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Differences between reanalysis ozone fields and
SWOOSH are larger at 70hPa. A strong discontinuity
in the MERRA-2 time series occurs in mid-2004 when
it begins to assimilate Aura MLS ozone data. The same
discontinuity is found in ERA5, although the positive
bias is somewhat less pronounced in ERA5 than in MER-
RA-2. To a lesser extent there is also a discontinuity (in

2008 and again in mid-2009) when ERA-Interim begins
assimilating Aura MLS ozone data. The large positive
bias in MERRA-2 that starts in mid-2004 is also seen in
comparisons to (non-assimilated) ozonesondes (War-
gan et al., 2017). This positive bias is related to vertical
averaging of the MLS data before assimilation by MER-
RA-2 (Wargan et al., 2017).

Figure 4.16: Latitude-time evolution of relative differences between ozone reanalyses and the merged SWOOSH ozone re-
cord at 10 hPa and 70 hPa. White indicates missing data, and light grey indicates near-zero differences (e.g., between MERRA2

and SWOOSH after mid-2004). Updated from Davis et al. (2017).
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For the other reanalyses that don’t assimilate MLS, there are
generally not strong discontinuities that can be tied to ob-
serving system changes. There does seem to be a change in
the ERA-Interim differences at the beginning of 2003 when
it begins to assimilate vertically resolved data from MIPAS
and TCO from SCIAMACHY. Beyond the discontinuities
discussed above, at 70hPa differences between the reanal-
ysis ozone fields and SWOOSH are relatively consistent
in time, with negative biases prevailing in JRA-25, CSFR,
MERRA, and MERRA-2 (pre-Aura MLS), patchy biases
in ERA-Interim, and mostly positive biases in JRA-25 and
JRA-55 (especially in the tropics).

4.5 Evaluation of reanalysis water vapour products

In this section, we evaluate reanalysis estimates of water
vapour in and above the tropopause layer against available
observations. In keeping with the S-RIP remit, this section
focuses exclusively on evaluations of reanalysis water va-
pour products in the upper troposphere and stratosphere.

4.5.1 Zonal mean water vapour cross-sections

Figure 4.17 shows multi-annual zonal mean water vapour
for 2005 -2010 from the SDI MIM along with relative dif-
ferences between each reanalysis and the MIM (calculat-
ed as 100-(R; - MIM)/MIM, where R; is a reanalysis field).
In contrast to ozone, the reanalyses do not consistently
capture the zonal mean vertical distribution of water va-
pour. The pressure-level products provided by JRA-25 and
JRA-55 do not include analysed stratospheric water vapour
fields, while CFSR produces a stratosphere that is much too
dry (negative biases exceeding 60 %). ERA-Interim, ERAS5,
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MERRA, and MERRA-2 show water vapour fields that are
close to observations. These three systems resolve the dis-
tinct minimum in water vapour mixing ratios just above
the tropical tropopause, the second minimum in the lower
stratosphere at SH high latitudes, and the increase in wa-
ter vapour with increasing altitude. The slight negative bias
found in ERA-Interim and ERA5 compared to the obser-
vations around the stratopause may be a result of relaxing
the water vapour towards the UARS climatological value of
6.8 ppmv in this region (see Section 4.2.3), which is some-
what lower than the values observed in newer climatologies
(Hegglin et al., 2013). In contrast to the other reanalyses,
MERRA and MERRA-2 extend up to the lower mesosphere
(not shown), and hence capture the water vapour maximum
found in the upper stratosphere (e.g., Hegglin et al., 2013).

CFSR is much too dry throughout the stratosphere and
does not capture the typical structure of water vapour iso-
pleths. This bias is due in part to the lack of assimilated
observations to constrain the water vapour reanalyses at
these altitudes and in part to the absence of a methane
oxidation parameterization in the forecast model (Section
4.2.3). All reanalyses contain positive biases relative to the
SDI MIM at pressures greater than 100 hPa (see also Jiang
et al., 2015), although this may in part be explained by
the increase in measurement uncertainty of satellite limb
sounders with decreasing altitude in the upper troposphere
(Hegglin et al., 2013). Several studies have shown that Aura
MLS contains a dry bias in the upper troposphere/lower
stratosphere around 200 hPa (e.g., Davis et al., 2016; Vimel
et al., 2007), and similarly a dry bias has been found in
the upper troposphere for ACE-FTS (Hegglin et al., 2008).
Note, ERA5 shows the best agreement with observations
below 100hPa, with somewhat lower positive biases than
the rest of the reanalyses.
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Figure 4.17: Multi-annual zonal mean water vapour latitude-altitude cross-sections averaged over 2005-2010 for the
SPARC Data Initiative multi-instrument mean (SDI MIM) (upper left), along with the relative differences between reanalyses
and observations as (Ri—MIM)/MIM*100, where R; is a reanalysis field. Also shown in contours are the respective zonal mean
climatologies for the different reanalyses. Updated from Davis et al. (2017).
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4.5.2 Water vapour monthly mean vertical profiles and
seasonal cycles

Figures 4.18a and b show vertical profiles of water vapour
for January (2005-2010 average) for the reanalyses and
the SDI MIM at two different latitudes 40°N and 70°S,
respectively, along with the relative differences for each
reanalysis with respect to the MIM. Figures 18c and d
show the seasonal cycles of water vapour for three dif-
ferent pressure levels at 40°N and 70°S, respectively. In
general, the results shown reinforce the conclusions of the
previous section.

The comparisons in Figures 4.18a and b reveal very good
agreement (within * 10 %) between ERA-Interim, ERA5,
MERRA, MERRA-2, and the observations at altitudes
above 100hPa. The 100 hPa level is one of the most im-
portant levels for stratospheric water vapour studies, be-
cause it is near the level where stratospheric water vapour
entry mixing ratios are set in the tropics (Fueglistaler et
al., 2009) and because it is near the peak region of the
radiative kernel for water vapour in the extratropics (Get-
telman et al., 2011). As mentioned in the previous sec-
tion, water vapour from CSFR is unrealistic in the strato-
sphere, with values much lower than those observed. The
reanalyses show large inconsistencies between their ab-
solute values at altitudes below 100 hPa, leading to sharp
increases in their relative differences with respect to the
MIM of >100 %. These relative differences are systemat-
ically positive except for in CFSR and JRA-25, pointing
towards potential negative biases in the water vapour
observations at these altitudes (e.g., Hegglin et al., 2013).
The results may also indicate that the reanalyses produce
an excessively moist tropical upper troposphere and/or
excessive mixing of moist tropospheric air into the extra-
tropical lowermost stratosphere.

The agreement between the reanalyses and observations
varies by month, as shown in Figures 4.18 c-e and f-h for
selected pressure levels (250, 100, and 50 hPa) and latitude
bands (30°N-50°N and 60°S-80°S). At NH mid-latitudes
(30°N-50°N; Figure 4.18c) at 250 hPa, all reanalyses are
positively biased relative to the observations by more than
100 %, lending further support to the results by Jiang et
al. (2015), who compared the reanalyses to Aura MLS
alone, which is known to have a negative bias around this
altitude (Davis et al., 2016; Hegglin et al., 2013; Vomel et
al., 2007). JRA-25 and JRA-55 have the smallest positive
biases relative to observations at 250 hPa. At 100 hPa and
50hPa, ERA-Interim, ERA5, MERRA, and MERRA-2
perform best, with approximately correct mean values,
but somewhat underestimated seasonal cycle amplitudes.
As noted earlier, a significant portion of the agreement
in MERRA and MERRA-2 results from the relaxation
of stratospheric water vapour towards a climatology
that is based in part on Aura MLS data (which are also
included in the SDI MIM). The results of ERA-Interim
and ERA5 point towards the physical consistency in the

parameterisations used to determine this prognostic var-
iable in their reanalyses systems. JRA-55 (JRA-25) has
mean values that are much too large (small) at 100 hPa.
In addition to being too dry at 100 hPa and 50 hPa, CSFR
also has incorrect amplitude and phase of the seasonal
cycle at these levels.

At SH high latitudes (60°S-80°S; Figure 4.18f-h), all re-
analyses show approximately the right phase, but overes-
timate mean values and amplitudes at 250 hPa, similar to
the results at NH mid-latitudes. At 100hPa and 50hPa,
ERA-Interim and ERA5 capture the phase and amplitude
of the observed seasonal cycle best when compared to the
other reanalyses, but exhibit a slight negative bias at 50 hPa.
MERRA and MERRA-2 also show quite good agreement
in terms of mean value, amplitude, and phase at 100 hPa,
but overestimate mean values at 50hPa, and also show a
slight shift in the phase of the seasonal cycle with some-
what early minimum followed by an increase in Septem-
ber that occurs about a month earlier than observations.
JRA-25 somewhat underestimates the mean value, but
shows a similar phase and amplitude as the observations at
100hPa. JRA-55 on the other hand, strongly overestimates
the amplitude of the seasonal cycle at this level with mean
values that are much too high. This JRA-55 positive bias
at 100hPa in the extratropics (of both hemispheres) is due
to unrealistically large values in its forecast model strat-
osphere that are unconstrained by observations and im-
pact the 100hPa level. CSFR shows too low values at both
100hPa and 50 hPa, but captures the seasonality somewhat
better than it does in the NH mid-latitudes.

4.5.3 Water vapour interannual variability

Figure 4.19 shows time series of interannual variability
in water vapour and its anomalies based on observations
and reanalysis products during 2005-2010. At 250 hPa in
NH midlatitudes (40°N-60°N), the reanalyses show a
much larger amplitude seasonal cycle, with much larger
maxima during summer. Generally, the reanalyses follow
the observed interannual variability extremely well, espe-
cially JRA-25, JRA-55, MERRA, and ERA5. CSFR seems
to exhibit an underlying positive trend in its time series.
And as noted previously, all reanalyses are wetter than
observations at this level by approximately a factor of two.

At 100hPa in the tropics (a level that is often used to es-
timate stratospheric water vapour entry mixing ratios),
all reanalyses except CSFR and JRA-25 compare reason-
ably well with the observed seasonal cycle and anoma-
lies. Perhaps surprisingly, JRA-25 captures the interan-
nual anomalies quite well despite being biased negative
in its mean value and seasonal cycle amplitude. CSFR
shows no clear interannual variability and produces wa-
ter vapour mean values as low as 0 ppmv. CSFR begins
to produce more realistic water vapour concentrations
at these levels in 2010, but with values that are larg-
er than those in the observations and other reanalyses.



152  SPARC Reanalysis Intercomparison Project (S-RIP) Final Report

This change is discussed further in Section 4.5.4. Note that
the SDI MIM for this level only includes Aura MLS and
ACE-FTS due to known problems in SCCAMACHY and
MIPAS data in this region (Hegglin et al., 2013).

At 50hPa in the SH high latitudes (60°S-80°S), MERRA
and MERRA-2 have roughly correct water vapour mean
values, whereas ERA-Interim and ERAS5 are slightly too

low and CFSR is essentially zero before 2010. MERRA and
MERRA-2 both place the minimum during austral winter
(from dehydration processes in the cold polar vortex) about
one month too early. Except for CFSR, the other reanalyses
capture the correct structure in the interannual variability,
including the prominent positive anomaly in 2010. MERRA
and MERRA-2 show less variability than observed, which is
unsurprising given their strong relaxation to the climatology.
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Figure 4.18: Multi-annual mean vertical water vapour profiles over 2005-2010 for January at (a) 40°N and (b) 70°S from the SPARC
Data Initiative multi-instrument mean (SDI MIM) (black) and the six reanalyses (coloured). Absolute values are shown in the left and
relative differences in the right panels for each comparison. Relative differences are calculated as (Ri-MIM)/MIM*100, where R; is a re-
analysis profile. Black dashed lines provide the +1-sigma uncertainty (as calculated by the standard deviation over all instruments and
years available) in the observational mean. Horizontal dashed lines in grey indicate the pressure levels (250, 100, and 50 hPa) for which
seasonal cycles are shown in panels (c) - (h) for the two latitude ranges 30°-50° N and 60°-80°S. Grey shading indicates observational
uncertainty (+1-sigma) calculated as the standard deviation over all instruments and years available. Updated from Davis et al. (2017).



Chapter 4: Overview of Ozone and Water Vapour 153

Interannual variability 40N-60N @ 250hPa

_  observations

r CFSR ERA-1 ERAS

JRA-55

.g
£
Q.
T
ol . . L
Jan 06 Jan 07 Jan 08 Jan 09 Jan 10
Interannual variability 20S-20N @ 100hPa
100 T T ! 4
[ observations ]
8- CFSR ERA-1 ERAS JRA-55 MERRA —
E of /
gt
a .F
24
2 ._— | __
5 |
r |
(1] - - - e . - i i
Jan 06 Jan 07 Jan 08 Jan 09 Jan 10
Interannual variability 80S-60S @ 50hPa
BE T . .
:E observations | ;
5= -
" fﬁ,
EE W
&3
Q
T

ra

A

T FTISTT eI Ty ey

=

! WS

Jan 06 Jan 07

Jan0g  Janio

JanoB

Anomalies 40N-60N @ 250hPa

X}
=]

T T

S FTTRRTTRTI RRTTRTTRT)

H.O [ppmy]

i

Jan 06 Jan 07 Jan 08 Jan 09 Jan 10

Anomalies 20S-20N @ 100hPa

H.0 [ppmv]

Jan 06 Jan 07 Jan 08 Jan 09 Jan 10

Anomalies 803-605 @ 50hPa

C o

=]
T
valana ool

H.O [ppmyv]

Lo B,

Jan 06 Jan 07 Jan 08 Jan 08 Jan 10

Figure 4.19: Interannual variability (left column) and deseasonalized anomalies (right column) for water vapour dur-
ing 2005 - 2010 for the SPARC Data Initiative multi-instrument mean (SDI MIM, black) and the six reanalyses (coloured).
Results are shown for three different pressure levels and latitude ranges (bottom to top: 50 hPa at 60-80°S, 100 hPa at
20°5-20°N, and 250 hPa at 40-60°N). Grey shading indicates observational uncertainty (x 1-sigma) calculated as the
standard deviation over all instruments and years available. Updated from Davis et al. (2017).

4.5.4 Tropical tape recorder in water vapour

Representations of the tropical tape recorder (Mote et al.,
1996) provide an additional illustration of problems in re-
analysis stratospheric water vapour products. Figure 4.20
shows the time-height evolution of water vapour in reanal-
yses and the merged SWOOSH observations averaged over
the 15°S-15°N tropical band. Anomalies are calculated
separately for each data set, relative to the mean seasonal
cycle at each level for the period 1992-2014 (except ERA-
40, which is 1992-2002), when all reanalyses (except ERA-
40) overlap. Variations in these fields reflect changes in the
mixing ratio of water vapour entering the tropical lower
stratosphere, as driven by variations in tropical tropopause
temperatures and the subsequent vertical propagation in
the ascending branch of the stratospheric overturning
circulation. Interannual variability in both water vapour
entry mixing ratios and ascent rate (the vertical slope of
the signal) is superimposed on this mean seasonal cycle.
Although reanalyses do not reproduce observed water va-
pour concentrations in the stratosphere, most reanalyses
do produce a tropical tape recorder signal.

As previously discussed, CFSR (Figure 4.20a) produc-
es water vapour concentrations near zero in the strato-
sphere for most of the record, although unrealistically
wet values appear above 20 hPa at certain times (e.g;; 1995
and 1999). These upper stratospheric wet anomalies (and
several others that occurred before 1992) all correspond
to transitions in the main CFSR production stream (see
Figure 2.2 and Figure 2 of Fujiwara et al., 2017). We hy-
pothesize that these wet anomalies are a remnant of a
wet bias in the model initialisation that remains after the
~l-year spinup. Additional step changes in water vapour
are evident at the beginning of 2010 and at the beginning
of 2011. The latter step change corresponds to the tran-
sition from CFSR (CDAS-T382) to CFSv2 (CDAS-T574)
at the beginning of 2011. As discussed in Section 4.2.2,
CFSv2 is intended as a continuation of CFSR but has dif-
ferences in model resolution and physics relative to the
original system. Although the reasons for the step change
at the beginning of 2010 are not known definitively, we
note that CFSR was extended for the year 2010 follow-
ing its original completion over the 1979-2009 time pe-
riod. This extension used the original CDAS-T382 sys-
tem but with some slight changes to the forecast model.
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Figure 4.20: The tropical tape recorder signal as represented in reanalyses and the SWOOSH merged satellite product, de-
fined as the height-time evolution of water vapour averaged over the 15°S-15°N tropical band. Both absolute values (left
column) and anomalies relative to the mean water vapour seasonal cycle at each level (right column) are shown. Anomalies
are computed separately for each data set. Monthly mean anomalies in tropical (15°S - 15° N) cold-point tropopause temper-
atures calculated from 6-h data on the native vertical resolution of each reanalysis model are shown for context (o). Regions
with no data are gray, and off-scale data are white. Updated from Davis et al. (2017).
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It is likely that the CFSR 2010 run was performed without
a sufficiently long spin-up period, or that a change to the
model configuration resulted in the observed water vapour
discontinuity beginning in 2010.

ERA-40 and ERA-Interim (Figure 4.20c,e) are generally
drier than the SWOOSH observations (Figure 4.20m), al-
though the ERA-Interim represents an evident improvement
over ERA-40 in this respect. ERA-5 (Figure 4.20g) agrees
best with SWOOSH, both in magnitude and variability. Both
MERRA and MERRA-2 (Figure 4.204,k) are close in magni-
tude to SWOOSH, but this agreement is expected given that
both systems relax stratospheric water vapour to a climatol-
ogy based on Aura MLS and HALOE (Sections 4.2.7, 4.2.8).

The reanalyses all produce tape recorder slopes that are
more steeper than suggested by the observations, indicat-
ing that vertical upwelling in the tropical stratosphere is
too strong in reanalyses. Although biases and differences in
tropical stratospheric upwelling have been addressed quan-
titatively for a subset of reanalyses elsewhere (Abalos et al.,
2015; Jiang et al., 2015), the SWOOSH data shown in Fig-
ure 4.20 enable a comparison that extends beyond the Aura
MLS record. This extension allows for comparison to ERA-
40, and shows that ERA-Interim benefits from a much-im-
proved representation of stratospheric water vapour and its
variability relative to its predecessor.

Figure 4.20 also shows interannual variability in tropical
stratospheric water vapour as represented by the anoma-
ly from the mean seasonal cycle at each level. Interannual
variability in the tape recorder signal is related to interan-
nual variability in cold-point tropopause temperatures (Fi-
ugre 4.200), with warm anomalies at the tropopause cor-
responding to wet anomalies in the tape recorder and vice
versa. Although the reanalyses produce almost identical
interannual variations in tropical tropopause temperatures
over the period considered here, their interannual varia-
tions in stratospheric water vapour differ substantially. The
strong relaxation to climatology applied in MERRA and
MERRA-2 results in very little interannual variability above
60hPa because of the short nudging timescale for WV
(3days). ERA-40 produces a very large wet anomaly during
the 1997 - 1998 El Nifio that coherently propagates upwards.
This anomaly is wetter than that suggested by SWOOSH
and the other reanalyses. SWOOSH and the reanalyses all
show a wet anomaly near 100hPa in the tropics during the
1997-1998 El Nifio, but this anomaly does not correspond to
a strong warm excursion in cold-point temperature.

Randel et al. (2006) reported the occurrence of a sud-
den drop in stratospheric water vapour that persisted for
~5years during the early 2000s. This drop is evident in the
cold-point temperature and SWOOSH water vapour anom-
alies (Figure 4.20n,0). The reanalyses generally capture the
drop in stratospheric WV around 2000, with the caveat that
the relaxation to a monthly mean climatology in MERRA
and MERRA-2 damps the associated signals above the low-
ermost stratosphere.

4.6 Summary

In this chapter, we described the basic treatment of ozone and
water vapour in reanalyses, and presented comparisons both
among reanalyses and between reanalyses and observations
(both assimilated and independent). Here we briefly summa-
rize the most influential characteristics and differences in the
treatment of ozone and water vapour in reanalyses along with
the key results of the intercomparisons.

The treatment of ozone and water vapour varies substantially
among reanalyses. Some reanalyses prescribe ozone clima-
tologies and do not treat ozone prognostically (R1, R2), some
reanalyses specify ozone as a boundary condition generated
by an offline chemical transport model (JRA-25, JRA-55),
and some reanalyses treat ozone as a prognostic variable with
parameterised photochemical production and loss (CFSR,
ERA-40, ERA-Interim, ERA5, MERRA, and MERRA-2).
Only ERA-40, ERA-Interim, and ERA5 contain a parame-
terization of heterogeneous ozone loss processes.

The reanalyses also assimilate different sets of ozone observa-
tions, with generally similar observation usage for reanalyses
produced by the same reanalysis centre. All reanalyses that as-
similate ozone observations rely heavily on total column ozone
observations from some combination of satellites carrying the
TOMS and SBUV sensors. Several recent reanalyses (including
MERRA-2 and ERA-Interim) use the newest generation of ver-
tically resolved ozone measurements (e.g,, Aura MLS).

Reanalysesall assimilate tropospheric humidity information
via some combination of radiosondes, satellite radiances,
GNSS-RO bending angles, and retrievals of atmospheric hy-
drological quantities (e.g., total column water vapour or rain
rate). None of the reanalyses assimilate WV observations in
the stratosphere, although information from tropospheric
observations may propagate upward in some systems. Be-
yond these similarities, the treatment of stratospheric water
vapour varies substantially among the reanalyses. For ex-
ample, the specific cut-off altitude up to which radiosonde
humidity data are assimilated varies from one reanalysis to
another, using either a fixed pressure level or the diagnosed
tropopause. ERA-40, ERA-Interim, and ERA5 are the only
reanalyses that include a water vapour source from methane
oxidation. MERRA and MERRA-2 relax their fields to a wa-
ter vapour climatology based on satellite observations (e.g.,
including Aura MLS), while other reanalyses simply do not
provide valid data in the stratosphere (e.g, CSFR, JRA-25,
JRA-55, R1, R2). These latter reanalyses prescribe a clima-
tology or constant value for stratospheric water vapour as
input to the forecast model radiative transfer code.

Given these differences amongst reanalysis treatments
of ozone and WV, it is perhaps unsurprising that com-
parisons between reanalyses and observations also
vary widely. Comparisons against assimilated observa-
tions of total column ozone (TCO) show that reanaly-
ses generally reproduce TCO well, within ~10DU (~3%).
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Key limitations that result in larger errors and uncertain-
ties include a general lack of TCO data during polar night
and the absence of heterogeneous chemistry from most rea-
nalysis ozone schemes (except in ERA-40 and ERA-interim
where it is introduced as a simple parameterization activated
when the local temperature falls below 195K). The vertical
distributions of stratospheric ozone and WV in reanalyses
are unconstrained by observations through most of the re-
cord, owing to vertically-resolved data generally not being
used in the assimilation systems. The situation for ozone is
slightly better than that for WV, because stratospheric ozone
observations are assimilated and because the ozone param-
eterizations are more advanced. Nevertheless, the current
parameterisations for stratospheric water vapour imple-
mented in ERA5 show a high level of performance and stark
improvements over the water vapour distributions of earlier
ECMWEF reanalyses.

From the middle to upper stratosphere, reanalysis ozone
profiles are within +20% of MIM of observations from the
SPARC Data Initiative, although the comparisons are not
truly independent for MERRA-2, ERA-Interim, and ERA5
because they assimilate data from Aura MLS, one of the in-
struments that contribute to the SPARC Data Initiative data-
set. In the upper troposphere and lower stratosphere, biases
increase to +50 % for ozone.

MERRA-2 and ERA5 perform particularly well for ozone
through much of the stratosphere. This is mainly due to the
assimilation of the vertically resolved Aura MLS observa-
tions, which have helped to address difficulties in reproduc-
ing vertical distributions of ozone, particularly during polar
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night; however, these data are only available since late 2004
and are only assimilated by a few reanalyses. The use of re-
analysis ozone for Antarctic ozone hole studies is therefore
problematic. The reanalyses produce reasonable ozone holes
when observations are available, but the timing and area of
reanalysis ozone holes is positively biased when observations
are (unavailable or) not assimilated. Also, apart from JRA-55,
most reanalyses seem to exhibit a drift in the extent of the
ozone hole area when compared to TOMS/OMI observations.

More generally, studies utilizing reanalysis ozone fields to
analyse longer-term variations (e.g, trends) should exer-
cise extreme caution. Vertically resolved observations are
not available over the entire time period of reanalyses, and
the few reanalyses that use these temporally limited obser-
vations have significant discontinuities when the assimila-
tion of vertically-resolved observations begins or stops. And
while the reanalyses generally do a good job reproducing the
TCO observations they assimilate, there remain potentially
significant discontinuities associated with both the transi-
tion between satellite instruments and the underlying data.
Assimilation of vertically-resolved ozone measurements,
assimilation of measurements in polar night, and improved
chemical parameterization of ozone processes should be
pursued by reanalysis centers in order to improve the rep-
resentation of ozone fields in reanalyses into the future.

None of the reanalyses assimilate observations of strat-
ospheric water vapour, resulting in large differences be-
tween reanalyses and independent observations. CESR
has an extreme dry bias in the stratosphere through 2009,
with monthly mean values often approaching 0ppmv.

Chapter 4 Diagnostics Evaluation

Section| »
CFSR/CFSv2
ERA-Interim

JRA-55

MERRA-2

MERRA

ERA-40

JRA-25

ERA5S

Demonstrated Suitable
Suitable with Limitations

Demonstrated Unsuitable

Figure 4.21: A summary of the diagnostics evaluated in this chapter.
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Although MERRA and MERRA-2 produce reasonable values
for stratospheric water vapour, these values represent a strong
relaxation to a fixed annual climatology at pressures less than
50hPa. Hence, mid- and upper-stratospheric water vapour
does not undergo physically meaningful variations in MER-
RA or MERRA-2. ERA-40, ERA-Interim, and ERA5 produce
a true “prognostic” water vapour field in the stratosphere.
ERA-Interim and ERA5 produce surprisingly reasonable val-
ues given that their fields are predominantly controlled by de-
hydration in the TTL and a very simple parameterization of
methane oxidation. In the upper troposphere and lower strat-
osphere, reanalyses are around a factor of two wetter than the
SPARC Data Initiative WV measurements used here, although
the observations also have relatively large disagreements in this
region. Notably, ERA5, possibly due to further refinements in
its parameterization for dehydration since ERA-Interim, shows
reduced biases in water vapour in this altitude region.

Because of the lack of assimilated observations and the
deficiencies in representation of the relevant physical
processes, we recommend that reanalysis stratospheric
water vapour fields should generally not be used for sci-
entific data analysis, and stress that any examination of
these fields must account for their inherent limitations
and uncertainties. However, ERA5 water vapour distri-
butions show promising results and further evaluations
should be performed to judge the final quality of this rea-
nalysis. Future efforts toward the collection and assimila-
tion of observational data with sensitivity to stratospher-
ic water vapour, the reduction of reanalysis temperature
biases in the TTL, and improvements in the representa-
tion of processes that control the entry mixing ratios or
subsequent evolution of water vapour in the stratosphere
could facilitate more reliable stratospheric water vapour
fields in reanalyses.

4.7 Key findings and recommendations

A summary of the diagnostics evaluated in this chapter is provided in Figure 4.21. This figure contains assess-
ments of the reanalysis representations of key diagnostics related to water vapour and ozone, and directs the reader
towards the appropriate chapter section for further information. The assessments, while inherently subjective, are
intended to provide the reader with an overview of the relative quality of the diagnostics. So, for example, across a
given diagnostic the relative performance of the different reanalyses can be compared, and for a given reanalysis the

performance across different diagnostics can be compared.

Below, we briefly summarize the key findings from this chapter and recommendations for both use of and improvements

to reanalysis ozone and water vapour fields.

Key Findings:

e The treatment of ozone and water vapour varies substantially among reanalyses, both in terms of their rep-
resentation of these species and assimilated observations.

The latest generation of reanalyses all assimilate satellite total column ozone (TCO) observations, with some
including vertically-resolved measurements.

Currently none of the reanalyses directly assimilate water vapour observations in the stratosphere, although they
do assimilate temperature and tropospheric humidity observations that can impact their stratospheric water va-

pour concentrations.

Comparisons against assimilated observations of TCO show that reanalyses generally reproduce TCO well in
sunlit regions, within ~10DU (~ 3 %).

The lack of TCO observations in polar night, and lack of representation of heterogeneous chemistry in most rea-
nalyses, leads to relatively larger errors in representing TCO in the Antarctic ozone hole.

From the middle to upper stratosphere, climatological reanalysis ozone profiles are within +20 % of observations.
Biases are generally larger (~ 50 %) for both water vapour and ozone in the upper troposphere and lower stratosphere.

Significant discontinuities exist in reanalysis water vapour and ozone time series due to transitions in the ob-
serving system.
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Recommendations:

 Users should generally use caution when using reanalysis ozone fields for scientific studies and should check that their

results are not reanalysis-dependent.

* Reanalysis stratospheric water vapour fields should generally not be used for scientific data analysis (except perhaps for
ERAS5). Any examination of these fields must account for their inherent limitations and uncertainties.

* In order to improve reanalysis ozone fields, reanalysis centres should work towards improved chemical parameterisa-
tions of ozone as well as assimilation of vertically-resolved ozone measurements (e.g., from limb sounders) and meas-

urements in polar night (e.g., from IR nadir sounders).

* In order to improve reanalysis water vapour fields, future efforts should include the collection and assimilation of
observational data with sensitivity to stratospheric water vapour, the reduction of reanalysis temperature biases in the
TTL, and improvements in the representation of other processes that affect the stratospheric entry mixing ratio.

Code availability

Code for creating the common-grid data files and plots are available from the corresponding author upon request.

Data availability

The reanalysis data files necessary to create the “common grid” data files used here are available through the CREATE
project website (https://cds.nccs.nasa.gov/tools-services/create/). Reanalysis total column ozone data was downloaded
from the NCAR RDA (https://rda.ucar.edu/). SBUV data are available at https://acd-ext.gsfc.nasa.gov/Data_services/
merged/. TOMS/OMI data are available at https://disc.gsfc.nasa.gov/Aura/data-holdings/OMI/omto3d_v003.shtml.
SPARC Data Initiative data are available at https://zenodo.org/record/4265393#YKvAHeso_UI. Aura MLS satellite data
are available at https://disc.sci.gsfc.nasa.gov/Aura/data-holdings/MLS. SWOOSH data are available at https://www.esrl.

noaa.gov/csd/swoosh/.
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Major abbreviations and terms

1D-Var 1-dimensional variational data assimilation scheme
AIRS Atmospheric Infrared Sounder

ATMS Advanced Technology Microwave Sounder

ATOVS Advanced TIROS Operational Vertical Sounder
Aura A satellite in the EOS A-Train satellite constellation
CAMSIRA Copernicus Atmosphere Monitoring Service interim Reanalysis
CDAS Climate Data Assimilation System

CFC chlorofluorocarbon

CFSR Climate Forecast System Reanalysis of NCEP

CFSv2 Climate Forecast System, version 2

CHEM2D The NRL 2-Dimensional photochemical model
CHEM2D-OPP CHEM2D Ozone Photochemistry Parameterization
CREATE Collaborative REAnalysis Technical Environment
Crls Cross-track Infrared Sounder

CT™M Chemical transport model

ECMWF European Centre for Medium-Range Weather Forecasts
EOS NASA's Earth Observing System

EqL Equivalent Latitude

ERA-15 ECMWEF 15-year reanalysis

ERA-40 ECMWF 40-year reanalysis

ERA5 A forthcoming reanalysis developed by ECMWF

ERA-I / ERA-Interim

GCM

ECMWEF interim reanalysis
Global Circulation Model



GNSS-RO
GOME
HALOE
HIRS

IASI

IR

JMA
JRA-25
JRA-55
JRA-55AMIP
JRA-55C
MERRA
MERRA-2
MIM
MIPAS
MLS
MRI-CCM1
MSU
NASA
NCAR
NCEP
NH
NOAA
NRL

NRT
oDS

oMl
OSIRIS
QBO
ppmv

pptv
R1

R2

RDA

RH

RMS

SBUV & SBUV/2
SCIAMACHY
SDI

SEVIRI

SH

SPARC

S-RIP

SSM/1 or SSMI
SSU

STE

SWOOSH
TCWV
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Global Navigation Satellite System Radio Occultation

Global Ozone Monitoring Experiment

Halogen Occultation Experiment

High-resolution Infrared Radiation Sounder

Infrared Atmospheric Sounding Interferometer

Infrared

Japan Meteorological Agency

Japanese 25-year Reanalysis

Japanese 55-year Reanalysis

Japanese 55-year Reanalysis based on atmosphere-only simulations
Japanese 55-year Reanalysis assimilating Conventional observations only
Modern Era Retrospective-Analysis for Research

Modern Era Retrospective-Analysis for Research 2

Multi Instrument Mean

Michelson Interferometer for Passive Atmospheric Sounding
Microwave Limb Sounder

Meteorological Research Institute (JMA) Chemistry Climate Model, version 1
Microwave Sounding Unit

National Aeronautics and Space Administration

National Center for Atmospheric Research

National Centers for Environmental Prediction of the NOAA
Northern Hemisphere

National Oceanic and Atmospheric Administration

Naval Research Laboratory

near-real time

Ozone Depleting Substance

Ozone Monitoring Instrument

Optical Spectrograph and InfraRed Imaging System
quasi-biennial oscillation

parts per million by volume

parts per trillion by volume

NCEP-NCAR Reanalysis 1

NCEP-DOE Reanalysis 2

Research Data Archive

Relative Humidity

Root Mean Square

Solar Backscatter Ultraviolet Radiometer

Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
SPARC Data Initiative

Spinning Enhanced Visible and InfraRed Imager

Southern Hemisphere

Stratosphere-troposphere Processes And their Role in Climate
SPARC Reanalysis Intercomparison Project

Special Sensor Microwave Imager

Stratospheric Sounding Unit

Stratosphere-Troposphere Exchange

Stratospheric Water and OzOne Satellite Homogenized

Total Column Water Vapour
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TCO Total Column Ozone

TIROS Television Infrared Observation Satellite

™I Tropical Rainfall Measuring Mission (TRMM) Microwave Imager
TOMS Total Ozone Mapping Spectrometer

TOVS TIROS Operational Vertical Sounder

TTL Tropical tropopause layer

UARS Upper Atmosphere Research Satellite

UTLS Upper Troposphere and Lower Stratosphere

uv Ultraviolet

VTPR Vertical Temperature Profile Radiometer

\aY% Water Vapour



