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ABSTRACT

Midtropospheric CO, retrievals from the Atmospheric Infrared Sounder (AIRS) were used to explore the
influence of stratospheric sudden warming (SSW) on CO; in the middle to upper troposphere. To choose the
SSW events that had strong coupling between the stratosphere and troposphere, the authors applied a prin-
cipal component analysis to the NCEP/Department of Energy Global Reanalysis 2 (NCEP-2) geopotential
height data at 17 pressure levels. Two events (April 2003 and March 2005) that have strong couplings
between the stratosphere and troposphere were chosen to investigate the influence of SSW on AIRS mid-
tropospheric CO,. The authors investigated the temporal and spatial variations of AIRS midtropospheric
CO,, before and after the SSW events and found that the midtropospheric CO, concentrations increased by
2-3 ppm within a few days after the SSW events. These results can be used to better understand how the
chemical tracers respond to the large-scale dynamics in the high latitudes.

1. Introduction

In addition to the trend (Keeling et al. 1995) and the
annual cycle (Pearman and Hyson 1980, 1981; Cleveland
et al. 1983; Bacastow et al. 1985; Keeling et al. 1996), the
atmospheric CO, also exhibits variability at different
time scales (Bacastow 1976; Enting 1987; Feely et al.
1987; Keeling and Revelle 1985; Keeling et al. 1995;
Dargaville et al. 2000; Dettinger and Ghil 1998; Keppel-
Aleks et al. 2011). Some recent studies further suggest
that atmospheric processes have significant influences on
the temporal variability of CO, (Li et al. 2010; Jiang et al.
2010; Wang et al. 2011; Jiang et al. 2013, 2012). It was
found that the intraseasonal variability (e.g., Madden—
Julian oscillation and semiannual oscillation) influence
CO, concentrations in the middle troposphere (Li et al.
2010; Jiang et al. 2013). Interannual variability (e.g., El
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Nino-Southern Oscillation) can also modulate CO,
concentrations at the surface and midtroposphere
(Keeling et al. 1995; Jones et al. 2001; Nevison et al. 2008;
Jiang et al. 2010; Jiang et al. 2012).

The above investigations mainly focus on exploring the
CO, variability at the surface or are limited in the tropical
to midlatitude regions. Compared with numerous studies
of the CO, variability in the low and middle latitudes,
there are relatively few studies of the CO, variability in
the high latitudes, mainly because of the limited obser-
vations. The global distributions of chemical species re-
trieved from the Atmospheric Infrared Sounder (AIRS)
offer a unique opportunity to study the influence of the
large-scale dynamics on the CO, in the polar region. In
this paper, AIRS midtropospheric CO, data were used
to understand the coupling between the stratosphere
and the troposphere. Specifically, we studied the response
of CO, to the stratospheric sudden warming (SSW),
which is an example of strong stratosphere—troposphere
coupling.

Stratospheric warming is an important phenomenon
in the winter months in the stratosphere (Quiroz 1975;
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FIG. 1. Spatial pattern of NCEP-2 geopotential height’s leading mode at (a) 850, (b) 500, (c) 100, and (d) 30 hPa.

Quiroz et al. 1975; Labitzke 1977; Kodera et al. 2000;
Limpasuvan et al. 2004; Charlton and Polvani 2007;
Charlton et al. 2007; Yoshida and Yamazaki 2011;
Kuttippurath and Nikulin 2012; Garfinkel et al. 2012).
Labitzke and Naujokat (2000) have classified the strato-
spheric warmings into four types. These include major
midwinter warming in January-February, minor warm-
ing, Canadian warming, and final warming. During the
stratospheric warming, the temperature increases and
circumpolar winds reverse direction. Stratospheric warm-
ing starts from the upper stratosphere. Some stratospheric
warmings can penetrate into the middle stratosphere
and culminate in a major warming (Quiroz 1975; Quiroz
et al. 1975). Other stratospheric warmings are restricted
to the upper stratosphere, so their influence on the entire
stratosphere is limited. The latter are also referred to as
minor warmings. Stratospheric warmings also display
interannual variability, which has been studied by
Labitzke (1977). Limpasuvan et al. (2004) examined the
composite of 39 major and minor warming events using
National Centers for Climate Prediction—National Center
for Atmospheric Research (NCEP-NCAR) reanalysis
data and found that the forcing by planetary waves

leads to the weakening of the stratospheric polar vortex
and downward propagation of the positive temperature
anomalies during the stratospheric warming growth
phase. On the other hand, the vertical velocity in the re-
sidual circulation decreases in the polar region during the
stratospheric warming decay phase (Limpasuvan et al.
2004). Using both NCEP-NCAR and 40-yr European
Centre for Medium-Range Weather Forecasts (ECMWF)
Re-Analysis (ERA-40) datasets, Charlton and Polvani
(2007) constructed a comprehensive climatology for the
major midwinter warming events. They classified strato-
spheric warmings into events with and without the split-
ting of the stratospheric polar vortex. These two types of
events are found to be dynamically distinct. The influence
of vortex splitting events on the midstratospheric tem-
perature lasts longer than the vortex displacement events.
Manney et al. (2005) studied the stratospheric warmings
in the Arctic winter and found that there are unusually
warm winters in the past six Arctic winters (1999-2004)
compared with all events since 1990s. The SSW can also
influence the concentrations of tracers (e.g., Oz, CO, and
H,0) (Manney et al. 2009; De Wachter et al. 2011; Sofieva
et al. 2012).



2568

a)

Pressure

Pressure

5 10 15

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 70

20 25 30

FIG. 2. Vertical structure of northern annular mode index derived from NCEP-2 geopotential
height spanning (a) 1-30 Apr 2003 and (b) 1-31 Mar 2005.

In this paper, we focused on two SSW events (a final
warming event in April 2003 and an SSW event in March
2005). Events in April 2003 and March 2005 were cho-
sen, for both cases represent a strong and clear coupling
between the stratosphere and troposphere. We investi-
gated the influence of two stratospheric warming events
on a midtropospheric tracer, CO,, which are retrieved
from the AIRS on board the National Aeronautics and
Space Administration (NASA) Earth Observing System
(EOS)-Aqua satellite.

2. Data

AIRS version 5 midtropospheric CO, data were used
in this work. AIRS is a cross-track scanning grating
spectrometer with 2378 channels from 3.7 to 15.4 um
with a 13.5-km field of view in the nadir (Aumann et al.
2003). AIRS data include Oz, CO,, CO, CH,4, HO,
temperature, and cloud distribution (Chahine et al. 2006).
Since its launch in May 2002, AIRS has demonstrated
a stability of better than 16mK yr~ ' with a spectral ac-
curacy of the center frequency of 2 ppm (Aumann et al.

2004, 2006). The AIRS retrieval algorithm incorporates
information from a companion microwave sounder, the
Advanced Microwave Sounding Unit (AMSU), to re-
trieve in the presence of clouds on a horizontal scale of
1 AMSU field of view or 45 X 45km? in the nadir—the
equivalent of 3 X 3 AIRS footprints (Susskind et al.
2003).

The mixing ratios of CO, were retrieved from the
radiance data in the spectral range 690-725cm ™' by
the vanish partial derivative (VPD) method (Chahine
et al. 2005, 2008; Olsen 2011). AIRS midtropospheric
CO, retrievals are available over land and ocean and
under clear and cloudy conditions. AIRS midtropo-
spheric CO, retrievals are available at 2° (latitude) X
2.5° (longitude) at 90°S-90°N from September 2002 to
the present. The maximum sensitivity of AIRS midtropo-
spheric CO, retrieval is from 500 to 300 hPa. The mid-
tropospheric CO, retrieved via the VPD method captures
the correct CO, seasonal cycle and trend, and agrees well
with the aircraft CO, from Comprehensive Observation
Network for Trace Gases by Airliner (CONTRAIL;
Chahine et al. 2005), Intercontinental Chemical Transport
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FIG. 3. Time series of 5-day-running-mean AIRS midtropospheric CO, averaged over 50°—
90°N (solid line) and 10-hPa NCEP-2 zonal wind averaged over 60°-80°N (dashed line) during

(a) 1-30 Apr 2003 and (b) 1-31 Mar 2005.

Experiment-North America (INTEX-NA), and Spur-
engastransport in der Tropopausenregion (SPURT; Olsen
et al. 2008). The precision of the AIRS-retrieved CO; is
within 1-2 ppmv (~0.5%) (Chahine et al. 2008; Olsen
et al. 2008).

3. Results

Stratospheric warmings have important influence on
the exchange between the stratosphere and troposphere.
During the stratospheric warming events, polar strato-
spheric temperature rise and circumpolar flow reverse
direction in a few days. After the SSW events, the vortex
strength decreases, with a shrinking spatial coverage.
Therefore, a critical point in our discussion is to track
the vortex strength during the SSW events. To represent
the vortex strength, we calculated the first principal com-
ponent (PC1) of the daily time series from the NCEP/
Department of Energy Global Reanalysis 2 (NCEP-2)
geopotential height (GPH). First, we applied the prin-
cipal component analysis (PCA) method (Richman
1986; Preisendorfer 1988; Thompson and Wallace 2000;
Jiang et al. 2008a,b) to the deseasonalized and latitudi-
nally weighted monthly mean GPH from 20° to 90°N
from 2000 to 2009. Seasonal cycles for each time series
were removed; cycles were determined by taking aver-
ages for each month independently. The details for the
PCA decomposition of the scaled, deseasonalized GPH
anomaly ()4 can be represented as

Q, (.0, 90) = 2p;(De, (6. 9). 1)

where ¢ is time, 6 is longitude, ¢ is longitude, p; is the
ith PC, ¢; is the ith EOF, and the summation is over all of
the eigenfunctions with eigenvalues arranged in de-
scending order. To recover the spatial patterns for the
original (unscaled) GPH anomaly, we performed a multi-
ple linear regression for each grid point (6, ¢), using as
predictors the PC time series p;(¢). The resulting linear
regression coefficients C,(0, ¢) are the spatial patterns
of the GPH variability associated with the ith PC time
series py(t). Finally, we regressed the first four dominant
spatial patterns on the daily GPH to obtain the daily PC
time series.

We applied the same method for the GPH data at 17
pressure levels from 1000 to 10 hPa. The spatial patterns
for the first modes at 850, 500, 100, and 30 hPa are shown
in Figs. 1a—d. The first modes at 850, 500, 100, and 30 hPa
capture 17.4%, 15.7%, 352%, and 54.3% of the total
variance, respectively. The first leading mode captures
less variability in the troposphere than that in the strato-
sphere, for there is more variability in the other modes in
the troposphere. The values for the first modes are neg-
ative (positive) in the polar region (low latitudes), which
represents the positive phase of the northern annular
modes. These results are similar to those in Thompson
and Wallace (2000) and Baldwin and Dunkerton (2001).
We explored the daily PC1 time series for the first mode
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FIG. 4. Stereographic maps of AIRS CO, during (a) 1-10 Apr 2003, (b) 21-30 Apr 2003, (c) 1-10 Mar 2005,
and (d) 22-31 Mar 2005.

at 17 pressure levels in all winters from 2003 to 2009. Two
cases, which represent strong and clear coupling be-
tween the stratosphere and troposphere, were chosen
to investigate the influence of SSWs on the midtropo-
spheric AIRS CO; in the polar region. Some SSWs (e.g.,
January 2009 and February 2008) were not chosen in
this paper because they did not propagate down to the
midtroposphere. In the future, we will investigate the
influence of all SSWs on the AIRS stratospheric CO,
(Olsen et al. 2011) when the stratospheric CO, retrievals
become publicly available.

The daily PC1 for the first mode is plotted as a function
of pressure for the two cases (1-31 April 2003 and 1-
31 March 2005) in Fig. 2. Positive value for PC1 repre-
sents a strong polar vortex, while negative value for PC1
represents a weak polar vortex. PC1 switched sign around
15 April 2003 and 11 March 2005 in the upper strato-
sphere as shown in Figs. 2a and 2b, respectively. The
strength of the polar vortex decreased after 15 April
2003 and 11 March 2005, which were the times when the
final warming and SSW events happened. In April 2003,
the polar vortex dissipated after the stratospheric warming
event. So the case in April 2003 is a final warming event. In
March 2005, the polar vortex’s strength was restored after

this SSW event and was finally destroyed in April 2005.
Thus, the case in March 2005 is classified as a major
SSW event. After the final warming and SSW events, the
strength of the polar vortex decreased and there was less
mixing between the stratosphere and troposphere in the
polar region.

To reveal the temporal variation of the AIRS mid-
tropospheric CO, during the final warming and SSW
events, we calculated the 5-day-running-mean polar
AIRS midtropospheric CO, during April 2003 and
March 2005 in Fig. 3. The 5-day-running-mean AIRS
midtropospheric CO, was calculated to ensure a good
spatial coverage of the data over the polar region. NCEP-2
10-hPa zonal winds averaged over 60°-80°N—a WMO
method used to identify the SSW—were calculated over
the same time periods so we could better track the SSW
events. Polar 10-hPa zonal winds changed direction from
westerly to easterly on 15 April 2003 and 12 March 2005,
which represented the time for the SSW events. After
the SSW events, the polar CO, concentrations increased
by 2-3 ppm within a few days as shown by the blue lines in
Fig. 3. The changes in the AIRS midtropospheric CO,
before the SSWs (e.g., 10-15 April 2003; 5-10 March
2005) are within 0.5 ppm, which is smaller than the
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2-3-ppm change seen after the SSWs. It suggests that the
2-3-ppm increase of CO, during the SSW is significant.

Spatial distributions for the AIRS midtropospheric
CO, mixing ratio before and after SSWs are shown in
Fig. 4. Figures 4a and 4c are the 10-day mean of AIRS
midtropospheric CO, concentrations and the NCEP-2
GPH before the final warming and the SSW. The GPH
decreased with the latitude and there was less CO, at the
polar region before the SSW. After the SSW, the polar
vortex areas shrank. As suggested by Parazoo et al.
(2012), there is net northward transport north of 50°N.
To reveal the transport during the SSWs, we calculated
the meridional and vertical residual velocities (Andrews
et al. 1987) before and after SSWs. Strong northward
meridional residual winds appeared during the SSWs,
which could bring midlatitude high concentrations of
COs; into the polar region. As a result, the mean value of
the AIRS midtropospheric CO, concentrations increased
after the SSW events (Figs. 4c and 4d). In the vertical
direction, the vertical residual velocity results revealed
reduced sinking air in the polar region, which is consistent
with previous results from Limpasuvan et al. (2004). Less
air with the lower CO, concentration from the upper
layer would extend the increase in midtropospheric CO,
concentrations. With both the horizontal and vertical
effects, the polar midtropospheric CO, concentration
became higher after the SSW events than before them.
In addition to the changes in the horizontal and vertical
transports, the change in the CO, surface emissions might
also contribute to the CO, variations after the SSWs. With
a better model in the future, we can diagnose the mech-
anism on how the SSWs influence the midtropospheric
CO, concentrations.

4. Conclusions

We have investigated the influences of the SSWs
(final warming in April 2003 and SSW in March 2005)
on the AIRS midtropospheric CO,. After the SSW
events, the strengths of the polar vortex were weakened.
The final warming and SSW had a strong influence on the
midtropospheric CO, concentrations. The polar vortex
areas shrank after the SSW, so the midlatitude high
concentrations of CO, were able to propagate to the
polar region in the horizontal direction. After the SSW,
the strength of the polar vortex was weakened, which was
associated with reduced mixing between the stratosphere
and troposphere. As a result, the midtropospheric CO,
would have less contamination from the stratospheric low
concentrations of CO,. The midtropospheric CO, con-
centrations would also increase after the SSW, taking into
account the effect in the vertical direction. Utilizing the
AIRS midtropospheric CO,, it was found that the mean
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value of CO; concentrations in the polar region increased
by 2-3 ppm within a few days after the SSW events. This
result is very important for a better understanding of the
influence of large-scale dynamics on CO, in the polar
region. It can also be used to track if the SSW signal in
the stratosphere can propagate to the troposphere. It
is still a challenge to simulate the influence of strato-
spheric warming on tracers using the current chemistry
transport models. The AIRS midtropospheric CO, can
be used to better constrain the stratosphere—troposphere
exchange in the models in the future.
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