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four recent ES events that occurred in the Januaries of the 
years 2004, 2006, 2009, and 2013. These events coincided 
with major SSWs with 10 hPa, 60 ° N zonal mean zonal wind 
reversals that occurred on 5 Jan 2004, 21 Jan 2006, 24 Jan 
2009, and 6 Jan 2013. Temperatures retrieved from the MLS 
instrument aboard the Aura satellite are available for the lat-
ter three events and serve as a good observational reference 
(top row of Fig. 11.42). The general evolution of the strato-
pause described above is evident in each case. There is some 
inter-event variability in the temperature of the elevated stra-
topause immediately following the disappearance of the cli-
matological stratopause, as well as in the cold anomaly near 
6 hPa that forms as the stratopause descends, but the overall 
similarity among the events is remarkable and apparent even 
in these three events.

The corresponding temperatures from each of the four 
reanalyses are shown in the subsequent four rows. 
Three of the four reanalyses (ERA-Interim, MERRA, 
and MERRA-2) produce spuriously high temperatures 
near 0.1 hPa during the initial phase of the 2004 event. 
Similar biases are seen during the other three events in 

ERA-Interim and MERRA. MLS temperatures are as-
similated in MERRA-2 when available; the effects of this 
assimilation on these events are immediately apparent. 
This may be associated with model lid or sponge layer 
effects in these three cases; however it is interesting that 
this temperature maximum occurs well below the mod-
el top (0.01 hPa) in the case of MERRA and MERRA-2. 
Also apparent is the formation of a shallow cold layer just 
below 1 hPa that is most pronounced in ERA-Interim 
but is also apparent in MERRA in all four events and in 
MERRA-2 during the 2004 event. The overall similarity 
between MERRA and MERRA-2 during the 2004 event 
suggests that the underlying forecast model in the two 
reanalyses treat these events quite similarly. The model 
lid of JRA-55 is at 0.1 hPa and it is therefore also unable 
to capture the elevated stratopause at its maximum alti-
tude near 0.03 hPa. However, the JRA-55 reanalysis does 
not exhibit the temperature dipoles apparent in the other 
reanalyses, instead exhibiting nearly isothermal layers 
above 1 hPa that correspond to some extent with the de-
scending stratopause seen in the observations. McLan-
dress et al. (2013) studied the 2006 and 2009 events with 

Figure 11.43:  Same as Figure 11.42 but latitude-time plots at 0.3 hPa (~ 60 km).
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the nudged Canadian Middle Atmosphere Model, which 
reproduced the MLS results almost perfectly (see their 
Figures 3 and 4). However the agreement degraded con-
siderably when either the orographic or the non-oro-
graphic gravity wave drag, or both, were turned off (Fig-
ures 5 and 6 of McLandress et al., 2013), which shows the 
critical role of parameterized gravity wave drag in driv-
ing the mesospheric response to SSWs when there are no 
observations being assimilated in the mesosphere, and 
only the stratospheric state is being constrained.

Figure 11.43 shows a similar set of figures but now 
displays temperatures as a function of time and lat-
itude at 0.3 hPa, an altitude just above the climato-
logical stratopause. In the observed events, the cold 
anomaly is strongest at latitudes poleward of 60 ° N.  
Higher temperatures occur at lower latitudes first, giv-
ing rise about one month after the disappearance of the 
climatological stratopause to regions warmer than 245 K 
near 50 ° N. These spread to the pole as the elevated stra-
topause descends. Latitudinal structure similar to this 
is seen in ERA-Interim, MERRA, and MERRA-2 even 
prior to the assimilation of MLS data, although overall 
temperatures are biased considerably high at this level, 
consistent with what was seen in the previous figure. In 
contrast, while the lower temperatures at higher latitudes 
in JRA-55 agree well with observations, there are no rela-
tively warm regions to the south.

The temperature structures in ERA-Interim, MERRA, 
and MERRA-2 (when not constrained by the assimila-
tion of MLS temperatures) are consistent with a strong 
sponge layer feedback caused by the presence of artificial 
momentum damping within the USLM, which, in these 
reanalyses, is acting to reduce the zonal mean zonal wind 
above 0.3 hPa (not shown). This feedback produces a spu-
rious anomalous meridional circulation cell between the 

sponge layer and the region of anomalously low wave 
driving in the mid-stratosphere as described by Shepherd 
et al. (1996); see in particular their Figure 1c, though in 
this case the sign of the effective forcing is in the oppo-
site sense. The different behavior of JRA-55 is consistent 
with the use of thermal damping towards the layer-aver-
aged global mean temperature and the lack of momentum 
damping, unlike the other three reanalyses which use 
some form of momentum dissipation in their sponge lay-
ers (Chapter 2; Fujiwara et al., 2017). Near a sponge layer, 
the presence or lack of a non-orographic gravity wave pa-
rameterization would seem to be of lesser direct relevance 
given that MERRA and MERRA-2 include such parame-
terizations while ERA-Interim and JRA-55 do not (Chap-
ter 2; Fujiwara et al., 2017). However, if the model lid is 
sufficiently high and the sponge is not applied to the zonal 
mean flow, McLandress et al. (2013) showed that non-oro-
graphic gravity waves can be important.

It is important to note that in almost all cases the rep-
resentation of ES events in the USLM is not constrained 
by the assimilation of observations, and in all cases the 
effects of the forecast model sponge layers are directly felt 
and likely will be associated with artificial meridional 
circulations (Shepherd et al., 1996). These inferred biases 
in the meridional circulations will have an effect on the 
inferred tracer transport as well. The assimilation of MLS 
temperatures into MERRA-2 results in close agreement 
with MLS temperatures during the period where obser-
vations are available, but events prior to this should be 
treated separately, and the presence of the sponge layer 
implies that the corresponding meridional circulation 
should not be trusted even during the assimilation pe-
riod. The use of thermal dissipation as the sponge layer 
in JRA-55 avoids the strong spurious circulations that 
affect MERRA, ERA-Interim, and MERRA-2 prior to 
the assimilation of MLS temperatures, but the physical 

circulation evident in the observed 
temperature structure is also miss-
ing. Studies of ES events that make 
use of reanalyses must be aware of 
these shortcomings. 

11.5  Tides and normal modes

11.5.1  Tides

Atmospheric solar tides are glob-
al-scale inertia-gravity waves with 
periods that are integer fractions of 
a solar day (Chapman and Lindzen, 
1970). They are primarily driven by 
diurnally varying diabatic heating, 
such as the absorption of solar ra-
diation by tropospheric water and 
stratospheric ozone, and the latent 
heat release associated with tropical 

Figure 11.44:  Latitude-altitude distribution of amplitude for diurnal (S1) migrating tide 
in temperature (K), as derived from (a) SABER, (b) JRA-55, (c) JRA-55-C, (d) JRA-55-AMIP, 
(d) MERRA-2, (e) MERRA, (f) ERA-Interim, and (h) CFSR. Taken from Sakazaki et al. (2018). 
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convection (Hagan and Forbes, 2002; Hagan et al., 1995). 
The diurnal (S1) and semidiurnal (S2) variations around 
the globe can be decomposed into zonal harmonics with 
the “migrating” (Sun-synchronous) components for the 
S1 / S2 tides represented by westward propagating wave 
number one / two. The remainder of the tidal zonal har-
monics are “non-migrating components” and are excited 
mainly by zonally-asymmetric variations in (local time) 
heat sources or topography. Tides in reanalysis data pro-
vide an important “lower boundary condition” for driving 
so-called whole atmosphere models (e.g., Pedatella et al., 
2014). They are also used for correcting the diurnal anom-
aly or drift seen in Sun-synchronous satellite measure-
ments (Zou et al., 2014). 

We analyze and compare data from five recent global rea-
nalyses (MERRA-2, MERRA, JRA-55, ERA-Interim and 
CFSR) as well as SABER (not assimilated in any reanalyses) 
and MLS satellite measurements (only assimilated in MER-
RA-2) during the 7-year period 2006 - 2012. For JRA-55, the 
two other “family” members, JRA-55C and JRA-55AMIP, 
are analyzed to examine the effects of data assimilation on 
the representation of the solar tides. We will not consider 
here the JRA-25, ERA-40 and NCEP1/2 reanalyses. Saka-
zaki et al. (2012) showed that the global structure and sea-
sonality of the S1 migrating tide represented in JRA-25 or 
NCEP1/2 were less consistent with available observations 
than were the newer reanalyses data sets.

In this report, the (1) diurnal (S1) migrating tide, (2) semi-
diurnal (S2) migrating tide, and (3) nonmigrating tides are 
extracted and diagnosed individually. For SABER, a com-
posite analysis is made at each longitude-latitude bin after 
a 60-day running mean that is regarded as daily-mean is 
subtracted from the original time series (see Sakazaki et 
al. 2018 for details). For reanalyses, first, 3- or 6-hourly 
diurnal variations in universal time (UT) are extracted 

at each grid point with a com-
posite analysis after the subtrac-
tion of the daily-mean. Next, by 
averaging data at the same local 
time (LT) for each latitude band, 
migrating tides that are a func-
tion of LT are calculated; for 
example, for 6-hourly reanaly-
ses, data at 0000 LT is the aver-
age of data points at (0000 UT, 
0 ° E) (0600 UT, 90 ° E) (1200 UT, 
180 ° E) (1800 UT, 270 ° E), while 
data at 01:00 LT is the average of 
data points at 00:00 UT (15 ° E), 
06:00 UT (105 ° E), 12:00 UT 
(195 ° E) and 18:00 UT (285 ° E). 
Then, the harmonic fitting is per-
formed for the diurnal variations 
in LT to extract the migrating S1 
and S2 components. Note that 
the 6-hourly data (ERA-Interim, 
JRA-55 and CFSR) cannot resolve 

S2 at each grid point; but the ‘migrating component’ of S2 
can be extracted by using data at grid points on the same 
latitude belt as noted above. Finally, we diagnose S1 non-
migrating tides by applying the zonal wavenumber decom-
position for the S1 component (Dai and Wang, 1999). See 
Sakazaki et al. (2018) for the comparison of nonmigrating 
tides in physical space.

Figure 11.44 shows the latitude-altitude distribution of 
amplitude for annual-mean S1 migrating temperature tides 
computed from SABER data (upper left panel) and from the 
various reanalyses from 2006 - 2012. Both reanalyses and 
observations show that tidal amplitudes increase with al-
titude in the Tropics; tides based on SABER observations 
reach ~ 4 K in the tropical lower mesosphere. This feature 
is underestimated by 30 - 50 % in the various reanalyses. 
The tidal maxima in the midlatitude upper stratosphere 
are similarly underestimated by the reanalysis systems by 
20 - 30 % compared to SABER. Notably the JRA-55C and 
JRA-55AMIP results are close together and differ from the 
JRA-55 results, indicating that satellite measurements im-
prove the tidal representation in reanalyses.

Figure 11.45 shows the latitude-altitude distribution of 
amplitude for annual-mean S2 migrating tides in tem-
perature. Observations and reanalyses indicate that 
amplitudes are largest in the Tropics, with a local max-
imum around at 40 - 45 km (up to ~ 1.2 K), i.e., close to 
the location of maximum in ozone heating. Note that 
the ERA-Interim overall shows a smaller amplitude in 
the stratosphere (reduced by up to ~ 50 % compared to 
SABER and the other reanalyses).

Figure 11.46 shows the zonal wavenumber dependence for 
the annual-mean S1 (24 hour) harmonic of non-migrat-
ing tides for each symmetric and anti-symmetric compo-
nent with respect to the Equator (migrating component, 

Figure 11.45:  Same as Fig. 11.44 but for semidiurnal (S2) migrating tide. Taken 
from Sakazaki et al. (2018). 
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westward zonal wavenumber 1, is not shown). All data sets 
show that zonal wavenumber 0 (so-called D0; particular-
ly for anti-symmetric components), westward zonal wav-
enumbers 5 and 2 (DW5 and DW2), and eastward zonal 
wavenumber 3 (DE3) are dominant, being consistent with 
previous studies (Sakazaki et al., 2015; Forbes and Wu, 
2006; Zhang et al., 2006). Although the dominant wave-
numbers agree among the data sets, their magnitudes dis-
play some differences. The biggest outliers are JRA-55C 
and JRA-55AMIP and those two datasets display some-
what larger amplitudes than the full-input reanalyses (that 
assimilate both conventional and upper air observations). 
Another marked difference is seen for DE3; the MERRA 
and MERRA-2 results are close to the SABER but the other 
reanalyses have larger amplitudes than SABER above the 
middle stratosphere (pressures less than 3 hPa).

To summarize, the latest reanalyses agree reasonably well with 
each other and with the satellite observations for both migrat-
ing and nonmigrating components including their vertical and 
meridional structure. However, the agreement among reanal-
yses is better in the lower stratosphere and differences increase 

in the USLM. The diurnal migrating tides are weaker in the 
reanalyses compared to SABER, although such differences are 
less clear between MLS and the reanalyses (not shown). Rea-
nalyses are a very useful tool to investigate the global structure 
of tides and its temporal variability. At the same time, one 
should note that the representation of tides is significantly af-
fected by assimilated satellite data so that the present intercom-
parison results during 2006 - 2012 do not necessarily apply to 
other periods with different data assimilated (especially before 
2000 when AMSU was not assimilated; see Fig. 11.46. See also 
Sakazaki et al., 2018 for more details.

11.5.2  Quasi-2-day wave

The quasi-2-day wave (QTDW) is a well-documented feature 
of upper stratospheric and mesospheric dynamics that con-
sists primarily of a westward propagating zonal wave number 
3 that moves around a latitude circle in approximately 6 days. 
With a wave-3, this leads to local oscillations of 2 days, giv-
ing it the name “2-day wave”. Early evidence of the QTDW 
was found in wind observations and radiances from meteor 
radar, satellite, and rocket-borne instruments (e.g., Burks and 
Leovy, 1986; Rodgers and Prata, 1981; Coy, 1979; Muller and 
Nelson, 1978). Subsequent analyses of wind, temperature, and 
constituent observations from a plethora of ground-based 
and satellite-based instruments have shown the QTDW to be 
a major, recurring dynamical feature in the mesosphere and 
lower thermosphere (MLT) that is most prominent in the ex-
tratropical summer hemisphere (Gu et al., 2013; Tunbridge et 
al., 2011; Pancheva, 2006; Garcia et al., 2005; Limpasuvan and 
Wu, 2003; Lieberman, 1999; Harris, 1994; Wu et al., 1993). 

Detailed studies of the upper stratospheric QTDW using op-
erational meteorological analyses (e.g., Orsolini et al., 1997; 
Randel, 1994) have analyzed wavenumber-frequency spectra 
and potential vorticity-based diagnostics from daily wind 
and temperature fields. The results of these studies supported 
earlier theoretical results indicating that the QTDW origi-
nates primarily from regions of baroclinic instability in the 
easterly mesospheric summer jet (Pfister, 1985; Plumb, 1983), 
but also from regions of barotropic instability of the easter-
ly jet in the subtropical upper stratosphere (e.g., Manney and 
Nathan, 1990; Burks and Leovy, 1986), itself triggered by iner-
tial instability (Orsolini et al., 1997). The QTDW also projects 
onto a global zonal wavenumber 3 normal mode. Further-
more, these studies also clearly demonstrated the utility of 
stratospheric analyses for providing a fully self-consistent set 
of meteorological variables needed to describe the physical 
mechanisms that drive the QTDW and other key circulation 
features related to normal modes in the stratosphere, meso-
sphere, and lower thermosphere. 

One aspect of the QTDW that is not yet well understood is the 
cause of its intraseasonal and interannual variability, which 
can have a wide-ranging effect on, e.g., summer polar meso-
pause temperatures (France et al., 2018; Siskind and McCor-
mack, 2014), thermospheric neutral winds (Chang et al., 2011), 
and ionospheric electron content (Yue et al., 2012). Modeling 

Figure 11.46:  Amplitudes for each zonal wavenumber 
component of diurnal (S1) nonmigrating tides for the region 
between 10 ° S and 10°N, at (a) 0.4 hPa, (b) 1 hPa, (c) 3 hPa, 
(d) 10 hPa and (e) 30 hPa. Top and bottom half in each panel 
shows the results of symmetric and anti-symmetric compo-
nents, respectively. Positive and negative wavenumbers are 
for the eastward and westward travelling waves, respective-
ly. The S1 migrating tide (westward wavenumber 1) is not 
shown. Modified from Sakazaki et al. (2018). 



567Chapter 11: Upper Stratosphere and Lower Mesosphere

and observational studies have shown 
that underlying variations in the back-
ground zonal wind field throughout 
the tropical and extratropical strato-
sphere and lower mesosphere that pro-
mote both baroclinic and barotropic 
instability are likely a key source of ob-
served intraseasonal and interannual 
variability in the QTDW (McCormack 
et al., 2014; Rojas and Norton, 2007; 
Limpasuvan et al., 2000; Norton and 
Thuburn, 1999). 

Reanalysis data sets extending into the 
USLM can now provide a more com-
prehensive understanding of the dy-
namical origins of QTDW variability. 
To this end, it is necessary to first un-
derstand how the QTDW is represent-
ed in current reanalysis data sets. In 
this section, the characteristics of the 
QTDW are compared using three rea-
nalysis temperature data sets extending 
into the mesosphere: MERRA-2, JRA-55, and ERA-Interim.  
The comparisons are performed using data from 2010, focus-
ing on the seasonal variability in the QTDW. 

The representation of the QTDW, and any other planetary 
scale normal modes, in reanalyses of the USLM will depend 
on a variety of factors. These factors include the vertical do-
main of the analysis system, the physical parameterizations 
used in the atmospheric model component, and the type 
of observations (if any) that provide information within 
this altitude region. In comparing the QTDW among the 
three reanalysis data sets, we note that there are two impor-
tant features that distinguish MERRA-2 from JRA-55 and 
ERA-Interim. First, MERRA-2 extends to higher altitudes 
than ERA-Interim and JRA-55; the top pressure levels used 
for this comparison are 0.015 hPa for MERRA-2 and 0.1 hPa 
for both ERA-Interim and JRA-55. Second, only MERRA-2 
assimilates temperature observations from the MLS instru-
ment in the USLM. 

To illustrate how these and other differences impact the 
reanalysis, Figure 11.47 shows Hovmöller plots of temper-
ature anomalies (zonal and time mean subtracted at each 
grid point to remove stationary wave components) for 30 ° S 
at the 0.3 hPa level for January 2010 from (left) MERRA-2, 
(center) ERA-Interim, and (right) JRA-55. During this time 
period, prominent westward- and eastward-propagating 
temperature anomalies in the range of ±5 K can be seen in 
MERRA-2. The corresponding ERA-Interim temperature 
anomalies are weaker, typically in the range of ±2 K, and 
show some eastward propagation but little to no westward 
propagation. The JRA-55 temperature anomalies at this lat-
itude and pressure level exhibit higher frequency eastward 
propagating features than either ERA-Interim or MERRA-2 
up to ± 10 K. We note that 0.1 hPa is the top reported level of 
the JRA-55 data set, and so the reanalysis may be influenced 

by model upper boundary effects. Although a more detailed 
comparison is needed to conclusively identify the reasons 
for the differences among the three reanalyses shown in 
Figure 11.47, this initial comparison illustrates that all re-
analysis data sets (even MERRA-2) must be used with cau-
tion in the USLM. Ideally, any studies using reanalyses at 
these upper levels should include validation with independ-
ent observations whenever possible.

With this caveat in mind, we compare the representation of 
the QTDW in MERRA-2, ERA-Interim, and JRA-55 dur-
ing 2010. To describe the characteristics of the QTDW, a 
two-dimensional fast Fourier transform (2DFFT) (Hayashi, 
1971) in longitude and time is applied to the reanalysis tem-
perature anomaly fields (see Fig. 11.47) at a given latitude 
and pressure level. Following the procedure described in 
McCormack et al. (2009), daily zonal means are subtracted 
from each 3-hourly (MERRA-2) or 6-hourly (JRA-55 and 
ERA-Interim) longitude-time field and then a cosine taper 
is applied to the first and last 10 % of each record in time. 
The resulting power spectrum describes the amount of var-
iance at each frequency and zonal wave number. Variance 
associated with the QTDW is isolated by reconstructing 
the longitude-time fields using the inverse 2DFFT with a 
bandpass filter for a given zonal wavenumber at frequencies 
from 0.45 - 0.6 cycles per day. This frequency range was de-
termined by examining individual wavenumber-frequency 
spectra from the reanalysis temperature data throughout 
the year at latitudes in the lower mesosphere where the 
QTDW signal is largest. The 2DFFT is applied to reanalysis 
temperature fields on a monthly basis, producing a mean 
amplitude of the QTDW over the month-long analysis in-
terval. Observational studies of the global QTDW structure 
have found evidence of prominent westward zonal wave-
number 3 and wavenumber 4 components (e.g., McCormack 
et al., 2014; Gu et al., 2013; Tunbridge et al., 2011). Here we 

Figure 11.47:  Hovmöller diagrams at 30 ° S and 0.3 hPa of temperature anoma-
lies (minus the zonal and time mean) in MERRA-2 (left), ERA-Interim (middle), and 
in JRA-55 (right) during January 2010. Solid contours drawn at ± 4 K.
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examine both components, focusing on the months of Jan-
uary and July when the QTDW amplitudes are found to be 
largest in the respective summer hemispheres. For these 
comparisons, we limit our attention to the region of the 
USLM between 0.1 - 10 hPa.

Figure 11.48 plots the altitude 
and latitude dependence of mean 
QTDW wavenumber 3 amplitudes 
for January 2010 (left column) 
and July 2010 (right column) from 
MERRA-2 (top), ERA-Interim 
(middle), and JRA-55 (bottom). 
All three reanalyses show qualita-
tively similar latitudinal structure 
in the QTDW, but there are large 
quantitative differences. MER-
RA-2 shows the largest amplitude 
in the mid-latitude mesosphere 
and in a narrow subtropical tongue 
extending down to the stratopause 
level, likely tied to the aforemen-
tioned regions of jet instability.  
In both months, peak QTDW 
amplitudes from MERRA-2 
range from 1.5 - 2 K from 
10 ° - 50 ° latitude in the summer 
hemisphere above the 1 hPa lev-
el. These values are much larg-
er than the peak amplitudes of 
0.7 - 0.9 K seen in ERA-Interim 
and JRA-55, which are limited 

to the region between 1 - 2 hPa. 
This is to be expected since the 
MERRA-2 reanalysis extends 
higher in altitude and includes 
mesospheric temperature ob-
servations. All three reanalyses 
show similar seasonal behavior 
in the upper stratosphere, in 
that the zonal wavenumber 3 
QTDW amplitudes are larger 
in SH summer (January) than 
in NH summer (July) near the 
1 hPa level. 

Figure 11.49 shows monthly 
mean amplitudes of the QTDW 
for zonal wavenumber 4 during 
January and July 2010 from the 
three different reanalyses. As 
with the wavenumber 3 case, 
here all three reanalysis data 
sets show similar latitude struc-
ture in the peak QTDW ampli-
tudes. In contrast to the zonal 
wavenumber 3 component, the 
zonal wavenumber 4 QTDW 
is largest during NH summer 

throughout the stratosphere and lower mesosphere in 
MERRA-2, ERA-Interim, and JRA-55. Again, the peak 
values of the QTDW amplitudes are much larger in 
MERRA-2 temperatures than in JRA-55 and ERA-In-
terim, and only MERRA-2 exhibits a strong QTDW 

Figure 11.48:  Latitude-altitude sections of quasi-2-day wave amplitudes for west-
ward zonal wavenumber 3 for January (left) and July (right) in 2010 from MERRA-2 
(top), ERA-Interim (middle) and JRA-55 (bottom). Thin contours drawn every 0.1 K 
starting at 0.2 K, thick contours drawn every 0.5 K.

Figure 11.49:  Latitude-altitude sections of quasi-2-day wave amplitudes for plan-
etary wavenumber 4 in January (left) and July (right) in 2010 in MERRA-2 (top), ERA-
Interim (middle) and JRA-55 (bottom). Thin contours drawn every 0.1 K starting at 
0.2 K, thick contours drawn every 0.5 K.
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signal above the 1 hPa level. 

Since the QTDW is mainly a mesospheric phenom-
enon, the extended vertical domain and additional 
mesospheric observations from MLS allow the MER-
RA-2 reanalysis to better capture the main features 
of the QTDW in USLM temperatures as compared to 
ERA-Interim and JRA-55. Reanalysis systems with 
lower tops that lack mesospheric observations will not 
capture the main features of the QTDW. This reinforc-
es the concept that the origin and propagation of the 
QTDW is mainly controlled by mesospheric dynami-
cal variability. Reanalysis systems need to reproduce 
this variability in order to properly diagnose the phys-
ical mechanisms controlling both intraseasonal and 
interannual variability of the QTDW.

11.5.3  Quasi-5-day wave

The quasi-5-day wave (QFDW) consists of a westward 
propagating zonal wavenumber 1 disturbance that is 
related to the first symmetric normal (Rossby) mode. 
It has been observed in surface pressure observations 
(see, e.g., Madden and Julian, 1972, and referenc-
es therein), and is routinely found in reanalysis data 
sets throughout the tropical and extratropical tropo-
sphere and stratosphere, having a period ranging from 
~ 4 - 7 days. The QFDW has also been observed in the 
mesosphere (e.g., Iimura et al., 2015; Talaat et al., 2001, 
2002). The origins of the QFDW in the stratosphere 
and lower mesosphere are complex, and may involve 
different mechanisms, including latent heat release in 
the tropical upper troposphere (Miyoshi and Hirooka, 

2003), possible nonlinear interactions in the strato-
sphere between extratropical planetary scale waves 
propagating upward from the troposphere (Talaat et 
al., 2002), and amplification via baroclinic instability 
in the mesosphere (Lieberman et al., 2003). The QFDW 
plays a prominent role in the dynamics of the MLT 
region, particularly in the occurrence of polar mes-
ospheric clouds (PMCs) at high latitudes in summer 
(Nielsen et al., 2010). 

Given the complex dynamical interactions throughout 
the troposphere, stratosphere, and mesosphere that give 
rise to the QFDW, capturing the key characteristics of 
the global circulation feature is a good test for reanal-
ysis systems extending into the USLM region. In this 
section we compare the QFDW in temperature during 
2010 from the MERRA-2, ERA-Interim, and JRA-55 
reanalyses using the 2DFFT method described in the 
previous section. For this comparison, the 2DFFT is 
applied to temperature anomaly fields using a band-
pass for westward zonal wavenumber 1 and 0.16 - 0.25 
cycles per day (periods of 4.25 - 6 days). This frequency 
range was determined by examining individual wave-
number-frequency spectra from the reanalysis temper-
ature data throughout the year at latitudes in the strat-
osphere where the QFDW signal is largest. 

Figure 11.50 shows the latitude and altitude depend-
ence of the mean QFDW temperature amplitudes 
from 10 - 0.1 hPa during January 2010 (left column) 
and August 2010 (right column) from MERRA-2 (top), 
ERA-Interim (middle), and JRA-55 (bottom). The 
January 2010 results from all three reanalyses show 
remarkably consistent results, both qualitatively and 

quantitatively. In January, two 
distinct patterns emerge. The 
first pattern is relatively weak 
(0.6 - 1 K) and hemispherical-
ly symmetric with maxima near 
40 ° N and 40 ° S from 1 - 3 hPa. 
This pattern is qualitatively con-
sistent with the theoretical struc-
ture of the first symmetric normal 
mode. The second pattern is much 
stronger (2 - 3 K) and is present 
throughout the stratosphere and 
lower mesosphere at high North-
ern latitudes, in contrast to the 
expected theoretical structure of 
the first symmetric normal mode. 
There is hemispheric asymmetry 
in this second QFDW pattern in 
the sense that amplitudes in Jan-
uary are substantial poleward of 
60 ° N, but are extremely small in 
the SH polar regions. This high 
northern latitude signal extends 
above the 1 hPa level in the MER-
RA-2 results, consistent with the 

Figure 11.50:  Latitude-altitude sections of quasi-5-day wave amplitudes for January 
(left) and August (right) in 2010 in MERRA-2 (top), ERA-Interim (middle) and JRA-55 (bot-
tom). Thin contours drawn every 0.1 K starting at 0.2 K, thick contours drawn every 0.5 K.



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

system’s higher top and inclusion of MLS mesospheric 
temperature observations, as discussed in the previous 
section. Between 10 hPa and 1 hPa, the amplitudes of 
the high-latitude QFDW signal in all three reanalyses 
are in good agreement. As discussed below, these two 
distinct patterns in the QFDW structure shown in Fig-
ure 11.50 suggest that different processes may be in-
volved in producing the QFDW signal within different 
latitude regions.

During August 2010 (Figure 11.50, right column), 
all three reanalyses again show very good qualita-
tive and quantitative agreement between 10 hPa and 
1 hPa. The dominant pattern is a hemispherically 
symmetric feature with peak amplitudes of ~ 2 K near 
2 hPa between 20 ° and 50 ° latitude that is qualitative-
ly consistent with the expected structure of the first 
normal mode. The amplitude of this hemispherically 
symmetric feature is roughly twice as large as a sim-
ilar pattern seen in the upper stratosphere between 
30 ° - 50 ° latitude during January (Figure 11.50, left 
column). In contrast to the very strong 2 - 3 K QFDW 
signal seen at high Northern latitudes in January, the 
corresponding high latitude feature in the SH dur-
ing August is a much weaker ~1 K signal over a nar-
rower latitude region and smaller altitude range.  
In addition, while in January (left panels) the QFDW 
amplitudes largely maximize at high northern (winter) 
latitudes, in the SH winter (right panels) there is a dou-
ble maximum, with large amplitudes poleward of the 
jet core that are distinct from the maximum in mid-lat-
itudes. MERRA-2 and ERA-Interim results both show 
a separate maximum in the QFDW signal in the lower 

mesosphere from 0.3 - 0.1 hPa. There is also evidence 
of a separate QFDW amplitude maximum in the NH 
extratropical lower mesosphere in all three reanalyses 
from 40 ° - 70 ° N. 

The seasonal variation of the monthly mean QFDW 
amplitudes at 2 hPa during 2010 is shown in Figure 
11.51. This pressure level is near the peak of the up-
per stratospheric, hemispherically symmetric feature 
seen in all three reanalyses (Figure 11.50). The largest 
QFDW amplitudes (> 2 K) are seen consistently at high 
Northern latitudes in January 2010 among all three 
data sets. During August 2010, there is a broad region 
of QFDW amplitudes ranging from 1 - 1.5 K between 
30 ° N and 60 ° N, and a somewhat narrower region of 
slightly larger magnitude from 30 ° - 50 ° S that is sharp-
ly cut off poleward of 50 ° S. During November and De-
cember 2010, there is evidence in all three data sets of 
increasing QFDW amplitudes from 20 ° - 60 ° latitude 
in each hemisphere, with larger amplitudes and more 
coherent latitude structure in the SH. The evolution of 
the QFDW in 2010 is consistent with the seasonal cy-
cle observed during 2002 - 2016 using SABER tempera-
tures (Huang et al., 2017). Their results show a consist-
ent peak near the stratopause of 1 - 4 K from 30 ° - 50 ° N 
in December and January and from 30 ° - 50 ° S from 
June through September. The symmetry shown across 
the Equator in all three reanalyses during August in 
Figure 11.50 is consistent with a QFDW signal related 
to the hemispherically symmetric normal mode (e.g., 
Lieberman et al., 2003).

The very good agreement seen in the latitude, altitude, 
and seasonal variations in QFDW amplitudes for 2010 
among the MERRA-2, ERA-Interim, and JRA-55 rea-
nalyses suggests that much of the origin and propaga-
tion of the QFDW largely involves stratospheric pro-
cesses that are well represented in these reanalyses. The 
two distinct patterns of QFDW amplitudes seen here 
further suggest that different processes are affecting 
the development and propagation of the QFDW. The 
first process, related to the apparent hemispherically 
symmetric mode, could be related to the interaction 
of the 5-day normal mode and tropospheric processes 
such as convective latent heat release (Garcia and Salby, 
1987). The second process, related to the high North-
ern latitude maximum in January, could be related to 
growth through baroclinic/barotropic instability, lead-
ing to what is commonly referred to as the 6.5-day wave 
in the mesosphere and lower thermosphere (Lieberman 
et al., 2003; Talaat et al., 2002). Subsequent investiga-
tions of the QFDW in these and other reanalysis prod-
ucts over longer time periods, focusing on the perio-
dicities of QFDW signals in the mid-latitude and polar 
latitudes would be helpful to further elucidate possible 
mechanisms for the origin and propagation of this sig-
nal throughout the stratosphere and mesosphere.

Figure 11.51:  Latitude-time plots of quasi-5-day wave am-
plitudes at 2 hPa during 2010 in MERRA-2 (top), ERA-Interim 
(middle) and JRA-55 (bottom). Contours every 0.2 K.
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11.6  Summary, key findings, and recommendations

In summary, differences in the USLM among reanalyses are smaller in recent years (vs. in the 1980s and 1990s), increase 
with altitude, and increase nearer to the Equator. Improvements in observational data and in data assimilation explain 
much of the increasing agreement since 1998. The differences increase with altitude because of differences in model top 
altitude, the characteristics of the sponge layers near the model tops, and the differences in the gravity wave drag param-
eterizations in this region. The tropical USLM provides a particular challenge because the sparse observations leave key 
dynamical phenomena in this region weakly constrained in the models. As a result, large differences in USLM features 
can arise among the different reanalysis systems due to the different physical parameterizations in their respective model 
components. The intercomparisons presented in this chapter demonstrate that, while no one reanalysis system is clearly 
better in representing all aspects of the USLM, higher-top systems such as MERRA, MERRA-2, and ERA5 are essential 
for capturing the mesospheric circulation features such as the SAO and the QTDW, for example. However, we recommend 
that researchers interested in exploring a particular phenomenon within the USLM see the appropriate section of this 
chapter before choosing any one reanalysis for use in such research.

We also emphasize here that it is critical to compare reanalyses to independent observations (e.g., radar winds, rocket winds, 
SABER temperatures). This process is imperative for data users to determine the optimum reanalysis dataset to use and to quanti-
fy the differences between a reanalysis dataset and observations prior to each scientific study. To the extent that such independent 
observations are lacking, we encourage additional observational campaigns to help establish which reanalyses perform best - as 
well as operational observational platforms to help tether models to observations within the reanalyses. With no firm plans to 
replace the aging satellites that are currently relied upon for temperature and constituent observations of the middle atmosphere, 
reanalysis systems could soon lack the key measurements needed to constrain models in the USLM region. Thus, it is imperative 
that plans are formulated and are executed to continue space-based global observations of the middle atmosphere to ensure the 
future of accurate simulation of middle atmosphere processes known to impact tropospheric weather forecasting. 

Key findings

	� Differences among the reanalyses 1) decrease with time due to improvements in assimilated observational data, 2) 
increase with altitude due to differences in model top, sponge layers, and gravity wave drag treatments, and 3) increase 
nearer the Equator where sparse observations leave key dynamical phenomena largely unconstrained.

	� Although no single reanalysis system is clearly better in representing all aspects of the USLM, higher-top systems such 
as MERRA and MERRA-2 are essential for capturing mesospheric circulation features such as the SAO and the QTDW.

	� Different satellite data assimilated into reanalyses as a function of time introduces discontinuities in both basic state 
variables and higher order diagnostics and this precludes trend studies based on a single reanalysis system.

	� Differences in temperature among the reanalyses increase with height into the mesosphere at all latitudes. Likewise the 
inter-reanalysis differences in zonal wind increase with height especially in the equatorial region.

	� Seasonal mean temperature differences (defined here to be with respect to MERRA) are larger in older reanalyses 
(ERA-40 and JRA-25) and smaller in newer reanalyses (MERRA-2, ERA-Interim, and JRA-55).

	� Westerly and easterly jets in the winter and summer stratosphere, respectively, are well reproduced in MERRA, MER-
RA-2, ERA-Interim, JRA-55, and CFSR/CFSv2.

	� The descending branch of the residual circulation in the winter stratosphere is strongest in MERRA, consistent with 
results prepared for Chapter 5 (not shown; Thomas Birner, personal communication, 2021). 

	� There are anomalous vertical temperature gradients around 3 hPa in JRA-25 that lead to anomalous flow in the winter 
stratosphere and these are not observed in the other reanalyses.

	� Noisy meridional and vertical winds in ERA-40 can cause larger dispersion of air parcels, which leads to “younger” age 
of air values and a weaker subtropical barrier in the stratosphere.

	� Throughout the year, MERRA-2 has weaker cross-equatorial flow, a weaker middle-atmosphere Hadley circulation, 
and a westerly bias in the tropical USLM compared to ERA-Interim, JRA-55, and MERRA.
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	� Signatures of long-term variability due to the ENSO, the QBO, the 11-year solar cycle, and volcanic eruptions are shown in JRA-55, 
MERRA-2 and ERA-Interim; there are substantial differences among the reanalyses in the USLM, especially at equatorial latitudes.

	� The mean SAO amplitude is reasonable in ERA-I, JRA-55, MERRA and MERRA-2; comparison between JRA-55 and 
JRA-55C highlights the inability for the free-running model to capture the SAO and the crucial role of assimilating 
satellite temperatures into this reanalysis system in order to accurately represent the SAO.

	� The spatial patterns and magnitudes of inertial instability frequency are in good agreement among MERRA, MER-
RA-2, ERA-Interim, and JRA-55.

	� MERRA, MERRA-2, ERA-Interim, JRA-55, and CFSR/CFSv2 all capture multi-year winter mean polar vortex charac-
teristics in both hemispheres; CFSR wintertime vortex frequencies are 10 - 20 % lower than the other four reanalyses in 
the 50 ° to 70 ° latitude bands in both hemispheres.

	� MERRA, MERRA-2, ERA-Interim, JRA-55, and CFSR/CFSv2 sufficiently capture the multi-year mean seasonal evolu-
tion of the polar vortex at the stratopause during 2005 - 2015; interannual variability is not assessed here. 

	� Quasi-stationary PW-1 amplitudes show remarkable agreement among the reanalyses and with MLS observations in 
the extratropics during winter; larger differences are seen at lower latitudes and during the summer.

	� ES events are generally unconstrained by observations (with the exception of MERRA-2 which assimilates temper-
atures from Aura MLS after 2004). Their representation in reanalyses depends strongly on the nature of the sponge 
layer in the underlying forecast model of each reanalysis, and thus reanalyses cannot be regarded as trustworthy to 
study these phenomena. 

	� While reanalyses reproduce the global patterns in the diurnal and semi-diurnal migrating tides, their amplitudes are 
underestimated by 20 - 50 % compared to SABER.

	� The representation of the quasi-2-day wave is qualitatively similar in MERRA-2, ERA-Interim, and JRA-55, but there 
are 50 % differences in amplitude.

	� There is excellent agreement in the representation of the quasi-5-day wave among the MERRA-2, ERA-Interim, and 
JRA-55 reanalyses suggesting that much of its origin and propagation involves stratospheric processes that are well 
represented in these systems.

Recommendations

	� Scientific studies using reanalyses in the USLM should make every effort to also include comparisons with independent 
observations.

	� Large discontinuities that occur due to differences in the data assimilation process preclude trend studies based on a 
single reanalysis system.

	� There are large temperature and wind differences among the reanalyses in the tropical USLM. Using two or more reanalysis 
datasets to study phenomena (e.g., the SAO, the diurnal tide) in this region of the atmosphere is recommended to increase con-
fidence.

	� There are large uncertainties in MERRA-2 zonal winds in the Tropics prior to 1998 as it shows westerly biases in excess 
of 10 m s-1 compared to MERRA, ERA-Interim, and JRA-55 between 10 hPa and 1 hPa.

	� There are large uncertainties in “older” reanalysis datasets in the USLM; the meridional circulation in the stratosphere 
and mesosphere is more realistic in MERRA-2, ERA-Interim, and JRA-55 than in MERRA, ERA-40, and JRA-25.

	� Both Eulerian-mean and residual-mean meridional flows in ERA-40 are noisier than those in the other reanalyses, 
thus, science studies based on ERA-40 residual circulation velocities would likely generate noisier results.

	� JRA-55C is not suitable for studies of the SAO.
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	� Low polar vortex frequency biases in CFSR/CFSv2 (due to high polar temperatures and a weak polar night jet) render 
this reanalysis dataset less suitable for polar vortex studies compared to MERRA, MERRA-2, ERA-Interim, or JRA-55.

	� MERRA, MERRA-2, ERA-Interim, JRA-55, and CFSR/CFSv2 are all suitable to study quasi-stationary PW-1 patterns 
in the winter extratropics but care should be exercised if the focus is in the subtropics or during the summer.

	� Reanalyses should not be relied upon for studying ES events. Even for MERRA-2, the underlying forecast model does not 
capture the evolution of ES events correctly and so derived quantities (other than temperatures that are directly assimi-
lated) should be treated with caution.

	� Older reanalyses such as ERA-40 or JRA-25 are not suitable for tidal studies.

	� Tidal results should not be extrapolated from one year to another as the representation of tides is sensitive to the sat-
ellite data assimilation.

	� There are large uncertainties in using reanalysis data to study 5-day and 2-day wave normal modes; different reanalyses 
may yield different results.
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Figure 11.52:  Evaluation table of di-
agnostics relevant to Chapter 11 topics, 
listed along the y-axis. Different reanaly-
ses are listed along the x-axis. The corre-
sponding chapter and section numbers 
are given in the far left column. STDEV is 
the standard deviation, UEq is the zonal 
wind at the Equator, Vr and Wr are resid-
ual circulation meridional and vertical 
velocities, respectively, SAO is the Semi-
Annual Oscillation, MA-Hadley is the 
middle-atmosphere Hadley circulation, 
II Freq is the inertial instability frequency 
of occurrence, PWs is planetary waves, 
Zstrat is the height of the stratopause 
with emphasis on elevated stratopause 
events, QTDW is the quasi-2-day wave, 
and QFDW is the quasi-5-day wave.

Data availability

All of the reanalysis data included in this chapter are publicly accessible. JRA-55, ERA-Interim, and CFSR data are avail-
able at the Research Data Archive at the National Center for Atmospheric Research, Computational and Information Sys-
tems Laboratory at https://rda.ucar.edu/. ERA-Interim data are also available at http://apps.ecmwf.int/datasets/. CFSR/
CFSv2 data were also made available by Sean Davis at ftpshare.al.noaa.gov. The processing of CFSR/CFsv2 output was 
funded by the NOAA HPC grant “Climate Forecast System Reanalysis products for reanalysis validation and intercom-
parisons” to NOAA ESRL CSD with the bulk of the work performed by Sean Davis, Jeremiah Sjoberg and H. Leroy Miller. 
MERRA and MERRA-2 data are available at the NASA Goddard Earth Sciences (GES) Data and Information Services 
Center (DISC) at https://gmao.gsfc.nasa.gov/reanalysis/. TS analyzed diurnal monthly reanalysis data provided under 
the framework of the Data Integration and Analysis System (DIAS) funded by the Japan Ministry of Education, Culture, 
Sports, Science and Technology (MEXT). MLS v4.2 data are available from the NASA Goddard Space Flight Center for 
Earth Sciences DISC at https://mls.jpl.nasa.gov. SABER data are available from http://saber.gats-inc.com/.

https://rda.ucar.edu/
http://apps.ecmwf.int/datasets/
http://ftpshare.al.noaa.gov
https://gmao.gsfc.nasa.gov/reanalysis/
https://mls.jpl.nasa.gov
http://saber.gats-inc.com/
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2DFFT  two-dimensional fast Fourier transform

AMIP Atmospheric Model Intercomparison Project

ATOVS Advanced TIROS Operational Vertical Sounder

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

DJF December-January-February

ECMWF European Centre for Medium-Range Weather Forecasts

ENSO El Niño Southern Oscillation

EOF Empirical Orthogonal Function

EOS Earth Observing System

ERA-40 ECMWF 40-year reanalysis 
ERA-Interim ECMWF interim reanalysis 
ERA5 the fifth major global reanalysis produced by ECMWF

ERSST Extended Reconstructed Sea Surface Temperature

IFS Integrated Forecast System

JJA June-July-August

JRA-25 Japanese 25-year Reanalysis 
JRA-55 Japanese 55-year Reanalysis 
JRA-55AMIP Japanese 55-year Reanalysis based on AMIP-type simulations
JRA-55C Japanese 55-year Reanalysis assimilating Conventional observations only
MERRA Modern Era Retrospective-Analysis for Research and Applications 
MERRA-2 Modern Era Retrospective-Analysis for Research and Applications, Version 2

MLS Microwave Limb Sounder

MLT Mesosphere Lower Thermosphere

NCEP National Centers for Environmental Prediction

NH Northern Hemisphere

NOAA National Oceanic and Atmospheric Administration

NRLSSI Naval Research Laboratory model for Solar Spectral Irradiance

PMC Polar Mesospheric Cloud

PW-1 / PW-2 Planetary Wave number 1/Planetary Wave number 2

QBO Quasi-Biennial Oscillation

QFDW Quasi-Five-Day Wave

QTDW Quasi-Two-Day Wave

SABER Sounding of the Atmosphere using Broadband Emission Radiometry

SAO Semi-Annual Oscillation

SH Southern Hemisphere

S-RIP SPARC Reanalysis Intercomparison Project

SSU Stratospheric Sounding Unit

SSW Sudden Stratospheric Warming

TIMED Thermosphere • Ionosphere • Mesosphere • Energetics and Dynamics

TIROS Television and InfraRed Observation Satellite

TOVS TIROS Operational Vertical Sounder

USLM Upper Stratosphere Lower Mesosphere

Major abbreviations and terms
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