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Figure 7.23:  Time series of effective diffusivity (scaled as described in the text) on the 350 K isentropic surface for 2005 
through 2015 as a function of equivalent latitude from (top) the REM, and (following rows) the difference of each reanalysis 
from the REM. The black overlays show the same selected contours from the REM on the top panel and each of the reanalyses 
on the following panels.
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summarized in the context of zonal means by Martineau 
et al. (2018); here, the fields are used on a 1 (for ERA-Inter-
im and CFSR) or 1.25 (for MERRA, MERRA-2, and JRA-
55) degree latitude/longitude grid. ASM fields are used for 
MERRA and MERRA-2. The flux across the 380 K surface 
is calculated for each reanalysis using these diabatic heating 
rates interpolated to the 380 K surface, as follows:

					                     (7.1),

where p is pressure, θ is potential temperature,  is the di-
abatic heating rate, and A is the area (e.g., Schoeberl, 2004; 
Olsen et al., 2004). Figure 7.24 shows the time series for 
1980 through 2010 of the annual net mass flux integrated 
from 30 ° to the pole in each hemisphere. In the NH, all of 
the reanalyses have similar interannual variability and are 
well correlated at greater than 99 % confidence except for 
CFSR, which is not statistically significantly correlated to 
the other reanalyses. The relative difference between each 
reanalysis remains fairly constant throughout the time pe-
riod, although the MERRA-2 flux shows a slight increasing 
trend during the last decade not seen in the others. This re-
sult appears on the surface as if it might be inconsistent with 
the results of Boothe and Homeyer (2017), but the two calcu-
lations cannot be directly compared since the 380 K surface 
is typically substantially above the extratropical tropopause; 
moreover, the uncertainties in both calculations are difficult 
to quantify, and may depend on different ways in which the 
radiative heating rates are provided for the reanalyses. Thus, 
understanding this possible discrepancy would require fur-
ther detailed study. The multi-year mean flux and standard 
deviation of each time series is shown in Table 7.1. The mul-
ti-year mean of ERA-Interim is about 10 % - 20 % greater 
than the other reanalyses excluding CFSR. However, the 
standard deviation of these time series remains at 3 % - 4 % 
of each mean, reflecting the high correlation. In contrast, 
the interannual variability of CFSR is much greater with a 
standard deviation of 11 %.

In the SH, CFSR is generally better correlated with the oth-
er reanalyses, but there is an unexplained downward jump 

around the year 2000 (Figure 7.24). The other reanalyses 
show a smaller apparent discontinuity around the same 
time; these changes could result from the relationship of 
temperature changes during the TOVS/ATOVS transition 
around 1998 to 1999 (see Chapters 2 and 3, and Long et al., 
2017) being reflected in the diabatic heating rates. The dif-
ference of the ERA-Interim flux from the other reanalyses is 
much smaller in the SH than it is in the NH. Again, exclud-
ing CFSR, the standard deviations of the time series are con-
sistent at 4 % (Table 7.1). Thus, the reanalyses agree that the 
interannual variability is similar between the hemispheres.

Figure 7.25 shows maps of the 1980 - 2010 average 380 K air 
mass flux for each reanalysis. In all cases, the patterns are 
comparable, with similar locations of maxima and minima. 
The maximum upwelling tends to occur in a subtropical 
band from northeastern Africa to southeast Asia just south 
of 30 ° N. The minimum upwelling occurs just to the south 
along the equator from Africa to the Maritime Continent. 
The maximum extratropical downwelling in the SH occurs 
in a band between about 45 ° S and 60 ° S. In contrast, the 
maximum downwelling in the NH extratropics occurs in 
the polar region.

The mean “turn-around” latitudes (where the flux is zero) 
are consistent between all the reanalyses and are located at 
about 30 ° N and 30 ° S. The differences between the reanal-
yses occur primarily in the magnitude of the maxima and 
minima. For example, the maximum upwelling in JRA-55 
over India is about 0.9 g cm-1 day-1 and the maximum in 
ERA-I at this same location reaches 1.3 g cm-1 day-1.

7.6  UTLS ozone

Chapter 4 provided an overview of assimilated ozone in 
the most recent reanalysis and briefly discussed zonal 
mean diagnostics of UTLS ozone. They found persistent 
biases in UTLS ozone, as well as inconsistencies in the rea-
nalyses’ representations of the ozone annual cycle. We add 
here comparisons of diagnostics of ozone distributions 

Figure 7.24:  Time series for 1980 through 2010 of the annual net mass flux integrated from 30  °- 90 ° latitude in (a) the NH 
and (b) the SH. Values are in 11018 g yr-1 and negative values denote a net downward flux.
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and evolution in dynamical coordinates and evalua-
tion of transient dynamically-driven low ozone events.  
Reanalysis ozone fields are compared with v4 Aura Micro-
wave Limb Sounder (MLS) data (Livesey et al., 2020).

7.6.1  Ozone in tropopause-relative coordinates

Figures 7.26 and 7.27 show reanalysis ozone profiles com-
pared to those from MLS for 2005 through 2015, using the 
same classification of single and double tropopause re-
gions described in Section 7.3.3 and Schwartz et al. (2015), 
for each hemisphere’s winter season. Generally similar 
patterns of differences are seen in other seasons. MER-
RA-2 (which assimilates MLS data throughout the period 
compared) shows closer agreement with MLS through-
out the UTLS and lower stratosphere than the other re-
analyses. At altitudes greater than about 5 km above the 
primary tropopause, ERA-Interim (JRA-55) ozone val-
ues become much higher (lower) than those from MLS; 
however, since the ozone values themselves increase rap-
idly, above about 10 km above the primary tropopause 

(1018g yr-1) NH Mean Flux NH Std Dev SH Mean Flux SH Std Dev

ERA-I 317 13 (4%) 291 13 (4%)

MERRA-2 284 10 (4%) 279 11 (4%)

MERRA 267 8 (3%) 277 10 (4%)

JRA-55 266 7 (3%) 255 10 (4%)

CFSR 253 28 (11%) 276 26 (9%)

Figure 7.25:  Distribution of the 1980 - 2010 mean air mass flux across the 380 K surface for (a) ERA-Interim, (b) MERRA-2, (c) 
MERRA, (d) JRA-55, and (e) CFSR. White contours at increments of 0.2 g cm-1 day-1. Negative values denote a net downward flux.

Table 7.1:  The 1980 - 2010 mean 380 K air mass flux 
and standard deviation (1018 g yr-1) for each reanalysis. 
Standard deviations are given as a percent of the value 
in parentheses.
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Figure 7.26:  Climatological (2005 - 2015) ozone profiles from MLS and four reanalyses interpolated to the MLS measurement 
locations for DJF in the NH in (top) single and (bottom) double tropopause regions, plotted relative to primary tropopause alti-
tude. Left plots show the ozone profiles, center plots the mixing ratio differences from MLS, and right plots the difference from 
MLS expressed as a percent of the MLS value. Horizontal lines show the mean (solid) and standard deviation (dashed) of the 
mean secondary tropopause altitude from the primary for each reanalysis.

Figure 7.27:  As in Figure 7.26, but for the SH in JJA.
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the differences are less than 10 %.  
In the region up to about 10 km 
above the primary tropopause, 
the reanalyses’ differences from 
MLS are up to about ± 100 ppbv 
(up to about 10 %) in single tropo-
pause regions and about ± 200 ppbv 
(20 - 30%) in double tropopause re-
gions.

7.6.2  Ozone in equivalent latitude 
coordinates

Chapter 4 shows a brief overview 
of stratospheric (520 K and 850 K) 
and UTLS (350 K) ozone as a func-
tion of EqL and time compared 
with MLS values. Here we update 
and extend this analysis with a 
focus on the UTLS. Section  7.5.2 
shows comparisons of some diag-
nostics of mixing and transport 
barriers for the same coordinate 
system and time period, which 
can be useful for interpretation of 
similarly mapped trace gas fields.  
Figures 7.28 and 7.29 compare the 
climatological (2005 - 2015) distri-
butions of ozone as a function of 
EqL over the annual cycle in the 
reanalyses with that from MLS data 
at 340 K and 390 K, respectively. At 
340 K strong ozone gradients are 
seen along the transport barrier rep-
resented by the tropopause and the 
subtropical jet (see, e.g., sPV gradi-
ents as a function of EqL shown in 
Section 7.5.2), with high ozone in 
the high-latitude winter and spring 
arising from descent into the strat-
ospheric subvortex. In the SH, de-
creasing high-latitude MLS ozone 
in September through October de-
marks the lowest extent of chemical loss in the stratospheric 
vortex. At 390 K, the high-ozone values are confined to the 
polar winter regions (arising from descent in the strato-
spheric vortex), and a strong signature of chemical ozone 
loss is seen from September through December (as noted 
by Manney et al., 2005; Santee et al., 2011, the SH subvortex 
does not break up until late December to early January).

MERRA-2, which assimilates MLS ozone at pressures below 
about 178 hPa (261 hPa in the last half of 2015, which is in-
cluded in this record), shows much smaller differences from 
MLS than the other reanalyses at 390 K and slightly smaller 
differences at 340 K (generally below the level where MLS 
data are assimilated). At 390 K, all of the reanalyses overes-
timate ozone in the SH spring (that is, they underestimate 

chemical loss); the differences are smallest for MERRA-2 
and largest for ERA-Interim. Large differences are also 
seen in the NH subvortex, with MERRA and, to a lesser de-
gree, CFSR/CFSv2 underestimating ozone and ERA-Inter-
im overestimating it. All reanalyses tend to underestimate 
390 K ozone in the SH winter before extensive chemical 
ozone loss has occurred, though the magnitude of the un-
derestimate in MERRA-2 is smaller. At 340 K the reanalyses 
generally tend to underestimate MLS ozone except in the 
polar winter to spring – ERA-Interim substantially overesti-
mates SH polar ozone (by over 20 %) in August through Oc-
tober, and the other reanalyses overestimate polar winter/
spring ozone by around 10 %, with varying timing and EqL 
extent. Despite these differences, all of the reanalyses repre-
sent the seasonal cycle well qualitatively (that is, timing and 

Figure 7.28:  Climatological (2005 - 2015) annual cycle of ozone as a function of EqL 
at 340 K, showing (top) v4.2 MLS ozone and (following rows) difference (reanalysis 
− MLS) of MLS from each of the MERRA-2, MERRA, ERA-Interim, JRA-55, and CFSR/
CFSv2 reanalyses. The black overlays show the same selected ozone contours, from 
MLS on the top panel and each of the reanalyses on the following panels.
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approximate magnitude) at both levels.

Figures 7.30 and 7.31 show the time series from 2005 
through 2015 of daily MLS ozone as a function of EqL and 
the differences from the reanalyses. The general features 
noted in the climatology are also apparent here, and the re-
analyses appear to do a reasonable job of capturing inter-
annual variations in that the differences from MLS are not 
more extreme in extreme years. However, several disconti-
nuities in the time series are worth noting: At the beginning 
of June 2015, MERRA-2 switched from assimilating v2 to 
v4 MLS ozone profile data, and the lowest level assimilated 
changed from about 178 hPa to 261 hPa (for May 2016 and 
thereafter, not shown in this analysis, this was changed to 
215 hPa) (Wargan et al., 2017). A small discontinuity is seen 
in the MERRA-2 / MLS differences at this time, with slight-
ly better agreement at 340 K and overall slightly more neg-
ative differences at 390 K. ERA-Interim also shows several 

discontinuities related to changes in 
MLS data assimilated. MLS v2 data 
were assimilated in 2008, at pres-
sure less than or equal to 215 hPa, 
and MLS NRT data were assimilat-
ed starting in mid-2009 (v2-NRT 
through 2012 and v3-NRT thereaf-
ter). MLS v2.2-NRT ozone data were 
very limited and were not suitable 
for scientific use at pressures above 
68 hPa (Lambert et al., 2008); dur-
ing the period when these data were 
assimilated, the ERA-Interim fields 
show biases with v4 MLS data that 
are as large as or larger than those be-
fore any MLS data were assimilated. 
A marked improvement is seen when 
ERA-Interim began assimilating v3-
NRT data, which speaks to the im-
provements in those retrievals (which 
allowed these data to be assimilated 
at pressures as high as 215 hPa), and 
the biases are similar to those in 2008 
when operational MLS ozone data 
were assimilated down to the same 
presssure level.

7.6.3  Ozone in jet-relative coordinates

Figures 7.32 and 7.33 show climato-
logical comparisons of assimilated 
ozone distributions in jet-relative 
coordinates (see, e.g., Manney et al., 
2011) with Aura MLS ozone in the 
same coordinate system. The as-
similated ozone is evaluated both as 
mapped directly from the native re-

analysis grid to jet coordinates (right 
column in these figures), and as first 
interpolated (bi-linearly in the hori-

zontal and linearly in time) to the MLS measurement loca-
tions and then mapped into jet coordinates (center column 
in these figures; the latter is restricted to ozone at the same 
geographic locations, so provides a more fair comparison). 
The differences in MLS data when mapped to jet coordi-
nates using jet information from each of the reanalyses (left 
column in these figures) are relatively small (up to about 
15 %), suggesting that, at least in the zonal mean climatolog-
ical view, all of the reanalyses provide jet information that 
is appropriate for this mapping; this is consistent with the 
results of Manney et al. (2017; see Section 7.4.2) showing a 
consistent climatology of the upper tropospheric jets in all 
of the most recent reanalyses when analyzed at (or near) 
their native model resolutions. That the differences between 
MERRA and MERRA-2 in this mapping are much small-
er than those between MERRA-2 and the other reanalyses 
suggests that the latter arise primarily from the differing 
grids/resolutions of the reanalyses (those of MERRA and 

Figure 7.29:  As in Fig. 7.28, but at 390 K
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Figure 7.30:  (Top) Time series of 340 K MLS ozone for 2005 through 2015 and (following rows) the difference of each reanaly-
sis from MLS. The black overlays show the same selected ozone contours, from MLS on the top panel and each of the reanaly-
ses on the following panels.
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Figure 7.31:   As in Figure 7.30 but at 390 K.
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MERRA-2 being the most similar in the horizontal and the 
same in the vertical).

Figure 7.32 shows reasonably good agreement between 
ozone in all of the reanalyses and MLS near and above the 
tropopause, with the sign of the differences varying in dif-
ferent reanalyses. Except in the SH in JRA-55, all of the re-
analyses show lower ozone than MLS in the region below 
about 2 km below the tropopause. Since earlier versions of 
MLS data have shown high biases in this region (e.g., Hu-
bert et al., 2016), it is unclear whether this is primarily due 
to MLS biases or whether the reanalyses may capture less 
stratosphere-to-troposphere transport than the MLS meas-
urements indicate. The low bias in reanalysis ozone in the 
extratropical upper troposphere compared to MLS is con-
sistent with that shown in zonal mean satellite data com-
parisons in Chapter 4. The reanalyses re-mapped from their 
native grids often, but not always, show similar patterns of 

differences from MLS data to those re-mapped after being 
interpolated to the MLS measurement locations. That these 
differences do sometimes show different qualitative pat-
terns suggests that, even with the dense sampling of MLS 
data, the satellite sampling can be an important confound-
ing factor in comparisons that are not based on geographi-
cally coincident data even when those data are mapped (as 
they are here) in coordinate systems that match dynamical-
ly similar air masses.

Similar results are seen for cross-sections in jet coordi-
nates in other seasons. Figure 7.33 shows the annual cycle 
in jet-coordinate MLS and reanalysis ozone as a clima-
tological (1980 - 2015) slice as a function of latitude from 
the jet and time at the subtropical jet core altitude. The 
timing of the seasonal cycle is well-defined and agrees 
well with that from MLS in all of the reanalyses studied.  
At the level of the jet core (where the ozone fields are strongly 
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Figure 7.32:  JJA mean climatological ozone in jet-relative coordinates, for 2005 through 2014. Top left plots shows MLS 
ozone mapped in jet coordinates using MERRA-2; the remainder of the left column shows the difference between that and 
MLS ozone mapped to jet coordinates with each of the other reanalyses. The center column shows the difference between 
each reanalyses’ ozone mapped after interpolating to the MLS measurement locations and the MLS ozone mapped with that 
reanalyses; the right column is similar, except the reanalysis ozone is mapped into jet coordinates directly from its native grid. 
Overlays show: Windspeeds (black, from 10 to 80 by 10 m s-1, even values dotted), potential temperature (grey dashed, 330 to 
390 by 20 K), the 3.5 PVU contour (magenta, negative in SH), and the LRT (grey solid).
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influenced by the subtropical jet), it is clear that interpola-
tion to MLS locations before mapping into this dynamical 
coordinate is critical in providing a fair comparison, and 
thus that sampling effects are substantial. When comparing 
the reanalyses first interpolated to MLS measurement loca-
tions with MLS, the differences themselves show a seasonal 
cycle that varies among the reanalyses. Those differences 
are largest (up to about 20 % in the NH spring and summer) 
in JRA-55 and smallest (below 10 %) in MERRA-2; this is 
unsurprising since MERRA-2 assimilates MLS ozone and 
JRA-55 has the crudest ozone assimilation system of the re-
analyses studies here. 

7.6.4  Ozone mini-holes

Dynamical redistribution of ozone can produce large 
transient and localized reductions in total column 
ozone, also known as mini-holes (e.g., Hood et al., 
2001; James, 1998a,b; Newman et al., 1988). Millán and 

Manney (2017) analyzed the representation of NH mi-
ni-hole events from several reanalyses (ERA-Interim, 
MERRA, MERRA-2, CFSR/CFSv2, and JRA-55) using 
data from OMI (Levelt et al., 2006) and MLS (Waters et 
al., 2006). OMI column ozone data allow us to compare 
their geographical representation while MLS ozone pro-
file data allow us to study their vertical representation. 
Several definitions of mini-holes exist in the literature 
(e.g., Koch et al., 2005; Hood et al., 2001; James, 1998a). 
Here, we define mini-hole events as regions where the 
total column ozone value is less than 25 % below the 
monthly mean. Further, we only consider as mini-hole 
events those ozone fluctuations with an area larger than 
200,000 km2.

Millán and Manney (2017) found that the reanalysis fields 
display the same mini-hole seasonal variability as OMI, 
with more mini-hole events during winter when the at-
mosphere is more dynamically active (see Figure 7.34). 
OMI and the reanalysis fields also display similar mini-hole 

Figure 7.33:  Annual cycle in climatological (2005 - 2014) ozone at the subtropical jet core altitude as a function of time and 
latitude from the subtropical jet. Columns are as in Figure 7.32. Overlays show: Windspeeds (black, 40, 60, and 80 m s-1), the 
3.5 PVU contour (magenta, negative in SH), and the LRT (green).
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geographical distributions, with mini-holes occurring most 
frequently over the North Atlantic storm tracks. All of the 
reanalyses studied underestimate the number of mini-hole 
events, with the underestimation ranging from 34 % less 
for ERA-Interim up to 83 % less for JRA-55. Further, rea-
nalyses typically underestimate the area of the mini-hole 
events and most of the time are between 75 km and 300 km 
away from the events found in OMI (see Figure 7.35). Mi-
ni-holes found in CFSR/CFSv2, MERRA, MERRA-2 and  
ERA-Interim reanalyses display an eastward bias with re-
spect to the events found in OMI data. JRA-55 does not 
show a consistent bias direction, a feature that is most likely 
related to their crude treatment of ozone (see Chapters 2 and 
4).

The composite view of the vertical representation of mi-
ni-hole events agrees with previously reported mechanisms 
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Figure 7.34:  (A) Mini-hole events per month during 
2005 - 2014 in the Northern Hemisphere as found in OMI data 
and reanalysis fields (black, green, blue, red, pink, purple lines 
represent OMI, CFSR/CFSv2, ERA-Interim, MERRA, MERRA-2, 
and JRA-55 respectively). Dashed vertical lines indicate the be-
ginning of each January, dotted vertical lines the beginning 
of each July. (B) Mean number of mini-hole events in a given 
month (during 2005 - 2014). (From Millan and Manney, 2017.)

for dynamical mini-hole formation: Anticyclonic poleward 
Rossby wave breaking occurs in the UTLS; local uplift of air 
near the tropopause brings ozone poor air into the column 
and is accompanied by equatorward advection of polar air 
in the mid-stratosphere. On average, in the events found 
in both MLS and the reanalyses, the vertical structure in 
the reanalyses qualitatively agrees with that in MLS in that 
about two-thirds of the ozone reduction originates in the 
UTLS and the rest in the mid-stratosphere. Mini-hole re-
gions do typically show more double tropopauses than in 
the surrounding air, but the association is not strong be-
cause double tropopauses occur most frequently above 
strong cyclonic circulation systems while mini-holes occur 
most frequently above anticyclonic systems.

7.7  Summary and recommendations

In this chapter, we evaluate an extensive set of diagnostics that are critical to understanding ExUTLS dynami-
cal and transport processes, including the representation of the extratropical tropopause, UT jet streams, mixing 
and transport diagnostics, and ozone distributions and evolution. Because representing these processes requires 
high resolution, we focus on the recent full-input reanalyses, including MERRA, MERRA-2, ERA-Interim, JRA-
55, and CFSR/CFSv2, and provide some comparisons that demonstrate just how important resolution is. The con-
ventional input JRA-55C reanalysis was also compared for a few diagnostics. Earlier reanalysis (e.g., NCEP-NCAR 
R1 and NCEP-NCAR R2, ERA-40) are not suitable for detailed UTLS studies because of their coarse resolution, es-
pecially in the vertical, and are not evaluated here. We find broadly consistent behavior among modern reanaly-
ses in their representation of the extratropical tropopause, UT jet streams, and transport and mixing diagnostics.  
Larger differences are found in the representation of ozone in the ExUTLS, thought to be largely because of differences in 
the treatment of ozone among the reanalyses (Davis et al., 2017) (also see Chapter 4). Our key finding and recommendations 
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Figure 7.35:  (Top) Histograms of the distance between the 
mini-hole events found in the reanalysis fields and the ones 
found in OMI data (Black, green, blue, red, pink, purple lines 
represent OMI, CFSR, ERA-Interim, MERRA, MERRA-2, and 
JRA-55 respectively). Also shown is the total number of events 
as well as the number of matches between the events found 
in OMI and in the reanalyses. (Bottom) Histograms of the area 
fraction of mini-hole events. (From Millan and Manney, 2017.)
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are given below: 

Key findings: 

	� The reanalyses evaluated here agree well, with each other and with high-resolution radiosonde observations, on the location 
of the tropopause. CFSR/CFSv2 shows the smalest errors with respect to lapse rate tropopauses in radiosonde data of the 
analyses evaluated. 

	� Long-term trends (1981 - 2015) in tropopause altitude are in broad agreement both among the reanalyses and with observa-
tions, except for CFSR/CFSv2. 

	� The representation of multiple lapse-rate tropopause altitudes, which can be an indication of lateral STE events between the 
tropical UT andextra tropical lower stratosphere (ExLS), is highly dependent on the vertical grid resolution of reanalyses. 
CFSR/CFSv2 has the highest frequency of multiple tropopauses and the highest ExUTLS resolution of the renalyses evalu-
ated here. 

	� Using pressure and model-level versions of CFSR/CFSv2, we have shown that the degraded vertical resolution in the pressure 
level fields makes them unsuitable for identifying tropopause locations, especially for multiple tropopause situations.

	� JRA-55C was shown to be unsuitable for identifying multiple tropopauses because of its inability to qualitatively reproduce 
the distributions in SH high latitudes. 

	� Despite a general under-representation in multiple tropopause frequency compared to observations, most modern reanaly-
ses reproduce the pattern and sign of observed long-term trends in multiple tropopause frequency. 

	� The reanalyses show good overall agreement in representation of the climatology of UT jets and of the subvortex jet in the 
lowermost stratosphere. 

	� Robust trends in UT jets (latitude, altitude, and windspeed) are limited to particular longitude regions and seasons. Disa-
greement among the reanalyses is most common for the SH jets; in particular, MERRA-2 and/or CFSR/CFSv2 sometimes 
differ from the other reanalyses even in the sign of the SH jet latitude trends. 

	� Lagrangian estimates of STE using full 3D kinematic winds are in broad agreement among the reanalyses, with some impor-
tant differences in the locations and long-term changes of TST and STT. Transport estimates are sensitive to the choice of ver-
tical coordinate (that is diabatic calculations in isentropic coordinates versus kinematic calculations in isobaric coordinates)

	� Mixing diagnostics including effective diffusivity and PV gradients as a function of EqL show generally good agreement in 
climatological seasonal cycle and interannual variability. 

	� Mass flux across the 380 K isentropic surface agrees well between MERRA-2, ERA-Interim, and JRA-55, with CFSR/CFSv2 
showing inconsistencies in the seasonal cycle. 

	� Climatological ozone distributions and seasonal cycles show good qualitative agreement; because of the large differences in 
the ozone products assimilated and the methods of assimilating them, this points to good representation of the dynamics in 
the UTLS, where ozone changes are primarily driven by dynamical and transport processes. 

	� Reanalysis ozone mapped in EqL generally reproduces at least qualitatively the interannual variability in MLS observed 
ozone, but ERA-Interim shows several step function changes that are related to changes in the versions of MLS ozone assim-
ilated; in particular, in mid-2009 through 2012, large biases in ERA-Interim UTLS ozone arise from use of an early version 
of MLS NRT data.

Recommendations and future work: 

	� Based on previous work, and additional studies shown here, we recommend only the recent high-resolution reanalyses 
(MERRA-2, ERA-Interim, JRA-55, and CFSR/CFSv2 are such analyses evaluated herein) as suitable for ExUTLS dynam-
ical and transport studies. The dynamical diagnostics derived from these reanalyses indicate that they are all suitable for 
use in such studies with some limitations. 
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	� Given the inherent sensitivities of transport diagnostics to the method (e.g., Lagrangian vs. Eulerian) and time period 
used, future reanalyses should incorporate tracers (e.g., stratospheric mean age) for more direct transport comparisons.

	� A few diagnostics (e.g., effective diffusivity in CFSR/CFSv2; ozone in ERA-Interim) show substantial discontinuities when 
assessed over many years, and thus should be used with extreme caution and awareness in any analysis of those diagnos-
tics. 

	� Despite the above point, further studies of mixing diagnostics (which cannot be compared with direct observations), 
including trends, comparisons with free-running models, and assessment in relation to trace gas observations, could 
provide useful information for model and data assimilation system improvement. 

	� Because many diagnostics of UTLS processes cannot be directly compared with data, using multiple reanalyses and as-
sessing agreement among them should be an important part of ExUTLS studies. 

	� For diagnostics that cannot be directly compared with data, and in light of similar changes in input data, agreement 
among the reanalyses should be regarded as a necessary, but by no means a sufficient, condition for robustness of trends. 

	� As is the case for diagnostics described in other chapters (e.g., Chapter 10), differences between the PV fields arising from 
differing products provided by the reanalysis centers add to the uncertainties in the evaluations. It would be helpful in the 
future for all reanalysis centers to provide PV on the model grids. 

	� The results from reanalyses assimilating MLS ozone (which has relatively high vertical resolution compared to other 
ozone profilers currently used) show promise for future improvements, and more attention to consistently assimilating 
high-resolution ozone observations in future reanalyses would be extremely beneficial to understanding the processes 
controlling ozone in this region, where it is of such great importance to the radiative balance. 

	� Future work is needed to better elucidate the role of various elements of model design in producing observed differences 
in tropopause location and characteristics (e.g., through idealized simulations with the core models of each reanalysis). 

	� In the future, the accuracy of tropopause identifications in reanalyses should improve as the vertical grid spacing decreas-
es. These diagnostics should be evaluated in forthcoming reanalyses (most immediately, in ERA5) and the impacts of 
these improvements on estimates of STE and their long-term changes should be explored. 

	� The accuracy of transport estimates from reanalyses is largely unknown, since global estimates of transport from observ-
ing systems are not available and the outcomes are sensitive to the input fields and methods used. Comparison of trans-
port calculations using reanalysis wind fields and trace gas observations is one path to examine the accuracy of transport 
in reanalyses. 

	� Errors in transport calculations may also be gleaned from comparison of trajectory calculations driven by the reanalysis 
winds to long-duration balloon observations when available. However, such observations are infrequent and sometimes 
assimilated into the reanalyses, which limits their utility for validation studies.

	� Given the known errors in trajectory and other transport calculations that arise from coarse temporal resolution of input 
wind fields (e.g., Stohl, 1998; Bowman et al., 2013), more frequent 3D wind field outputs are desired from future reanalyses. 
Such wind fields, which are already available for ERA5, will allow for improved understanding of transport and STE (e.g., 
see early work using ERA5 in Hoffmann et al., 2019). 

	� For studies of reanalysis ozone, several datasets are available for comparisons that have yet to be fully utilized; we recom-
mend further comparisons with data from other satellite instruments (e.g., the Odin OSIRIS and ACE-FTS instruments), 
ozone sondes, and both campaign and longer term aircraft datasets (e.g., START-08, WISE, IAGOS). Some such studies 
will be done under the aegis of the SPARC Observed Composition Trends and Variability in the UTLS (OCTAV-UTLS) 
activity. 

	� Increased horizontal and vertical grid resolution will also be beneficial for reducing errors in transport calculations and 
enable analysis of processes at smaller scales. 

Figure 7.36 summarizes the results for the main diagnostics evaluated herein. Overall, the latest generation of reanalyses 
shows good quality for representing UTLS dynamics and transport. Most of the diagnostics discussed herein cannot be ver-
ified with observations directly, and, while differences are generally relatively small, the agreement is rarely so good that we 
can say they are “demonstrated suitable” in cases where direct verification is not possible; hence most of the reanalyses are 
deemed “suitable with limitations” or “use with caution” for most diagnostics.
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Major abbreviations and terms

ACE-FTS

ANA Analyzed, referring to MERRA and MERRA-2 products from the analysis step (see Chapter 2)

ASM Assimilated, referring to MERRA and MERRA-2 products from assimilation step (see Chapter 2)

ATOVS Advanced TIROS Operational Vertical Sounder

CFSR Climate Forecast System Reanalysis of the NCEP 
CFSv2 Climate Forecast System version 2 

CONUS CONtiguous United States

CTM Chemical Transport Model

DJF December/January/February

DOE Department of Energy 

DT Double Tropopause

ECMWF European Centre for Medium-range Weather Forecasts

ENSO El Niño Southern Oscillation

Eq Equivalent Latitude

ERA-40 ECMWF 40-year reanalysis 
ERA-Interim ECMWF interim reanalysis 

ExUTLS Extratropical Upper Troposphere and Lower Stratosphere

GMAO Global Modeling and Assimilation Office

GNSS-RO Global Navigation Satellite System - Radio Occultation

IAGOS  In-service Aircraft for a Global Observing System

JETPAC JEt and Tropopause Products for Analysis and Characterization

JJA June/July/August

JRA-55 Japanese 55-year Reanalysis 

Keff Effective Diffusivity

LRT Lapse-Rate Tropopause

LS Lower Stratosphere

MAM March/April/May

MERRA Modern Era Retrospective-Analysis for Research and Applications 
MERRA-2 Modern Era Retrospective-Analysis for Research and Applications, Version 2
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MLS Microwave Limb Sounder

NCAR National Center for Atmospheric Research 
NCEP National Centers for Environmental Prediction of the NOAA 
NCEP-NCAR DOE R2 Reanalysis 2 of the NCEP and DOE 
NCEP-NCAR R1 Reanalysis 1 of the NCEP and NCAR 

NASA National Aeronautics and Space Administration

NH Northern Hemisphere

NRT Near Real Time 

NWS National Weather Service

OCTAV-UTLS Observed Composition Trends And Variability in the Upper Troposphere/Lower Stratosphere

OMI Ozone Monitoring Instrument

OSIRIS  Optical Spectrograph and InfraRed Imaging System

PJ Polar Jet

PV Potential Vorticity

PVU PV units (defined as 10-6 K m2 (kg s)-1) 

REM Reanalysis Ensemble Mean

rms root mean square

SH Southern Hemisphere

SON September/October/November

sPV scaled Potential Vorticity

START-08  Stratosphere-Troposphere Analyses of Regional Transport 2008

STE Stratosphere-Troposphere Exchange

STJ SubTropical Jet

STT Stratosphere-to-Troposphere Transport

TIROS The Television Infrared Observation Satellite Program

TOVS-ATOVS TIROS Operational Vertical Sounde

TST Troposphere-to-Stratosphere Transport

TTL Tropical Tropopause Layer

UT Upper Troposphere

UTLS Upper Troposphere and Lower Stratosphere

WISE Wave-driven ISentropic Exchange

WMO World Meteorological Organization


