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Figure 9. The 2008-2009 CHy, H>0, and the 2CH4 + H,0 differences. (a and b) SOFIE and MIPAS CHj. (c and d) MLS H,0. The H,0 differences are halved in Figure 9¢

and then reversed in Figure 9d to make direct comparisons with the CH,4 differences. (e and f) The 2CH,4 + H,0 differences, which are also being halved.

Figures 9c and 9d show the NH AH,0|5008-2009 being halved in positive and negative forms, respectively. The
features in the maps of ACH4|2008-2000 @and 0.5 X AH,0|5008-2009 are strongly anticorrelated, reflecting the con-
dition that CH4 and H,O chemical conversion is the primary mechanism that controls the balance between
the two constituents. If 2CH,+H,0 is conserved between 2008 and 2009, then ACH4|»008-2000 and

Figure 10. Same as Figure 9 except for the 2011 versus 2009 differences.
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—0.5 X AH,0)|2008-2000 Will agree precisely, in which case A(CH4+ 0.5 X H20)|2008-2000 (Figures 9e and 9f) will
be consistently zero. Figures 9e and 9f indicate that A(CH4+ 0.5 % H;0)|2008-2000 is conserved to within
~=+0.1 ppmv over a large fraction of the domain with respect to both altitude and day of year. During sum-
mer and fall the conservation is particularly great, reaching the highest altitude of the domain at ~50 km,
whereas in winter and early spring it shows disturbances of a similar form in all the maps being presented
suggesting a relatively poorly conserved state of 2CH4+H,0. Even in this later case ACHg4|5008-2000 and
0.5*AH;0|5008-2000 do still partially balance out below ~35km, although the basic form of the oscillation is
not eliminated in A(CH,4 + 0.5 X Hy0)|2008-2009- During wintertime in the stratosphere, active dynamics and lack
of photolysis both contribute to disrupt the 2CH,4 +H,0 conservation. In addition, it is noteworthy that the
winter disturbances are more distinct in the H,O differences and appear to be traveling down with a period
of ~1 month and a vertical wavelength of ~10 km throughout November and December. The largest offset in
A(CH4 + 0.5 X H50)|2008-2000 Occurred in late spring throughout middle March to May above ~45 km. In this
case the conservation breaks down completely due to the penetration of the low H,0 as well as low CH,4
air mass from above associated with the descent.

Shown in Figure 10 are similar maps except for between years 2011 and 2009. Methane is anomalously high
throughout the entire year in 2011, which is ascribed to a vigorous final warming and the consequential
“frozen-in" anticyclone with high CH, enclosed [Siskind et al., 2016; Allen et al., 2013]. The ACH4|2011-2009 iN
the NH exhibits a pair of much stronger minimum and maximum features in late winter to spring as compared
to 2008. Even though 2011 is more drastic, both 2011 and 2008 have ACH,,,-2009 in the same direction because
in both years the winter and early spring descent is less strong than in 2009. In this case it is likely that both
the deep and shallow branches of the meridional circulation [Dunkerton, 1978; Butchart, 2014] were weaker in
2011(or 2008) than in 2009 resulting in a weaker descent in the mesosphere and meanwhile less poleward
transport in the lower stratosphere. As in 2008, variables ACHy|5011-2000 @nd 0.5 x AH,0]5011-2009 balance
out substantially but A(CHg + 0.5 X H;0)|2011-2000 has shown greater deviation from zero, i.e., >0.2 ppmv. The
deviation is particularly strong and widespread in late spring April-May when ACHy|2011-2000 Maximizes. In
this case the imbalance is a direct result of an anomalously large CH, increase but a smaller magnitude of
H,O0 deficit. If the total hydrogen remains constant between 2011 and 2009, then part of the CH, increase
has to be balanced out by the H, deficit. Wrotny et al. [2010] examined the CH, and H,O variability in the
equatorial upper stratosphere over the years 1991-2005 and concluded that there is a H,O gain of ~0.3 ppmv
at the expense of a net H; loss. If in 2011 the low-latitude air has been vigorously transported into the polar
region, then the insufficient H,O deficit can be interpreted as the impact of excessive H,O at the expense of
H, in the lower latitudes. It is a plausible mechanism but would require a larger statistical set or modeling
study which is beyond the scope of this paper.

In the vertical direction, both A(CHz+ 0.5 x H0)|2011-2000 @and A(CH4 + 0.5 X H,0)|2008-2009 indicate a similar
degree of conservation with altitude throughout a year regardless of the fact that the CH, level in 2011 is
much higher. It points to the conclusion that the degree of 2CH, + H,O vertical conservation mainly follows
a seasonal cycle, such as in summer and fall the conservation is to a better degree (£0.1 ppmv) and holds up
to higher altitude at ~50 km while in winter and spring it is relatively less conserved (> 4 0.2 ppmv) and holds
up to only ~35-40 km of altitude.

The above analysis showed that CH, variability (i.e., yearly differences) is the largest in the NH late spring time,
and then it dwindles over summer. We will next find out whether the same finding applies to other years in a
general sense. Figure 11 shows a scatterplot of the spring and summer relationship of ACH,|yr-2009 Using more
years (2008-2014) of data. The horizontal axis is the late spring April or May monthly averaged ACH4r.2000
depending on which month has the larger magnitude, and the vertical axis is the June-July-August averaged
ACHglyr-2000- MIPAS data are also shown for years 2008, 2009, and 2011, which indicates a remarkable agree-
ment with SOFIE in such a relationship. More years of SOFIE CH, are used to yield a quasi-linear relationship
with a slope of ~0.5 between the late spring and summertime CH, variability. This supports the argument
that summer CH4 variability is driven by the spring dynamics. It is also noteworthy that 2009 turns out to
be the year with the lowest CH, level among the seven years. Siskind et al. [2016] labeled 2008 and 2013
as both having an intermediate CH,4 level, although in 2008 there is a weak winter descent along with a weak
final warming, while in 2013 it is opposite in both regards. In the current Figure 11 the years 2008 and 2013
also show a close agreement, confirming the results from Siskind et al. [2016]. The current analysis, however, is
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Figure 11. Late spring (April or May) versus summer (June-July—August) valldatlon.. Even though the. yearly dif-
averaged CHy4 variability relative to 2009. The year 2009 is at the zero ferences in the SH are relatively weak,
point (not shown). The calculations are based on the Figures 9 and 10 the winter disturbances are clearly
shown above except that more years up to 2014 are included for SOFIE. present. The amplitude of these distur-
The altitude range used to calculate the averaggs |§ .bet\./veen 35kmand  pances in 0.5 x AH50|2011-2000 reaches
50 km. The slope reflects how much the CHy variability, i.e., ACH4lyr-2000,
is reduced in summer from its late spring maximum.

Spring CH4 diff. from 2009 (ppmv)

~0.3-0.4 ppmv, which is slightly smaller
but comparable to the amplitude in
the NH. In the NH, late spring is the time
when yearly differences are the largest and then the established differences dwindle over summer and fall.
But in the SH spring ACH4|2011-2000 does not show any spring maximum, which makes the causes of the sum-
mer and fall features not as straightforward. The H,O differences, i.e.,, —0.5 X AH,0|2011-2000: ON the other
hand, do somewhat maximize in late spring, but the features are not as sharp as in the NH and the overall
magnitude is much smaller. What is also different from the NH is that in the SH starting from late summer
in January, the pair of negative and positive ACH|2011-2000 in the lower and upper stratosphere move up sys-
tematically and positive differences take over the region below ~30 km altitude. Such a shift-up is also present
in —0.5 X AH,0|2011-2009- IN A(CH4+ 0.5 x Hy0)|2011-2000 it also indicates a ~0.1-0.2 ppmv of increase across
years, but the timing of occurrence is shifted toward summer and fall rather than in late spring as in the NH.

5. Conclusions

AIM SOFIE V1.3 CH,4 in the vertical range ~25-70 km is validated against ACE-FTS V3.5 CH, and Envisat MIPAS
reprocessed V6 CH, in terms of statistics of coincident profiles, seasonal climatology, and balance between
CH,4 and H,0. Summarizing all profile comparisons, we conclude that SOFIE CH, shows overall qualitatively
good agreement with the two correlative data sets in terms of the mean state and degree of variability for
a large ensemble of profiles for a given season and hemisphere. The mean difference values indicate that
SOFIE CHy,4 is biased high by ~20% in the lower stratosphere and biased low by a similar percentage in the
mesosphere close to the upper limit of the CH, data range at ~70 km. Throughout the altitude range from
~30km to ~60 km, the agreement is much closer within a difference of ~15% or smaller. The biases are sta-
tistically significant in nearly all cases since several hundreds to thousands of coincident profiles are used,
reflected by a negligibly small SEM. The mean difference and the STD of the differences are within the com-
bined systematic and random errors in the MIPAS comparisons in most cases except around the lowermost
limit <25 km or uppermost limit >65 km. The SOFIE systematic and random errors are much smaller than the
counterparts provided by the MIPAS Oxford group. SOFIE CH4 has some unaccounted for biases based on the
comparison results. The smaller SOFIE random errors indicate that the noise level of the SOFIE profiles is
much lower than that of the MIPAS profiles. The altitude of sign change for the SOFIE biases from positive
to negative with respect to both ACE and MIPAS is at ~55-60km in the NH and ~40-45km in the SH.
Agreement between SOFIE and the correlative data sets is overall better in the NH than in the SH.
Agreement of SOFIE with MIPAS is overall better than with ACE. For example, in the NH SOFIE and MIPAS
mean difference values stay within ~4% between ~30 km and ~65 km. Two anomalous situations are worth
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Figure 12, Same as Figure 10 except for the SH.

noting. First, below ~30 km SOFIE CH, occasionally reaches large values in winter, likely because PSC signals
are not corrected, but this hypothesis needs to be further confirmed so that these errors can be corrected.
Second, MIPAS CH,4 occasionally is anomalously large or exhibits abrupt variability when approaching
~70km. Both conditions result in excessively large systematic differences (~40-60%) between SOFIE and
MIPAS CHj,. In both cases, however, the sources of the biases are known to be limited in time and space so
they are not pervasive enough to affect the overall data quality.

The polar CH, seasonal variability is shown in the altitude versus day-of-year maps centered at SOFIE latitudes
daily. In such maps SOFIE and MIPAS CH, show remarkable agreement. In the polar winter to early spring,
descent from the low CH, region above results in CH,4 depletion throughout the stratosphere and lower
mesosphere. In the SH; however, the winter to early spring CH,4 depletion is much weaker. This is because
planetary wave forcing is persistently stronger throughout winter and spring in the NH than in the SH. The
second CH, decrease in summer and fall is primarily driven by chemical conversion to H,O, characterized
by highly consistent features between the NH and SH.

The CH,4 and H,0 yearly differences relative to 2009 (on a daily basis) reveal details of the polar 2CH, + H,0
balance over the course of a year, between years, and in the vertical direction. The H,0 difference is halved
and reversed to make direct comparisons with the CH, difference. Doing so is to evaluate the deviation from
the presumed 2CH, +H,0 conservation with altitude or across years. In these maps SOFIE and MIPAS CH,4
also show a close agreement supporting the SOFIE CH,4 accuracy beyond the seasonal climatology.

The vertical conservation of A(CH, + 0.5 X H20)|yr-2000 holds up to ~50 km within ~0.1 ppmv in summer and
fall, while in winter and early spring (~1 month period) disturbances occur in all the variables examined
following the route of air descent. The residual fluctuations in A(CH, + 0.5 X H,0)|,y-2009 still reach an ampli-
tude of £0.2-0.3 ppmyv, suggesting a poorer vertical conservation of 2CH, + H,0. Further down in late spring,
the conservation breaks down completely above ~45km due to the downward penetration of the dry air
mass associated with descent from the mesosphere.

Across the years, the main fractions of ACHgyr-2000 and 0.5 x AH,0|yr.5009 balance out, but the residual (i.e.,
A(CH4 + 0.5 X H20)|yr-2000) shows an interannual variability. For example, in 2011 the CH, level is anomalously
high; as a result, A(CHs+0.5xH,0)|2011-2000 has shown more consistent deviation from zero in the
positive direction.
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The largest CH, variability in the NH late spring (April or May) is a prominent feature. This maximum then
dwindles over summer and fall. This condition is reflected by a linear relationship of the late spring versus
summertime ACH,|yr2000, SUggesting that summertime variability is about halved from its spring maximum
for each given year from 2008 to 2014. The year 2009 is at the zero point because it has the lowest spring and
summer CH,4 levels among all these years.

In the SH, the yearly differences are overall smaller. In addition, in the SH late spring, ACH,|yr.2000 does not
show any maximum, in which case the theory of spring control over summer on the CH, variability is not
evidently supported as it is in the NH.
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