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Figure 10.17:  Time/height cross sections of daily averages calculated over the region of the inner vortex (75 ° - 90 ° S) for 
the 2009 Antarctic winter (May through October). The first column shows measurements of HNO3, HCl, ClO, ClONO2, H2O, 
O3, and N2O. The ClONO2 data are from MIPAS, averaged over geographic latitude; all other species were measured by 
Aura MLS and averaged over equivalent latitude. The middle column shows corresponding results from the BASCOE simu-
lation driven by MERRA-2. The third column shows the range (maximum − minimum) of model simulations driven by all 
five reanalyses. The bottom row of the middle column shows the time/height cross section of the MERRA-2 temperature 
deviation from the ice frost point calculated using MLS H2O (DTICE), and the bottom row of the third column shows the 
range in reanalysis temperatures. Blank spaces arise for several reasons: (1) MIPAS is observing in another mode or data are 
otherwise missing, e.g., MIPAS measurements are affected by the presence of PSCs, (2) the potential temperature surface 
falls below the lowest recommended MLS retrieval pressure level, or (3) no measurements in sunlight are available in polar 
night. The latter situation pertains to the ClO panels; because active chlorine is converted to ClO in daylight, only data from 
the ascending portions of the orbit are used for ClO (see Section 10.2.1). Horizontal white lines mark the 420 K and 520 K 
potential temperature surfaces, which are examined in detail in subsequent figures.
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and HOCl); the resulting patchiness complicates inter-
pretation of the ClO panel. Nevertheless, Figure 10.17 
shows that the modeled and measured morphology 
and magnitude match fairly closely. As was the case 
for HCl, modeled ClONO2 depletion is spatially and 
temporally more extensive than observed. The mod-
el/measurement discrepancies in PSC processes and 
chlorine activation may be attributable to the relative-
ly simple PSC parameterizations implemented in the 
BASCOE model (e.g., Errera et al., 2019).

Examination of N2O as a tracer of stratospheric air mo-
tions, along with H2O and O3 in the non-dehydrated, 
non-ozone-depleted regions where those species act as 

conserved tracers (e.g., above 600 K), suggests that either con-
fined diabatic descent inside the winter polar vortex is weak-
er in the simulations than indicated by the observations, or 
mixing across the vortex edge is greater. The latter possibility 
would be consistent with the findings of Hoppe et al. (2014), 
who reported that model simulations based on the FFSL 
transport scheme (see Section 10.8.1) tend to underestimate 
the strength of the transport barrier at the edge of the polar 
vortex compared to observations. On the other hand, some 
models nudged to reanalyses have been shown to have diffi-
culty in accurately reproducing the strength of the diabatic 
descent inside the winter polar vortices (e.g., Froidevaux et 
al., 2019; Khosrawi et al., 2018). Disentangling the contribu-
tions of advection and mixing in the model representation of 

Figure 10.18:  As in Figure 10.17 but for the region of the outer vortex (60 ° - 75 ° S).
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transport is challenging, because both processes suffer from 
large and competing uncertainties that depend not only on 
the input reanalysis but also on the offline (or nudged) trans-
port model (Minganti et al., 2020, and references therein).

Differences between the individual realizations of the mod-
el are captured in the right-hand column of Figure 10.17. 
For the most part, the model runs forced by the different re-
analyses produce very similar results. However, substantial 
disparities are evident in a few places, in particular in those 
regions where the gradients are largest.

Figure 10.18 paints a generally similar picture for the out-
er vortex. One notable difference is that the collar region 
is more consistently in sunlight, affording greater coverage 
of daytime ClO abundances. Here it is again clear in the 
HCl and ClONO2 that the modeled chlorine activation is 
stronger and more extensive than that observed; the ClO 
also indicates slightly earlier activation in the model, al-
though the peak ClO abundances reached in midwinter 
are slightly smaller than those recorded by MLS. In terms 
of the reanalysis ranges, again the largest spread between 
simulations driven by different reanalyses is found where 

Figure 10.19:  Time series of daily averages calculated over the region of the inner vortex (75° - 90°S, left) and outer vortex 
(60 ° - 75 ° S, right) at 520 K. MIPAS ClONO2 data (black lines) are averaged in geographic latitude bands. For all other spe-
cies, averages of MLS data are calculated over equivalent latitude based on all five reanalyses (grey lines, largely indistin-
guishable). Corresponding BASCOE results for each of the simulations driven by the reanalyses (MERRA, MERRA-2, JRA-55,  
ERA-Interim, and NCEP (CFSR/CFSv2)) are colour-coded as indicated in the legend.
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the gradients are largest, but in general the discrepancies 
are smaller than those in the vortex core.

Figures 10.19 and 10.20 show slices through the data 
at the 520 K and 420 K potential temperature levels, re-
spectively, marked by the horizontal white lines in 
the cross section plots (Figures  10.17 and 10.18). Av-
erages for the inner vortex core are shown on the left 
and for the outer vortex collar region on the right.  
Conclusions similar to those discussed above can be 
drawn from Figure 10.19. Initially HNO3 is ~20 % lower 
in the model than observed, but thereafter its sequestra-
tion in PSCs is reasonably well reproduced in all runs. 
As before, the most dramatic differences between the 
observed and simulated behavior are seen in HCl in 
early and mid-winter. However, the simulation lines are 
fairly tightly clustered, with the exception of JRA-55 at 

the end of the season, implying that the discrepancies 
arise from issues in the underlying model and not the 
reanalyses being used to force it. Although dehydration 
is simulated well by the model, at the end of winter H2O 
recovers to larger values in the observations than in 
the model runs, again except for JRA-55, which agrees 
well with MLS. These results for water vapour suggest 
that the model does not overestimate the mixing across 
the polar vortex edge, because such erroneous mixing 
would lead to overestimations of H2O inside the vor-
tex (unless ongoing dehydration processes promptly re-
moved the excess water vapor being mixed in through-
out mid-winter), whereas the model delivers in all cases 
an underestimation.

After the month of July, no simulation reproduces the 
observed low values in N2O in either the core or the 

Figure 10.20:  As for Figure 10.19 but at 420 K.
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collar of the vortex, although in the vortex core ERA- 
Interim and JRA-55 N2O abundances are closer to those 
measured by MLS than the other reanalyses. Erroneous 
mixing across the vortex edge is probably not respon-
sible for the overestimation in the simulations using 
MERRA, MERRA-2 and CFSR/CFSv2 because this issue 
is expected to have a similar impact in all simulations.  
Rather, the N2O results at 520 K suggest that the model 
underestimates the strength of confined diabatic de-
scent in the vortex interior, except for JRA-55 and ERA- 
Interim during the first half of the season. Af-
ter the month of August, the rate of N2O decrease 

is underestimated in all five simulations. As noted 
above, inaccurate depiction of downward transport is 
a known model problem. The underestimation of N2O 
decrease may be interpreted as an underestimation 
of the diabatic descent in the vortex, but recent cal-
culations of the Transformed Eulerian Mean budget 
of N2O, using the same reanalyses and CTM, suggest 
that it may instead be due to underestimation of the 
impact of horizontal mixing with the BASCOE CTM 
(Minganti et al., 2020). The representation of descent 
is also a serious issue at 420 K (Figure 10.20), where 
the contrast between JRA-55 and the other reanalyses 

Figure 10.21:  As in Figure 10.17 but for the 2009/2010 Arctic winter (November through April).
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is even greater. At this level, however, JRA-55 seems 
to suggest slightly stronger descent than the MLS ob-
servations throughout the vortex, whereas the other 
reanalyses indicate weaker descent, as at 520 K. Other 
noteworthy results at 420 K include the stronger reni-
trification seen by MLS than any of the simulations.  
Faithful reproduction of observed denitrification and 
renitrification features has often been a challenge for 
models (e.g., Braun et al., 2019; Khosrawi et al., 2018); 
as suggested earlier, the lack of renitrification in these 
BASCOE runs is likely attributable to the HNO3 being 
permanently removed rather than transported down-
ward by sedimentation. In addition, the HCl increase 

in October is much larger (and closer to that observed) 
with JRA-55 than with any other reanalysis.

The areas of largest disagreement between measured 
and modeled behavior are generally consistent across 
all five simulations, suggesting the presence of under-
lying problems with BASCOE not associated with the 
particular reanalysis being used to force the model. 
However, considerable spread between the simulations 
becomes evident in middle and late winter, particu-
larly in the H2O and N2O fields. Apparently deficien-
cies in modeled diabatic descent within the vortex, 
together with other shortcomings in model physics 

Figure 10.22:  As in Figure 10.18 but for the Arctic.
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or chemistry schemes, manifest to varying degrees 
depending on the driving reanalysis, and these issues 
give rise to the divergence in simulated behavior seen 
in Figures 10.19 and 10.20.

10.8.4  Case study: 2009/2010 Arctic winter

Similar to the analysis for the Antarctic, cross section 
comparisons of the evolution over the 2009/2010 Arc-
tic winter (November through April) are shown in Fig-
ures 10.21 and 10.22 for the inner and outer vortex, re-
spectively, and slices through the data at 520 K and 420 K 
are shown in Figures 10.23 and 10.24, respectively.

Again, the model performs well overall, although 
many of the same issues arise as for the Southern 
Hemisphere. At the beginning of the season, observed 
HNO3 values are slightly larger than those modeled, 
although the agreement with MERRA-2 in particular 
is fairly good at 520 K. Here too MLS measurements in-
dicate a clear signature of renitrification at 420 K that 
is lacking in any of the simulations (Figure 10.24). As 
before, HCl depletion at 520 K is substantially overesti-
mated in all model realizations (Figure 10.23). In con-
trast to the situation in the Antarctic, however, peak 
ClO enhancement in the Arctic vortex core is consid-
erably smaller and less persistent in the simulations 
than observed. Similar indications of weaker modeled 
diabatic descent inside the vortex as those discussed 

Figure 10.23:  As for Figure 10.19 but for the Arctic.
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above are also seen at both levels in the Arctic. Howev-
er, unlike in the Antarctic, where the simulations driv-
en by JRA-55 and ERA-Interim more closely match 
observed behavior, in the Arctic they track the MLS 
measurements even less well than the other reanalyses.  
Overall, the maximum − minimum range of the var-
ious reanalyses is smaller for most species than that 
seen in the Antarctic.

10.8.5  Comparisons of chemical ozone loss

The ultimate goal of many stratospheric polar pro-
cessing studies over the last several decades has been 
to quantify the degree of chemical ozone loss, which 

requires accounting for the effects of dynamics on 
the distribution of stratospheric ozone. Several differ-
ent techniques have been developed to remove trans-
port-induced changes in ozone and thus isolate the sig-
nature of chemical destruction (e.g., WMO, 2007). Here 
we adopt the approach recently employed by Strahan 
and Douglass (2018). Ozone partial columns are cal-
culated over the range of MLS retrieval pressure levels 
encompassing the majority of depletion, 261 - 12 hPa. 
Averages over 10-day periods in early winter (1 - 10 
July) and late winter (11 - 20 September) are calculat-
ed in an attempt to reduce the effects of short-term 
dynamical f luctuations on ozone. The early-winter 
averaged partial column is then subtracted from the 
late-winter value to permit an estimate of chemical loss 

Figure 10.24:  As for Figure 10.20 but for the Arctic.



521Chapter 10: Polar Processes

while mitigating dynamical variability to some extent.  
Although it is arguable whether transport variations 
are fully accounted for by this method, our purpose 
here is not to provide the most accurate quantification 
of chemical ozone loss, but rather to apply a conven-
ient methodology for doing so consistently to modeled 
and measured fields to facilitate intercomparison of 
the reanalyses.

Results are shown in Figure 10.25 for all five BASCOE 
simulations as well as MLS data (analyzed separate-
ly using meteorological information from the respec-
tive reanalyses), for averages over both the inner (dark 
shading) and outer (light shading) vortex regions. Es-
timates of ozone loss based on MLS are relatively in-
sensitive to the choice of reanalysis used for interpo-
lation of the measurements to isentropic surfaces and 
identification of vortex data points, although slightly 
larger differences between the MLS estimates for the 
inner and outer vortex are seen using JRA-55 and 
CFSR/CFSv2. In contrast, loss estimates based on the 
modeled O3 fields do differ substantially, with MERRA 
indicating much smaller loss, closest to that calculated 
from MLS data. Estimates derived from the MERRA 
and MERRA-2 runs disagree by ~ 10 DU. ERA-Inter-
im also provides relatively weak depletion, while JRA-
55 indicates much stronger depletion than the other 
reanalyses. Thus, from a purely BASCOE-based per-
spective, using JRA-55 to drive the model instead of  
MERRA could yield ~ 25 DU (30 %) more chemical 
ozone loss in the Antarctic vortex core.

10.8.6  Discussion and implications

In summary, five recent full-input reanalyses were used 
to drive the BASCOE CTM, and the results were com-
pared to satellite observations from MLS and MIPAS. 
The simulations spanned a full year, from May 2009 to 
May 2010, allowing chemical processing during winter 
to be examined in both hemispheres. Overall, the model 
reproduced the observed seasonal evolution of strato-
spheric constituents well, although some discrepancies 
between measured and modeled behavior were noted. 
In terms of reanalysis intercomparison, agreement be-
tween the individual model realizations was general-
ly very good, and in most cases only small deviations 
between results from the different simulations were 
discernible. Thus the inter-simulation spread was gen-
erally smaller than the disparities between the model 
(regardless of how it was forced) and the observations.

Since the main areas of disagreement between measured 
and modeled behavior were typically replicated across 
all five simulations, as discussed above in connection 
with the case studies, they likely arise from underlying 
deficiencies in model physics or chemistry not associat-
ed with the particular reanalysis being used to drive the 
model. One notable exception was found in long-lived 

tracer abundances (N2O in particular; also H2O and 
O3 to a lesser extent) in middle and late winter in both 
hemispheres. Although none of the model runs faithful-
ly reproduced the observed tracer evolution in either the 
core or edge regions of the vortex, considerable spread 
between simulations developed at this time, especially in 
the core of the Antarctic vortex. Results from most simu-
lations indicated weaker confined diabatic descent inside 
the vortex compared to observations, with the exception 
of the JRA-55 run in the Arctic at 420 K, which pointed to 
stronger descent throughout the vortex than implied by 
the MLS N2O measurements. The divergence in simulat-
ed behavior suggests that issues with the modeled depic-
tion of transport are worse for some reanalyses than oth-
ers. It must be noted that these results were obtained with 
a kinematic transport model wherein diabatic descent is 
derived from the wind fields contained in the reanalyses. 
As noted in Chapter 5 for age of air calculations, a dif-
ferent outcome may be expected with diabatic transport 
models that read the heating/cooling rates computed by 
the radiative transfer models of the reanalysis systems 
(see also Martineau et al., 2018, and Section 10.5).

Figure 10.25:  Estimates of ozone loss for the 2009 Ant-
arctic season (see text for details about the approach) for 
equivalent latitude ranges representing the outer vortex 
collar region (light shading: 60 ° - 75 ° S) and the inner 
vortex core (dark shading: 75 ° - 90 ° S), calculated from 
the BASCOE model output driven by each reanalysis (ERA- 
Interim, MERRA, MERRA-2, JRA-55, and NCEP (CFSR/
CFSv2); coloured shading) and from MLS observations 
(grey shading). MLS data are analyzed separately for 
comparison to each simulation using meteorological 
information from the respective reanalysis; thus the five 
grey bars differ slightly. Note that in almost all cases, 
modeled ozone loss estimates exceed those derived from 
MLS measurements and are thus plotted as increments 
above the MLS values. Error bars represent the standard 
errors of the mean ozone losses calculated from the mod-
el data (coloured) and from the MLS observations (grey).
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10.9  Summary, key findings, and recommendations

This chapter employs an extensive set of diagnostics of relevance to polar chemical processing and dynamics to 
evaluate and intercompare recent full-input reanalyses, including MERRA, MERRA-2, ERA-Interim, JRA-55, and 
CFSR/CFSv2. The GMAO GEOS-591 operational analysis, a stable system providing consistent meteorological fields 
used by NASA satellite instrument teams, is also examined for PSC thermodynamic-consistency diagnostics.

To provide an overview and set the stage for more detailed intercomparisons, time series (2008 - 2013) of daily mean 
polar cap temperature differences at 46 hPa relative to ERA-Interim are presented first to examine seasonal (and 
interannual) variations. The rest of the chapter focuses on winter conditions. The comprehensive suite of polar tem-
perature and vortex diagnostics considered in both hemispheres includes daily minimum lower stratospheric tem-
perature poleward of 40 °, area and volume of stratospheric air with temperatures below PSC existence thresholds, 
maximum latitudinal gradients in PV (a measure of vortex strength), area of the vortex exposed to sunlight each day, 
vortex breakup dates, and polar cap average diabatic heating rates.

Comparisons with superpressure balloon measurements made during the Antarctic Concordiasi campaign in Sep-
tember 2010 to January 2011 are used to quantify biases in reanalysis temperatures and horizontal winds and the 
growth of errors along 15-day trajectories calculated using them, as well as to assess the capacity of the reanalyses 
to represent small-scale atmospheric f luctuations. The accuracy and precision of the reanalysis temperatures are 
evaluated through comparisons with both COSMIC GNSS-RO temperatures and independent absolute temperature 
references derived from theoretical considerations of PSC formation defined by the equilibrium thermodynamics 
of STS and water ice clouds. The thermodynamic-consistency diagnostics rely on near-simultaneous and colocated 
measurements of PSC classifications and gas-phase nitric acid and water vapour from CALIPSO CALIOP and Aura 
MLS satellite measurements, respectively.

Finally, because chemical model simulations synthesize the interplay among the spatially and temporally varying 
differences between reanalyses and exemplify how their net effects impact the bottom-line conclusions of typical 
real-life studies, simulated fields of nitric acid, water vapour, several chlorine species, nitrous oxide, and ozone are 
compared with those observed by Aura MLS and Envisat MIPAS. The key findings of this work, along with recom-
mendations that follow from them, are summarized below.

Key findings

	� In both hemispheres, differences in lower stratospheric daily polar cap averaged temperatures between ERA- 
Interim and other recent full-input reanalyses display annual cycles, with mainly positive deviations from 
ERA-Interim in summer and mainly negative deviations in winter. Thus intercomparisons of the same reanalyses 
undertaken for different time periods could indicate temperature deviations of roughly the same magnitude but 
opposite sign. Largest differences reach ~ 1 K in the Antarctic and ~ 0.5 K in the Arctic.

	� Polar winter temperatures from recent full-input reanalyses are in much better agreement in the lower and mid-
dle stratosphere than were those from older reanalysis systems in common use in prior decades.

	� In the Southern Hemisphere especially, a dramatic convergence toward better agreement between the rea-
nalyses is seen after 1999 (when a major change in the input data occurred; see Section 10.4 for more details).  
Average absolute differences in wintertime daily minimum temperatures poleward of 40°S from the reanalysis 
ensemble mean (REM) have been reduced from over 3 K prior to 1999 to generally less than 0.5 K in the most 
recent decade, and average differences from the REM in the area with temperatures below PSC thresholds have 
been reduced from over 1.5 % of a hemisphere to less than about 0.5 %. Other polar temperature and vortex 
diagnostics suggest a more complex picture, showing similar improvements for some reanalyses but persistent 
differences for others. Although convergence toward better agreement is also apparent in the Northern Hem-
isphere, the changes are less dramatic there because reanalysis temperatures are more consistent throughout 
the whole comparison period (1979 - 2015) than they are in the Southern Hemisphere.
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	� For many polar temperature and vortex diagnostics, the reanalyses generally agree better in the Antarctic 
than in the Arctic. The extremely cold conditions and relatively small interannual variability in the Antarctic 
mean that winter seasons tend to have similar polar processing potential and duration every year, and thus the 
sensitivity to differences in meteorological conditions among the reanalyses is low. In contrast, the generally 
warmer and more disturbed vortex and large interannual variability of Arctic winters lead to conditions that 
are frequently marginal, with temperatures hovering around PSC existence thresholds, and thus the sensitivity 
to reanalysis differences is high.

	� Comparisons of polar-cap averaged diabatic heating rates in the lower stratosphere of both hemispheres show 
that MERRA-2, ERA-Interim, JRA-55, and CFSR give consistent results for the climatology and day-to-day 
evolution at pressures greater than about 20 hPa and should generally be suitable for polar processing studies. 
In most cases, the range of differences among the reanalyses is less than 0.5 K/day in the cold season, repre-
senting no more than about 10 - 15 % differences. These differences appear primarily as biases between the time 
series rather than as a failure of any reanalysis to capture day-to-day variations.

	� Reanalyses differ in spatial and temporal resolution, and truncation of the models is an important factor in 
how well they represent small-scale f luctuations such as gravity waves. Comparisons of a subset of full-input 
reanalyses (ERA-Interim, MERRA, MERRA-2) with long-duration balloon observations in the Antarctic show 
that they reproduce the temperature and horizontal wind f luctuations of the balloons at about the 30 % level; 
thus a significant portion of the atmospheric gravity wave spectrum is not captured by the reanalyses. A case 
study of a mountain wave event shows that the temperature amplitudes resolved by the reanalyses can vary 
by up to a factor of two in extreme circumstances, with the differences being well correlated with the spatial 
resolutions of the reanalyses.

	� Trajectory calculations from a Lagrangian transport model based on a subset of full-input reanalyses were 
evaluated using long-duration balloon observations in the Antarctic over the September 2010 to January 2011 
period; relative horizontal transport deviations of 4 - 12 % and error growth rates of 60 - 170 km day-1 over 15-
day trajectories were found for the different reanalyses.

	� GNSS-RO data are not assimilated in MERRA, which consequently shows larger biases (of as much as ~ 0.5 K 
at 68 hPa) with respect to COSMIC temperatures compared to the other reanalyses, which do assimilate the 
GNSS-RO data. Differences between MERRA and COSMIC temperatures are particularly large in the Antarc-
tic, where there is a relative paucity of conventional measurements.

	� Absolute temperature references are derived from the thermodynamic equilibrium properties of certain types 
of PSCs and are completely independent of any data that is assimilated by the reanalyses. The reanalysis tem-
peratures are found to be lower than these absolute reference points by up to 1 K.

	� In poth polar regions, winter-long simulations from a chemistry transport model driven by different full-input 
reanalyses generally produce very similar results through most of the season for most species. However, sub-
stantial disparities between model runs are seen where composition gradients are largest. In particular, com-
parisons with satellite long-lived tracer measurements indicate that for most of the reanalyses the chemistry 
transport model underestimates the strength of confined diabatic descent inside the winter polar vortex. This 
underestimation of descent, together with other shortcomings in the model chemistry and physics schemes, 
manifests to varying degrees depending on the particular reanalysis used to force the model; as a consequence, 
considerable spread between the different simulations becomes evident by late winter.

	� Results from a case study of a representative Antarctic winter (2009) show that estimates of chemical ozone 
loss based on satellite observations are relatively insensitive to the choice of reanalysis used for interpolation of 
the measurements to isentropic surfaces and identification of the vortex boundary. In contrast, chemical loss 
estimates based on simulated ozone fields from a chemistry transport model can differ substantially; in the 
case study, forcing the same model with different reanalyses yielded differences in the estimates of chemical 
ozone loss in the Antarctic vortex core as large as ~ 25 DU (20% - 30 %).
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Recommendations

	� Any of the recent full-input reanalyses (MERRA, MERRA-2, ERA-Interim, JRA-55, and CFSR/CFSv2) can be suitable 
for studies of lower stratospheric polar processing. However, substantial differences between the various reanalyses are 
found in some instances; therefore, the choice of which reanalysis to use in a given study may depend on the specific 
science questions being addressed.

	� Temperature biases and other artifacts in older meteorological reanalyses often rendered them unsuitable for accurate 
modeling of the interannual variability in PSC formation and consequent denitrification, chlorine activation, and 
chemical ozone loss; in particular, ERA-40, NCEP-NCAR R1, and NCEP-DOE R2 are obsolete and should no longer be 
used for stratospheric studies of any kind.

	� Because of the limitations of earlier reanalyses, it was not uncommon for modeling studies to try to match simulat-
ed chlorine activation and/or ozone loss by imposing arbitrary systematic adjustments of 1 - 2 K or more on the rea-
nalysis temperatures. Increased confidence in the accuracy of current polar reanalysis temperatures provides tighter 
constraints on model parameterizations of microphysics/chemistry used to represent polar chemical processing. As a 
consequence, strong justification is warranted in modeling studies that seek to ascribe deficiencies in modeled chlorine 
activation and/or ozone losses to reanalysis temperature biases.

	� Despite the overall good agreement between the polar temperatures from current full-input reanalyses, whenever fea-
sible it is best to employ multiple reanalyses, even for studies involving recent winters for which it can reasonably be 
expected that differences between the reanalyses are small; using more than one reanalysis allows estimation of uncer-
tainties and the potential impact of those uncertainties on the results, especially for quantities that cannot be directly 
compared with observations.

	� If multiple reanalyses are used, they should be treated in the same manner to the extent possible to reduce the uncer-
tainty in sources of differences; e.g., data from one reanalysis on native model levels (i.e., sigma coordinates) should not 
be used in conjunction with data from another reanalysis on pressure levels because of errors when interpolating from 
model levels to a coarser standard pressure grid.

	� It would be helpful for the reanalysis centers to provide standard sets of products on standardized isobaric and isen-
tropic levels. In particular, having PV available on model levels in future reanalyses would be extremely valuable. Ver-
tical sampling of pressure and potential temperature levels comparable to that of model levels is also desirable.

	� Reanalysis temperatures are generally unsuitable for assessment of trends in temperature-based diagnostics. One issue 
is that major changes in the input observational data in the assimilation systems are often made at approximately the 
same time in all of the reanalyses, hindering determination of the impact of such changes through reanalysis intercom-
parisons. Caution is especially advised for the estimation of trends in diagnostics that aggregate low temperatures over 
months and/or vertical levels in the Northern Hemisphere, such as the winter-mean fraction of the vortex volume with 
air cold enough for PSC existence; these types of diagnostics are particularly sensitive to the specific PSC threshold 
chosen, which is subject to non-negligible interannual variability.

Evaluation table

Figure 10.26 provides a summary evaluation of selected diagnostics examined in Chapter 10, as a quick reference 
to help users identify which reanalyses may be most suitable for a given issue related to stratospheric polar chemical 
processing. Only those diagnostics specifically examined either in this Chapter or in previously published papers are 
assigned a “score” in the table; otherwise they are marked “unevaluated” (tan shading). In particular, many of the polar 
processing diagnostics have not been formally assessed for the earlier ERA-40, NCEP-NCAR R1, and NCEP-DOE R2 
reanalyses. However, given the considerable shortcomings in their representation of stratospheric temperatures and/or 
winds identified in prior studies, it is extremely unlikely that those reanalyses would perform well for the remaining 
diagnostics, and further evaluation of them was not undertaken here. Note that the results for some diagnostics used 
in this chapter are too complex to be amenable to such a rating system and have therefore been omitted. Most nota-
bly, the assessment of transport processes in the chemistry transport model yielded results that vary substantially by 
hemisphere, time of year, altitude, location in the polar vortex (core vs. edge region), and species, precluding simple 
categorization. Similarly, the PSC thermodynamic-consistency diagnostics have also been omitted from Figure 10.26.
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(Concordiasi Science Team, 2010).
COSMIC data were obtained from the University Corporation for Atmospheric Research COSMIC Data Analysis and Ar-

chive Center (COSMIC Science Team, 2013).
GEOS-5.9.1 data were obtained from the Goddard Earth Sciences Data and Information Services Center (Global Modeling 

and Assimilation Office, 2013).
MLS data are archived at the NASA Goddard Earth Sciences Data Information and Services Center (Froidevaux et al., 2015; 

Lambert et al., 2015; Manney et al., 2015; Santee et al., 2015; Schwartz et al., 2015a,b).
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Figure 10.26:  Summary evaluation table for most of the Chapter 10 diagnostics. Along with a “score” capturing the overall 
performance of each reanalysis considered for each diagnostic (see table legend), the first column contains a pointer to the 
specific Chapter 10 section in which the diagnostic is discussed in detail.
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Major abbreviations and terms

4D-Var Four-Dimensional Variational data assimilation scheme

AHTD Absolute Horizontal Transport Deviation

ATOVS Advanced TIROS Operational Vertical Sounder

BASCOE Belgian Assimilation System for Chemical ObsErvations

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations

CDAAC COSMIC Data Analysis and Archive Center

CFSR/CFSv2 NCEP Climate Forecast System Reanalysis/Climate Forecast System, version 2

CLAES Cryogenic Limb Array Etalon Spectrometer

CNES Centre National d’Etudes Spatiales

COSMIC Constellation Observing System for Meteorology, Ionosphere and Climate

CPC Climate Prediction Center

CTM Chemical Transport Model

DAO Goddard Space Flight Center Data Assimilation Office

DOE Department of Energy

ECMWF European Centre for Medium-range Weather Forecasts

ECMWF OA ECMWF Operational Analysis

ERA-40 ECMWF 40-year reanalysis 
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ERA-Interim ECMWF interim reanalysis 
ERA5 the fifth major global reanalysis produced by ECMWF
ESA European Space Agency

FLEXPART Flexible Particle model

FOV Field Of View

GEOS Goddard Earth Observing System

GMAO NASA Global Modeling and Assimilation Office

GNSS global navigation satellite system

GNSS-RO global navigation satellite system - radio occultation

GPS Global Positioning System

ICE used to indicate water-ice particle type in PSC classification schemes

IFS Integrated Forecast System

JRA-55 Japanese 55-year Reanalysis

MERRA Modern Era Retrospective-Analysis for Research and Applications 
MERRA-2 Modern Era Retrospective-Analysis for Research and Applications, Version 2
MIPAS Michelson Interferometer for Passive Atmospheric Sounding

MJJASO May-June-July-August-September-October

MLS Microwave Limb Sounder

MPTRAC Massive-Parallel Trajectory Calculations

NAT Nitric Acid Trihydrate

NCAR National Center for Atmospheric Research

NCEP National Centers for Environmental Prediction of the NOAA 
NCEP-DOE R2 Reanalysis 2 of the NCEP and DOE 
NCEP-NCAR R1 Reanalysis 1 of the NCEP and NCAR 
NH Northern Hemisphere

NMC US National Meteorological Center (now NCEP)

NOAA National Oceanic and Atmospheric Administration

NWP Numerical Weather Prediction

ppmv / ppbv parts per million by volume / parts per billion by volume

PSC Polar Stratospheric Cloud

PV Potential Vorticity

REM Reanalysis Ensemble Mean

RHTD relative horizontal transport deviation

RMS Root Mean Square 

SD Standard Deviation (used here for standard deviation of temperature differences)

SH Southern Hemisphere

S-RIP SPARC Reanalysis Intercomparison Project

SSW Sudden Stratospheric Warming

STS Supercooled Ternary Solutions

TOVS TIROS Operational Vertical Sounder

TSEN Thermodynamical SENsor

UCAR Universities for Cooperative Atmospheric Research

UKMO UK Meteorological Office

VPSC Volume of air with temperatures below the PSC threshold

WMO World Meteorological Organization


