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Abstract. The direct inversion of the 2D continuity equation
allows for the inference of the effective meridional trans-
port of trace gases in the middle stratosphere. This method
exploits the information given by both the displacement of
patterns in measured trace gas distributions and the approxi-
mate balance between sinks and horizontal as well as vertical
advection. Model recovery tests show that with the current
setup of the algorithm, this method reliably reproduces the
circulation patterns in the entire analysis domain from 6 to
66 km altitude. Due to the regularization of the inversion, ve-
locities above about 30 km are more likely under- than over-
estimated. This is explained by the fact that the measured
trace gas distributions at higher altitudes generally contain
less information and that the regularization of the inversion
pushes results towards 0. Weaker regularization would in
some cases allow a more accurate recovery of the velocity
fields, but there is a price to pay in that the risk of conver-
gence failure increases. No instance was found where the al-
gorithm generated artificial patterns not present in the refer-
ence fields. Most information on effective velocities above
50km is included in measurements of CHy, CO, H>O, and
N,O, while CFC-11, HCFC-22, and CFC-12 constrain the
inversion most efficiently in the middle stratosphere. H>O is
a particularly important tracer in the upper troposphere or
lower stratosphere. SFg and CCly generally contain less in-
formation but still contribute to the reduction in the estimated
uncertainties. With these tests, the reliability of the method
has been established.

1 Introduction

Traditionally, the observational analysis of the strength of
the Brewer—Dobson circulation relies on the concept of the
mean age of stratospheric air (AoA; Waugh and Hall, 2002).
The AoA is the average transport time of an air parcel from
the stratospheric entry point to the measurement location
and is estimated from the mixing ratio of an age tracer such
as SFg. An alternative method, suggested by von Clarmann
and Grabowski (2016, henceforth abbreviated vCG16), de-
rives meridional circulation fields from two subsequent sets
of global zonal mean vertically resolved pressure: tempera-
ture and mixing ratios of multiple long-lived trace gases by
direct inversion of the continuity equation. This method is
called Analysis of the Circulation of the Stratosphere Using
Spectroscopic Measurements (ANCISTRUS). The resulting
quantities are effective 2D velocities, that is to say, those 2D
velocities which best describe the observed temporal changes
in air density and constituent mixing ratio distributions by
transport. They thus include all effects caused by longitudi-
nal or temporal correlations between mixing ratios and ve-
locities. The relationship of these effective 2D velocities to
3D velocities is discussed in the appendices of vCG16 and
von Clarmann et al. (2019, henceforth vC19). Beyond this,
the ANCISTRUS-derived effective velocities currently also
include a contribution by physical mixing and thus are not di-
rectly comparable to the 2D residual circulation in the trans-
formed Eulerian mean framework.

Similar to in other applications of inverse modeling, such
as retrieval of atmospheric state variables from radiance mea-
surements (e.g., Rodgers, 2000) or data assimilation (e.g., Ide
et al., 1997), each iteration of the inversion scheme in AN-
CISTRUS consists of two steps: a forward modeling step and
the inversion itself. In the forward modeling step, the current
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guess of the effective velocity field is applied to an initial
field of measured atmospheric state variables (air density and
mixing ratios of species) to solve the predictive version of the
continuity equation. Sinks of trace gases due to photolysis,
OH chemistry and O'D chemistry are taken into account fol-
lowing the approach described in vC19. Along with this, the
partial derivatives of each atmospheric state variable with re-
spect to each element of the velocity vector are calculated. In
the inverse step, the predicted field of the atmospheric state
variables is compared with its measured counterpart, and the
weighted residual is minimized by inverting the continuity
equation. The weights are represented by the inverse covari-
ance matrix, including measurement uncertainties and pre-
diction errors. To keep the inversion stable, a constraint is
applied.

The natural application of this method is the analysis of the
Brewer—Dobson circulation (Brewer, 1949; Dobson, 1956).
ANCISTRUS avoids certain drawbacks of the hitherto com-
mon method using the mean age of stratospheric air (Waugh
and Hall, 2002) as a diagnostic of the circulation. No age
spectra (Andrews et al., 1999; Waugh and Hall, 2002) have
to be assumed. Intrusion of mesospheric SFg-depleted air
does not cause artificial “overaging” of the air (Stiller et al.,
2012; Reddmann et al., 2001; Ray et al., 2017) because for
gases without a stratospheric sink, ANCISTRUS takes all in-
formation from mixing ratio differences within the analysis
domain and not from the absolute abundances. Age-of-air-
based methods exploit the measured mixing ratio difference
between the stratospheric entry point and the measurement
location, and the air might have been depleted in SFg dur-
ing its potential detour through the mesosphere. The meso-
spheric loss of SFg increases the difference and makes the
air appear older than it actually is. In contrast, ANCISTRUS
exploits the measured difference in the mixing ratios of SF¢
between the endpoint and the starting point of a path element
of the trajectory only in the domain considered. If the air par-
cel has re-entered the analysis domain after a possible detour
through the mesosphere, any mesospheric loss has affected
both the starting point and the endpoint of the path element
and thus does not contribute to the difference. And finally,
the method does not provide the integrated travel time of an
air parcel only but provides time-resolved results.

Applying ANCISTRUS to trace gas mixing ratios mea-
sured with the Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS; Fischer et al., 2008) results in
circulation fields that include the expected features like trop-
ical uplift, polar winter subsidence, stratospheric poleward
transport, mesospheric pole-to-pole circulation, and elevated
stratopauses (vC19). Furthermore, results proved to be stable
in the sense that for each year — within the expected range
of variability — similar circulation fields were found for any
particular time of the year, although the estimates were inde-
pendent from each other. The ANCISTRUS version used in
this paper includes several updates with respect to the origi-
nal method by vCG16. In particular, sinks of trace gases are
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considered and mixing coefficients are constrained to 0. The
latter implies that resulting velocities are effective velocities
that also account for the effect of eddy mixing and physical
diffusion. Further details are reported in vC19. Application to
trace gas distributions obtained from other satellite missions,
such as the Microwave Limb Sounder (MLS; Waters et al.,
2006) or the Atmospheric Chemistry Experiment — Fourier
Transform Spectrometer (ACE-FTS; Bernath et al., 2005) is
under consideration.

Since chemical decomposition has been newly imple-
mented in the most recent ANCISTRUS version, the effect
of the consideration of sinks is investigated in Sect. 2. The
purpose of this investigation is to find out how much informa-
tion on the circulation is provided by the sinks and how much
is provided by the displacement of mixing ratio patterns. In
order to further increase the confidence in the new inversion-
based method, in this paper we validate the inverse method
by model recovery tests. For these tests, mixing ratio distri-
butions are modeled using known effective velocities. These
mixing ratio distributions are then fed into ANCISTRUS to
test how well the initial velocity field is recovered (Sect. 3).

These tests are complemented by an assessment of the
dependence of the results on the regularization strength
(Sect. 4). Further, we study the sensitivity of the model to the
availability of various trace gas fields (Sect. 5). In the Con-
clusions (Sect. 6) we discuss the power and the limitations of
the method as discovered in this work and make suggestions
for further work.

2 Sinks versus transported structures

Two mechanisms link mixing ratio distributions with the cir-
culation and thus allow us to retrieve information on the
circulation from measured mixing ratio distributions. One
mechanism is the interplay between the chemical destruc-
tion of trace gases and advection. Without advection, chemi-
cal sinks would remove those gases which have their sources
at Earth’s surface completely from the stratosphere, and the
fact that — in the long run, and putting weak long-term trends
aside — we observe approximately stationary trace gas dis-
tributions can only be explained by horizontal and/or verti-
cal advection. Roughly speaking, with the assumption of a
chemically stationary atmosphere in force, i.e., when mixing
ratio distributions are assumed not to change with time, at
each point of the atmosphere the loss by chemical decompo-
sition is compensated for by advection of the related species.
That is to say, if a molecule is destroyed, another molecule
of this species must be brought to this point by transport
if the stationarity condition shall be satisfied. This defines
a circulation field corresponding to an equilibrium with re-
spect to atmospheric composition. Mixing ratios changing
with time can be understood as a perturbation of this equi-
librium assumption, but the task could be conceived of as
finding the equilibrium circulation where transport balances
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decomposition. Needless to say, this requires the modeling
of sinks in the forward model that is used to predict the at-
mospheric state. In the current version of ANCISTRUS, the
sinks of CCls, CFC-11, CFC-12, CH4, CO, HCFC-22, H,0,
and N, O are taken into account as described in vC19, while,
due to its long stratospheric lifetime, SFg is regarded as inert
in the given analysis range. For CO and H;O source reac-
tions are also considered. For reasons discussed above, AN-
CISTRUS is sensitive only to the decomposition of gases
within the diagnosed latitude and altitude range but not to de-
pletion at higher altitudes. Any depletion of, say, SFg on its
way through the mesosphere before it subsides again into the
stratosphere thus does not affect the ANCISTRUS results.

The other mechanism by which trace gas distributions con-
vey information on the circulation is the transport of struc-
tures. If, say, the maximum of the mixing ratio of a certain
gas is at a certain location one day and 5° further south a
month later, this is best explained by a southward veloc-
ity of 5° per month, assuming that this solution satisfies
the continuity equation globally. The amplitude of the struc-
tures transported is affected by the sinks discussed above. A
widely used method that uses this information pathway is the
analysis of the ascent rate in the tropical pipe by means of the
water vapor tape recorder (Mote et al., 1996).

As opposed to both these simplified views where infor-
mation pathways are assessed in isolation, both mechanisms
contribute to the full picture. ANCISTRUS thus exploits
both information pathways. In order to test the sensitivity
of ANCISTRUS with respect to each of them, the following
tests were performed: as a reference, we use a regular AN-
CISTRUS result based on zonal mean MIPAS measurements
of all nine trace gases from March to April 2005 (Fig. 1a)
and for September to October 2010 (Fig. 2a). The choice of
these years has no particular reason; the seasonal behavior of
these years is well representative of that of the other years
available. The months March—April and September—October
were chosen because the velocity fields are more structured
than at other times of the year and thus more interesting for
test purposes.

The circulation fields roughly match our expectations of
a typical middle atmospheric meridional circulation. We see
mesospheric and upper-stratospheric subsidence in local au-
tumn. The mesospheric pole-to-pole circulation is more pro-
nounced in September—October 2010 than in March—April
2005. Poleward transport in the lower and middle strato-
sphere is associated with the Brewer—Dobson circulation.
Northern polar upwelling in March—April 2005 is particu-
larly interesting: this is explained by the displacement of
the polar vortex off the pole during the sudden stratospheric
warming taking place at this time, which means that at the
pole strongly subsided vortex air is replaced by less sub-
sided air, resulting in a local (Eulerian) upwelling in a 2D
perspective. Due to symmetry around the pole, in a 2D rep-
resentation there is no horizontal velocity which could repro-
duce this phenomenon. This result, seeming counterintuitive
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at first glance, is not a weakness of the ANCISTRUS method
but rather a characteristic of the representation of the 3D at-
mosphere in 2D in general.

While the scientific interpretation of these fields of ef-
fective velocity is provided elsewhere (e.g., vC19), we are,
within the framework of this technical study, not so much in-
terested in the explanation of the atmospheric features but
in the sensitivity of the inversion with respect to changes
in the setup. Figures 1b and 2b show the respective AN-
CISTRUS run without the consideration of chemical sinks.
The structures and circulation patterns described before are
still present, but the velocities have changed in a quantita-
tive sense. An additional feature of equatorward transport at
about 55 km altitude, 30° S emerged in March—April 2005.
As expected, the relevance of sinks is largest at higher alti-
tudes, but in general it is moderate in the sense that minor
inaccuracies in sink strengths are not likely to perturb the
general picture of the circulation.

By feeding ANCISTRUS with identical trace gas fields for
the beginning and the end of the time interval under consid-
eration, the equilibrium circulation was inferred, where sinks
are completely balanced by advection (Figs. 1c, d and 2c, d).
We performed two variants of this test.

In the first variant, ANCISTRUS was fed with the actual
trace gas measurements for the first month and with the same
distribution for the second month. The goal was to emulate
steady-state conditions and to remove all information con-
tained in the transport of mixing ratio patterns. Here the gen-
eral picture changes dramatically. Several features of the ref-
erence case are not seen anymore. These include the strong
subsidence over the South Pole, the response to the strato-
spheric warming over the North Pole, and poleward trans-
port below 20 km in both hemispheres, in March—April 2005
(Fig. 1c). The tropical upwelling reaches up into the meso-
sphere. For September—October 2010 the pole-to-pole circu-
lation is no longer present (Fig. 2c). Two fairly symmetric
circulation cells with maximum poleward effective velocities
at 50-60 km dominate the velocity field. Again, the tropical
upwelling reaches up into the mesosphere.

Since, strictly speaking, monthly mean mixing ratios do
not represent a genuine steady state but rather a snapshot of a
transient state, we have repeated this test using annual mean
mixing ratio distributions. Without information on monthly
changes in the atmospheric state and no seasonal information
on the mixing ratio distribution, the inferred circulation is
fairly symmetrical, regardless of sinks being estimated with
lifetimes typical for March—April (Fig. 1d) or September—
October (Fig. 2d). With this setup, the tropical upwelling
again reaches up into the mesosphere, and the remaining pat-
terns are two rather symmetric transport cells in each hemi-
sphere, the stronger one around 50km covering all hemi-
spheric latitudes and a weaker one around 25 km, located in
the subtropics. In summary, it is evident that both sources of
information contribute to the resulting circulation field, and
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Figure 1. The meridional middle atmospheric circulation as retrieved with ANCISTRUS for March—April 2005 under realistic assump-
tions (a), without consideration of sinks of trace gases (b), and for sinks perfectly balanced by transport for actual (¢) and annual mean (d)

conditions. The color scales refer to \/ (vg degree_lmonth)2 + v km™ 1 month)? for vy and vz in units of degree per month and kilometer per
month. Pink arrows refer to velocities higher than representable by the color scale chosen.

it is necessary to exploit both of them to infer a realistic cir-
culation field.

3 Model recovery tests

vCG16 have presented two series of tests. In a first step, they
tested the implementation of the transport scheme used. Tests
were chosen intentionally simple in order to make it possible
to judge whether the algorithm does what it is supposed to,
without involving the need of a separate model. If a structure,
e.g., a mixing ratio maximum, is transported northward by 5°
in one month when the assumed uniform velocity field is 5°
per month, the success of the test can be directly judged. Dif-
fusive and dispersive characteristics can be tested by analysis
of the size of the transported maximum and side wiggles cre-
ated during the transport. Neither an indication of any mal-
function nor otherwise conspicuous features were found in
a long series of these forward model tests of which a small
subset was shown in vCG16. This kind of test is regarded as
severe in the sense of Mayo (1996) because the probability
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that a flawed transport scheme would be detected is large.
Thus, the likelihood that a model which passes these tests is
flawed is small. Despite their simplicity, these tests are also
general because the operations of the transport scheme are
the same everywhere in the analysis space. We thus consider
the transport scheme used by ANCISTRUS as valid.
vCG16’s second series of tests focused on the inversion
scheme. Tests fully based on trace gas real measurements
suffer from the fact that the corresponding true velocity fields
are not known, and it is thus not clear what the resulting
effective velocity fields should be compared to. Model re-
covery tests based on assumed velocity fields used as sur-
rogate truth along with simulated measurements avoid this
problem. Such a test is organized as follows. The assumed
velocity field is taken as a reference field and is applied to
a measured initial atmospheric state. The resulting solution
of the forward transport problem renders the simulated state
at a later time. Then the measured initial and the simulated
later atmospheric state are fed into the inversion scheme as
surrogate measurements, and the resulting velocity field, re-
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Figure 2. The meridional middle atmospheric circulation as retrieved with ANCISTRUS for September—October 2010 under realistic as-
sumptions (a), without consideration of sinks of trace gases (b), and for sinks perfectly balanced by transport for actual (c¢) and annual

mean (d) conditions. For details, see Fig. 1.

covered without using any information on the surrogate truth,
is compared to that reference field used to simulate the later
atmospheric state.

For these tests, a sensible choice of the assumed velocity
field is essential. Related tests by vCG16 were based on an
ad hoc choice of the velocity field. Again, the broad func-
tionality of the inversion scheme could be demonstrated, but
a closer look revealed that these tests were only partially suc-
cessful. The cause of the problems encountered was that the
velocity fields used for testing were not solutions of the con-
tinuity equation. An inversion scheme that is based on the
hard-wired constraint that the results must comply with con-
tinuity cannot reproduce velocity fields which were chosen
in an ad hoc manner and are not compliant with continuity.
Thus, spurious test results at the boundaries of the analysis
field did not come unexpectedly and could not refute the va-
lidity of the algorithm.

More severe tests must thus use a velocity field that satis-
fies the continuity equation. On the face of it, tracer and ve-
locity fields from a chemistry—climate model or a chemistry-
transport model would serve the purpose. The comparison

https://doi.org/10.5194/acp-21-2509-2021

of ANCISTRUS results with those from such a model, how-
ever, suffers from the fact that 2D velocities cannot be un-
ambiguously compared to 3D model results because there
is some room for interpretation of the 2D effective veloci-
ties. The latter include contributions from eddy transport and
eddy mixing (see appendices in vCG16 and vC19). Further-
more, there exist some more technical problems: often the
zonal mean mixing ratio fields from the climate model devi-
ate in a sizable way from the MIPAS profile. In this case it is
not clear what uncertainties shall be assigned to these mix-
ing ratios from the model. Any rescaling of the assumed error
variances would substantially change the weights of the mea-
surements in the inversion, and the results would no longer
be representative of the application of ANCISTRUS to MI-
PAS zonal means. Beyond this, modeled trace gas fields are
often less structured than the measured ones. The absence of
prominent structures, however, means the absence of some
useful information for ANCISTRUS, again leading to results
not directly comparable to the application of ANCISTRUS
measurements to MIPAS trace gas fields.

Atmos. Chem. Phys., 21, 2509-2526, 2021
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The use of velocities from a model applied to MIPAS vol-
ume mixing ratios to generate mixing ratio fields at the sec-
ond time step does not solve the problem either. The reason
is this. As we have learned from the tests in Sect. 2, the ve-
locities and the initial mixing ratio distributions cannot be
chosen independently. For species with sinks in the strato-
sphere, it is not only the mixing ratio differences between
the beginning and the end of a time step that depend on the
velocities, but also the absolute concentrations and their spa-
tial distributions. Inconsistencies between the velocity field
and the mixing ratio distributions would thus lead to artifacts
in the result of the test. A test where it is not possible to de-
cide if any discrepancy between the reference velocity field
and the retrieved velocity field is due to this type of artifact
or to a possible malfunction of ANCISTRUS is not useful for
validation purposes.

Our way out is to use ANCISTRUS-generated effective
velocity fields to simulate trace gas and density fields, apply
ANCISTRUS to them, and test the resulting velocity field by
comparison to the initial velocity field. The ANCISTRUS-
generated effective velocity fields satisfy the continuity equa-
tion. One might argue that this type of model recovery test
is circular, but the circularity is related only to the forward
transport model, which has already been tested indepen-
dently. Further, this test of the inversion scheme takes place
fully in a two-dimensional world and thus avoids any com-
plication by the interpretation of 2D effective velocities and
their relation to 3D model results.

Results of our model recovery tests are shown in Fig. 3 for
March—-April 2005 (a, c, e) and for February—March 2010
(b, d, f) and in Fig. 4 for August—September 2010 (a, c, e)
and September—October 2010 (b, d, f). Figures 5 and 6 with
their reduced altitude range permit a closer look at the lower
stratosphere. Panels a and b of the figures show the reference
fields of effective velocity, panels ¢ and d show the recov-
ered fields, and the respective differences are shown in the
panels e and f. The usual diagnostics were applied, and in
none of the cases were any peculiarities detected. This pro-
vides evidence that the system of equations solved has an
unambiguous solution.

For the March—April 2005 case (Figs. 3a, c, e and 5a, c,
e), ANCISTRUS reproduces all the patterns of the reference
case: subsidence of mesospheric air into the stratosphere at
Antarctic latitudes, stratospheric effective upwelling over the
North Pole, the bifurcation of an upwelling circulation seg-
ment at 30° N, 45 km altitude, and poleward transport in the
southern hemispheric subtropics at 25 km altitude and in the
northern hemispheric subpolar region at 15 km altitude. All
these features are recovered at the correct altitudes and lat-
itudes. At Antarctic latitudes around 55 km altitude effec-
tive velocities are underestimated by 8 %—9 %, while they
are over-estimated at 40° S, 40 km, by up to 20 %. The cen-
ter of the circulation structure at tropical latitudes at around
45 km is shifted downward by 3 km. The largest relative de-
viations are found where the reference case contains circu-
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lation segments in opposite directions at adjacent altitudes.
The Tikhonov regularization chosen is designed to keep ve-
locity differences between adjacent model grid points small.
Thus, this kind of smoothing error observed where the inver-
sion cannot fully resolve the reference field does not come
unexpectedly. Also the structures of the slow circulation pat-
terns in the tropopause region and the lower stratosphere are
recovered well (Fig 5a, c, e). Effective poleward velocities at
6 and 9 km altitude and the northward effective velocities in
northern midlatitudes at 15 and 18 km are underestimated in
some places.

For the February—March 2010 test case, the situation is
very similar to the one discussed above (Figs. 3b, d, f and 5b,
d, f). Again, we see southern polar subsidence and the bifur-
cation of the upwelling circulation segment at 30° N, 45 km
altitude. Contrary to March—April 2005, we see subsidence
also over the North Pole, which is an expected phenomenon
in polar winter vortices. All major circulation patterns are
recovered at the correct latitudes and altitudes. Peak veloc-
ities in the mesospheric branches of the circulation are un-
derestimated by about 25 %, but in large parts of the anal-
ysis domain the inversion is successful also in quantitative
terms, particularly below 40 km. Again, the largest discrep-
ancies are found where opposite circulation directions are
found at adjacent grid points: due to the smoothing regular-
ization, the inversion does not resolve the small circulation
feature at 20° S, 45 km altitude. A more detailed view on the
lower altitudes (Fig 5b, d, f) shows that the branches of the
Brewer—Dobson circulation are recovered well (20-40° S at
21-27km altitude and in northern midlatitudes at altitudes
between 18 and 27 km). The latitudes, altitudes, and veloc-
ity values of maximum poleward transport agree well. Also
the position, altitude, and strength of tropical upwelling are
almost perfectly recovered.

Tests for August-September 2010 and September—
October 2010 (Figs. 4 and 6) confirm the findings of the
first two tests. All patterns and structures are recovered at the
correct latitudes and altitudes. For August—September 2010,
this refers to the bifurcation of upward and downward effec-
tive velocities in the southern polar upper stratosphere near
40km; the huge area of large southward velocities at 33—
60 km altitude between equatorial latitudes and about 70° S;
the local maxima of southward effective velocities at 24—
27 km at about 10° S and at 6-9 km at southern midlatitudes;
and the position of the upwelling within the tropical pipe
around 10° N, a large area of high northward velocities peak-
ing between 54 and 60 km in northern midlatitudes and feed-
ing into northern polar subsidence. Peak velocities are under-
estimated by about 20 %. Quantitative deviations between the
reconstructed field and the reference field are largest where
velocity gradients are largest. For example, the bifurcation
of tropical upwelling velocities between 40 and 50 km is not
well resolved, due to the smoothing characteristic of the reg-
ularization.
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Figure 3. Model recovery tests for March—April, 2005 (a, ¢, ) and February March, 2010 (b, d, f), reference fields (a, b), results (c, d), and
differences (e, f). Note the different color scales of the difference plots. For details, see Fig. 1.

The September—October 2010 circulation (Figs. 4b, d, f between 20 and 60° N, and equatorward velocities at 15 km
and 6b, d, f) is characterized by a strong northward meso- altitude in midlatitudinal and polar northern latitudes are all
spheric pole-to-pole circulation which is connected to south- recovered.
ward transport between 30 and 5S0km in the entire South- Most importantly, in none of the tests has the inversion
ern Hemisphere. The general structure of this circulation sys- scheme created artificial patterns which were not present
tem and the positions of peak velocities are almost perfectly in the reference case. No major pattern was removed. The
recovered, but peak velocities are underestimated by about small-scale circulation feature at 20° S, 45 km altitude in
20 %, again due to the smoothing regularization. Poleward February—March 2010 (Fig. 3b, d, f) is the only instance of a
velocities at 6 and 9 km in southern midlatitudes, 21-27 km feature in the reference field which has not been reproduced.
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Figure 4. Model recovery tests for August—September 2010 (a, ¢, e) and September—October 2010 (b, d, f). For details, see Fig. 3.

4 The role of the regularization strength

In the previous section, the fact that large velocities are not
fully recovered is attributed to the regularization of the in-
version. ANCISTRUS uses a Tikhonov (1963)-type regular-
ization which leads to the following object function being
minimized:

(x — F(g;x0)7"S; " (x — F(g;x0)) +¢q"LTTLq. (1

Atmos. Chem. Phys., 21, 2509-2526, 2021

(x — F(q;x0)) is the residual between the measured field x
of atmospheric state variables and those predicted using the
initial field xo and an assumed field of velocities ¢. All these
fields are expressed as vectors of length m. S; is the m xm co-
variance matrix characterizing the uncertainties of the resid-
ual, under consideration of uncertainties of x and x. LITI'Ll
is the n x n regularization term, where L is a first-order dif-
ference matrix of dimension (n — 1 x n), expressing the verti-
cal and horizontal differences of adjacent values of horizon-
tal and vertical velocities. These velocities are represented by
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Figure 5. As for Fig. 3 but with a reduced altitude range for clearer representation of lower altitudes.

the n-dimensional vector q. I is a diagonal (n — 1) x (n — 1)
matrix and controls the strength of the regularization and bal-
ances the units. The purpose of the regularization term is to
prevent horizontal or vertical gradients of horizontal and ver-
tical velocities from becoming unreasonably large, a typical
characteristic of instable, oscillating solutions of ill-posed in-
verse problems. It goes without saying that the choice of the
entries of I' directly affects the solution. Thus it is in order
to test how sensitive the resulting velocity fields are on the

https://doi.org/10.5194/acp-21-2509-2021

choice of I'. We use September—October 2010 as a test case
because the large velocity contrasts are a particular challenge
for a Tikhonov-type smoothing regularization.

For September—October 2010, the model recovery test
presented in the previous section relied on regularization
strengths of (c; x 1.0 x 1073)% for all entries of T' op-
erating on horizontal velocities and (cz x 1.0 x 1072)2
for those operating on vertical velocities. ¢; and ¢
were 6.0 x 10* and 1.0 x 10°m~!s, respectively. In ad-

Atmos. Chem. Phys., 21, 2509-2526, 2021
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Figure 6. As for Fig. 4 but with a reduced altitude range for clearer representation of lower altitudes.

dition, the following pairs of regularization strengths
((c1 x5 x 1073)%; (c2 x 5.0 x 1072)2),

were tested:

((c1 x 1 x 1072)%; (e x 1.0 x 10712,
(c1 x5 x1072; (c2 x 5.0 x 1073)2),
(c1 x3x1072: (c2 x 3.0 x 1073)2).

sented in Fig. 7.

For the two strongest regularizations the main circulation
is qualitatively reproduced but velocities are underestimated
by a factor of 2 to 3. Details of the field are not well resolved

Atmos. Chem. Phys., 21, 2509-2526, 2021

and
Results are pre-

(Fig. 7c, e). With regularization strengths (c; x 1.0 x 1073;
¢z x 1.0 x 107%), which is the one usually applied, all pat-

terns are well resolved, and approximate quantitative agree-
ment is found almost everywhere, except for the peak ve-
locities, which are underestimated by several tens of percent
(Fig. 7b). With regularization strengths of (c; x 5.0 x 107%;
) X 5% 10_3) the agreement is even better, but there are
a significant number of cases for other months where no
convergence of the iterative inversion could be obtained

https://doi.org/10.5194/acp-21-2509-2021
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Figure 7. Resulting fields of effective velocity for different regularization strengths. Panel (a) shows the reference velocity distribution and
panel (b) the model recovery test for the nominal regularization strength of (¢ x 1.0 x 10~3)2 for horizontal velocities and (cpx1.0x 10722
for vertical velocities. Panels (¢) and (e) show results for stronger regularization of ((c¢ x 5.0 x 10_3)2; (cp x5.0x 10_2)2) and ((c; x 1.0x
10_2)2; (cpx1.0x 10_1)2), respectively. Panels (d) and (f) show results for weaker regularization of ((c; x5.0x 1()_4)2; (cpx5.0% 10_3)2)

and ((c] % 3.0 x 107H2; (¢5 x 3.0 x 1073)2), respectively.

(Fig. 7d). An even weaker regularization of (c1 x 3.0 x 1074;
¢2x3.0x 1073) gives room to some instabilities at the bound-
aries of the domain, particularly at the South Pole between
15 and 30km altitude (Fig. 7f). Thus, we consider the nom-
inal regularization strengths as adequate for routine process-

https://doi.org/10.5194/acp-21-2509-2021

ing. The damping of peak velocities is the price to pay for a
robust inversion. With rare cases of non-convergence, good
data coverage can be achieved, structures and patterns can
safely be recovered, and outside the regions of peak veloc-
ities the results are robust even in a quantitative sense. The

Atmos. Chem. Phys., 21, 2509-2526, 2021
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optimal choice of the regularization strength, however, is
application-dependent, and for particular case studies, where
convergence turns out not to be a problem, a weaker regular-
ization may be more adequate.

5 Sensitivity tests

For several reasons, ANCISTRUS results are expected to de-
pend on the selection of species used. First, species with dif-
ferent concentration profiles carry information on the circu-
lation at different altitudes. Thus, omitting, e.g., CO and CHy
and using only species with sizable concentrations in the
lower stratosphere, like CCly or CFC-11, will lead to heavily
degraded results in the mesosphere. Second, the more species
we have in general, the weaker the effect of regularization
will be and thus more information can be retrieved, even if
the additional information does not change the result in any
appreciable manner. Thus, the sensitivity of results with re-
spect to the omission of single species is worth testing. A
low sensitivity to the omission of a single species shows the
robustness of the methodology.

The corresponding test was set up as follows: first, an AN-
CISTRUS run was performed for a complete set of species.
Then, a series of ANCISTRUS runs was performed, each
with one gas omitted, similar to a jackknife method. The dif-
ference in velocities caused by the omission of a candidate
species is a measure of the sensitivity of the retrieval to this
species. These tests were performed for March—April 2005
(left panels of the relevant figures) and September—October
2010 (right panels of the relevant figures) for the omission
of CFC-11, CFC-12, and HCFC-22 (Fig. 8), CCly, SFeg,
and H,O (Fig. 9), as well as N,O, CHg4, and CO (Fig. 10).
CFC-11, CFC-12, and HCFC-22 contribute most in the po-
lar spring stratosphere, where gradients between regions of
old air depleted in these species and young air rich in these
species are large (Fig. 8). Since mixing ratios of these species
are low in the upper stratosphere and above, these species
contribute most information below about 40 km. Particularly,
CFC-11 contains considerable information on meridional ef-
fective velocities in tropical and midlatitudinal regions near
30km in March—April 2005 (Fig. 8a). Its omission changes
these velocities by 20 %—-30 %. In contrast, in the region of
apparent updraft in northern polar regions, its influence is
only about 10 %. The sensitivity of horizontal velocities near
30km to CFC-11 is confirmed by the September—October
2010 test case.

The effect of the omission of CFC-12 is generally much
smaller than of CFC-11 (Fig. 8c, d). This does not necessar-
ily mean that this species carries less information but that its
information is more consistent with that of the other species.
For the analysis of the major warming event in the northern
polar region in March—April 2005 (Fig. 8c), CFC-12 is, in
contrast to CFC-11, more relevant for the inference of verti-
cal than horizontal effective velocities. The same is true for

Atmos. Chem. Phys., 21, 2509-2526, 2021
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HCFC-22 (Fig. 8f). In this particular test case, HCFC-22 is
particularly important at altitudes from 6—12 km on southern
midlatitudes.

CCly and SF¢ broadly contribute in the same regions as
the species discussed before, but their contributions are gen-
erally smaller because measurement uncertainties are larger
for these species and their weight in the inversion is thus
lower (Fig. 9a—d). Except for polar winter conditions, the
meridional effective velocities seem to be more sensitive to
the omission of these species than the vertical effective ve-
locities. Both in March—April 2005 and September—October
2010, CCly contributions are largest to horizontal velocities
in the altitude regions of 21-30km and 6-9 km (Fig. 9a, b).
The contributions of SF¢ are even smaller than that of CCly.
They exceed 10 % only in the shearing region at 21 km al-
titude, 70-80° N in March—April 2005 and between 6 and
15km altitude in southern midlatitudinal and tropical lati-
tudes in September—October 2010.

H>O provides a considerable amount of information
(Fig. 9e, f; note the different color scale due to the large am-
plitude of values). Its contributions are largest where its gra-
dients are largest, namely in the upper troposphere or lower
stratosphere and in the mesosphere. In the subsiding segment
of the mesospheric circulation at southern polar latitudes in
March—April 2005 its contribution exceeds 50 % in some
places. In September—October 2010, when the subsiding seg-
ment of the mesospheric circulation is situated at northern
polar latitudes, the contribution of H,O even reaches 100 %.
H,O also provides important information at tropical and mid-
latitudinal latitudes below 25 km.

N>O contributes considerably in the entire altitude range
(Fig. 10a, b; note the large range of values represented by the
color scale). In wide parts of the atmosphere its contribution
exceeds 50 %, particularly in March—April 2005.

CH4 and CO provide the bulk of information on the circu-
lation in the upper stratosphere and mesosphere (Fig. 10c—f).
There, contributions exceed 50 % in wide regions. However,
similar to N;O, they do also provide a lot of information at
lower altitudes, which can hardly be appreciated due to the
large range of values represented by the color scales of the
figures.

Overall, the effects of omission of certain species are gen-
erally minor to moderate and confined to specific regions, ex-
cept for the upper stratosphere and mesosphere, where only
a few species carry information, viz., HyO, N2O, CHy4, and
CO. The robustness of the inversion with respect to the omis-
sion of single species up to about 40 km indicates that either
the MIPAS mixing ratio fields are not biased or that AN-
CISTRUS is not overly sensitive to such biases. Since a ma-
jor amount of information exploited by ANCISTRUS is not
contained in the mixing ratios themselves but in the mixing
ratio differences, biases, if existing, tend to cancel out.

One might argue that the inclusion of species which con-
tribute only little information, such as SFg or CCly, is use-
less. Admittedly the information provided by these species

https://doi.org/10.5194/acp-21-2509-2021
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ready been performed by Eckert (2018).
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Figure 8. Differences between ANCISTRUS runs with one species omitted and all nine species included for March—April 2005 (a, ¢, ) and

September—October 2010 (b, d, f). The missing species are CFC-11 (a, b),
sion of these species reduces the estimated uncertainty of the

retrieved effective velocities.
trieved horizontal (panels a, c, e) and vertical (panels b, d, f)

velocities due to the propagated uncertainties of the mixing
ratio fields, for an ANCISTRUS run with all gases included

does not change the results very much. However, the inclu-
standard deviations, representing the uncertainty of the re-
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from measured tracer mixing ratios via the inversion of the
2D continuity equation. The primary area of application of

50 km, both at polar and tropical latitudes, the standard devi-
ANCISTRUS is a method to infer stratospheric circulation

ations are up to a factor of 2 higher when N>O is omitted.
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The omission of N>O, chosen as an example of a gas

Figure 9. Differences between ANCISTRUS runs with one species omitted and all nine species included for March—April 2005 (a, ¢, ) and
which contributes more information, has a larger impact

September—October 2010 (b, d, f). The missing species are CCly (a, b), SFg (¢, d), and H,O (e, f).

sion of CCly increases the altitude region where the standard
deviation of vy is below 0.06° per month considerably. For

tropical middle-stratospheric vertical velocities the altitude
(Fig. 11e, f). Particularly at altitudes between about 30 and

range where standard deviations are below 20 m per month

increases similarly.
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Figure 10. Differences between ANCISTRUS runs with one species omitted and all nine species included for March—April 2005 (a, c, e)

and September—October 2010 (b, d, f). The missing species are NpO, CH4, and CO.

advection. In contrast, the application with the sinks turned

this method is the investigation into the structure and pos-

off exclusively exploits the information which is contained in

sible changes in the Brewer—Dobson circulation. In order to

the displacement of patterns of mixing ratios. It was shown

validate ANCISTRUS, a series of tests have been performed.

that both mechanisms are important to retrieve the full pic-

By comparison of its application to steady-state conditions

ture and that the latter information pathway is particularly

important.

the contri-

butions of two information pathways were isolated. In the

steady state, ANCISTRUS recovers a field of effective ve-

>

to application with deactivated chemical sinks

Model recovery tests were performed to test if AN-
CISTRUS is able to retrieve a known assumed field of ef-

locities which just compensates for the chemical sinks by
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Figure 11. Estimated standard deviations of horizontal (a, ¢, ) and vertical (b, d, f) effective velocities for ANCISTRUS runs with all nine
gases (a, b), with CCly omitted (¢, d) and with N, O omitted (e, f) for March—April 2005.

fective velocities that was used to generate simulated mix-
ing ratio measurements. Up to about 30km altitude, AN-
CISTRUS results have been shown to be fairly accurate in
a fully quantitative manner. Above, less measurement infor-
mation is available, and the peak effective velocities deviate
from the reference velocities by up to several tens of percent.
Still, structure and patterns are perfectly reproduced and can

Atmos. Chem. Phys., 21, 2509-2526, 2021

be regarded as robust. Only patterns of very small scales are
not resolved. In no case did ANCISTRUS generate artificial
structures not present in the reference data. The prevailing
underestimation of peak velocities is attributed to the regular-
ization term in the retrieval equation, which pulls values to-
wards O in the case of insufficient measurement information.
The choice of the regularization strength in the ANCISTRUS

https://doi.org/10.5194/acp-21-2509-2021



T. von Clarmann and U. Grabowski: Inversion of circulation: sensitivity studies and model recovery

version tested here was conservative. A rather strong regular-
ization was chosen to avoid ANCISTRUS producing artifi-
cial circulation patterns and to safely achieve convergence of
the iteration. According to the terminology of test theory, it
had been decided to instead accept type I errors, i.e., to reject
a true result, and to safely exclude type II errors, i.e., non-
rejection of a false result. The results of this study, however,
indicate that there may still be room to fine-tune the regu-
larization in order to achieve less damping of the peak ve-
locities at higher altitudes in a fully quantitative sense. This,
however, is deferred to a future paper.

Finally, the information content of the various trace gases
used so far in ANCISTRUS applications was investigated.
It was found that gases whose omission changes the results
only marginally still provide information in the sense that
their inclusion reduces the estimated uncertainty of the re-
sulting velocity field. Further, ANCISTRUS proved quite ro-
bust with respect to the omission of any single gas. In sum-
mary, with respect to the scientific analysis of patterns and
structures, we regard the ANCISTRUS algorithm in its cur-
rent setup as fit for purpose.

Code availability. The ANCISTRUS software, along with the as-
sociated software library, is available via the KITOpen deposi-
tory under ID 1000127728, https://doi.org/10.5445/IR/1000127728
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