies in the southern hemisphere T Exp471 2000 1 g, 05 ool \g
( of g ERA40 1999 D _ 8 \h___
Heating rates in the ECMWF model g U ogman e
= °f 34t | \ 34 r LY
DT oT 5T KT,w Discussion and conclusion s 2} - o
Dt = +u-V,T+w—= +H, : | ] /
t ot op (1+(6-1)q)p Simulations of the age of air, that is of the Brewer-Dobson circulation, from analysed wind are no ¥ op /° .
where H , includes radiative, convective longer in strong disagreement with observations. Some simulations are indeed in excellent ’ g T . 7 A
and diffusive contributions agreement. The defaults mentioned in previous studies like excessive meridional exchanges have _ E 26| oo ey "1
: ' disappeared. 2f . K _ d] Ll \ .
In terms of potentlal temperature PP ERA40 2000 A0 o “ o “ .
: : ¥ nterim I ] i o
=Q,= KH The combination of new model + 4D-Var + variational bias correction in the ERA_Interim performs i LTS 1996-1998 . -
v particularly well while ERA-40 provides still too young or too old ages depending on the applied SR ’ 2or 1 2o .
Po 1999-2001 o4l o &
procedure (see also Monge-Sanz et al., 2007). —— o e 18 el 15 —to—n—
-0 -60 -40 -20 0 20 40 B0 il 0 Z 4 f i 0 2 4 &3 G 0 2 4 3] i}
- - latitude age of air (vear age of air (year) age of air (year)
Annual zonally average heating rate H, in 1999 Discrepancies between observations and simulations are larger in the southern hemisphere.
€ ERA-40 ERA -Inferim N _ _ . L . . . .
If analysed vertical winds are used for vertical motion, it is highly recommended to use 3h sampling Single year perpetual for Exp-471 and ERA-Interim multi-year cycles
by interleaving forecasts with analysis usually available every 6h (see also Legras et al., 2005). ' ' ' '
Heating rate 1099 E4 (K/day) Healing rate EI 1989 (K /day) y g y y y 6h ( g ) provides ages in excellent agreement with observations.
: ; ; ; ; ; : ; A oo _ oo el f P - More surprisingly, ERA40 1999 is as good
measure of the consistency of the model and of its performance regarding the age of air appears Again more discrepancies in the southern hemisphere
to be the assimilation increment. A model with a small increment bias performs much better. In the
ERA-40, the increment is of the same order as the heating calculated by the radiative code.
ERA-40 equatorial

Raw heating rates, although much less diffusive than vertical velocities, require corrections to

total heating rate reproduce the age of air. This is related to inconsistencies in the model.

exhibits a mimima
near 30 hPa which

The Brewer-Dobson circulation is modulated by the QBO. Evaluation of the age of air should be

Pressure (hPa)
Pressure (hPa)

can be negative over  &wf AL Af done with multi-year ensembles including at least a full QBO cycle. Comparlsc_)n of isentropic mass velocity potential at 350K (200hPa) in Jan 2000 for
extended periods Fo ERA-Interim,

édhzgzngnﬁeogéhg) mf - - | [ A Assessing the quality of the simulations is now limited by the poverty and inaccuracy of available (1) directly from ECMWF winds and temperature and, (2) with divergence calculated
. blocking of the = & U measurements of the age of air. More observations and/or better processing of available data are from heating + assimilation increment

Brewer-Dobson sf 2 w l ............ R r equn‘ed.
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