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Drawn from multiple reanalysis datasets, an increasing trend and westward shift in the number of
. Potential Vorticity intrusion events over the Pacific are evident. The increased frequency can be linked
. toalong-term trend in upper tropospheric equatorial westerly wind and subtropical jets during boreal
. winter to spring. These may be resulting from anomalous warming and cooling over the western Pacific
. warm pool and the tropical eastern Pacific, respectively. The intrusions brought dry and ozone rich
. air of stratospheric origin deep into the tropics. In the tropical upper troposphere, interannual ozone
. variability is mainly related to convection associated with El Nifio/Southern Oscillation. Zonal mean
. stratospheric overturning circulation organizes the transport of ozone rich air poleward and downward
© to the high and midlatitudes leading there to higher ozone concentration. In addition to these well
. described mechanisms, we observe a long-term increasing trend in ozone flux over the northern
hemispheric outer tropical (10-25°N) central Pacific that results from equatorward transport and
. downward mixing from the midlatitude upper troposphere and lower stratosphere during PV intrusions.
: This increase in tropospheric ozone flux over the Pacific Ocean may affect the radiative processes and
. changes the budget of atmospheric hydroxyl radicals.

Climatologically, subtropical Potential Vorticity (PV) intrusions or Rossby wave breaking events occur pre-
. dominantly within the equatorial westerly ducts, which show large interannual variability over the Pacific and
. Atlantic sectors!~%. The westerly ducts can be defined as the regions of upper tropospheric equatorial westerly
. wind over the Pacific and Atlantic Ocean. The frequency of these intrusion events is higher during boreal winter
. (December-March, >75%), when there are stronger Rossby waves in the midlatitudes that potentially can extend
. to very low latitudes, and over the Pacific Ocean (150°-280°E), compared to any other season and anywhere else.
. These wave breakings can be seen in maps of PV. From the climatological analysis with 20 years of NCEP/NCAR
© reanalysis data it was shown* that the interannual variability in Pacific intrusion events correlates highly with the
° phase of El-Nino/Southern Oscillation (ENSO). There are fewer intrusions in the warm (EI-Nifio) and more dur-
. ing the cold (La-Nina) phase with weaker and stronger westerlies, respectively. Owing to the impact of El Nifio/
. Southern Oscillation (ENSO) on Pacific upper troposphere (UT, 200 hPa) flow, several studies have explored the
. link of ENSO with Rossby wave propagation into the tropics>®.
: As mentioned above, regions of UT westerly winds are the preferred locations for intrusions of extratropical
: air deep into the tropics'. Therefore, any long-term trend in PV intrusions might be closely linked with changes in
: background zonal wind conditions i.e. UT equatorial westerlies. Moreover, subsequent variation in the subtrop-
© ical jet with stronger diffluence in the jet exit region further amplifies the frequency of the events. Weakening of
- the ambient westerly winds allow the waves to compress in longitudinal scale and grow in latitudinal scale. They
- then overturn or break eastward of the Asian jet exit region. The stronger the Subtropical jets (STJ), the fewer
© waves reach the inner tropics and break there. If the STJ is weak, more Rossby waves can penetrate deep into the
* tropics and then break at the strong equatorial westerly duct.
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However, the variability in UT zonal wind tied closely with the changes in SST anomalies, particularly in the
Pacific Ocean’®. The decadal trend in DJFM mean SST anomaly exhibits a gradual warming pattern stretching
from the western Pacific to the warm pool with two subtropical flanks of warming on either side of the equator,
constituting a horseshoe pattern® of warming. On the other hand, the cooling trend extending from the equatorial
central to the eastern Pacific>”#!1%!!, constitutes a strong zonal gradient. It drives an enhanced convective activity
in the Western Pacific that leads to precipitation, and the latent heat released in the process strengthens the Pacific
Walker circulation. This process strengthens the near equatorial UT westerly duct and is part of the Pacific Walker
circulation. The interannual variability of the Pacific Walker circulation is closely related to ENSO'"4, while its
multidecadal strengthening is in line with global warming'®. Contrastingly, most of the coupled models advocate
a weakening®'®1” of Walker circulation in the recent decades. However, few argued that the recent multidecadal
changes in Pacific SSTs are connected with the negative phase of Pacific Decadal Oscillation (PDO)'8.

On the other hand, the meridional circulation behaves differently in different regions. In the Pacific, Hadley
circulation consist of two cells, one in the western and another in the central-eastern Pacific, with warm and moist
air rising in the intertropical convergence zone (ITCZ), then diverging northward and southward in the upper
troposphere, and descending over the subtropical highs'". In boreal winter the ITCZ is closest to the equator but
in northern hemisphere?®?!. Theoretically, the upper branch of the Hadley circulation provides the necessary
forcing to drive the STJ. The cooling trend over central to eastern Pacific suppressed the convective activity due to
sinking air motion. This process weakens Central-Eastern Hadley circulation and the STJ, due to the weakening
of poleward divergent flow in the UT"-2!, Therefore, the long term variability of the equatorial UT westerly winds
and STJ are closely associated with the strength of Walker and Pacific Hadley circulations, induced by spatial
variations in the SST warming/cooling patterns over the Pacific Ocean. However, the Walker and regional Hadley
circulations alone cannot account for the changes in UT zonal wind. Additional factors like local heating anoma-
lies too have affected the processes and are discussed more in the result section later.

Ozone is of great importance to the climate due to its radiative effects?. It is the primary source of the hydroxyl
radical (OH) which acts as an oxidizing agent in the atmosphere. Near the surface, ozone is a regional pollut-
ant that is harmful to human health and vegetation?*. Due to long-term changes in anthropogenic emissions
(since the 1970%s), the ozone shield depletes in the extratropical stratosphere?!. Increase in tropospheric ozone or
decrease in stratospheric ozone has a significant negative impact on the society. These intrusions have significant
impact on the composition of the atmosphere and radiative balance by changing the concentration of ozone in the
troposphere*. However, most of the previous case studies using ozonesonde and airborne lidar measurements
suggested that stratospheric air masses with high ozone concentration can reach the upper troposphere in the
tropical Pacific?®-?%, but only few studies found its signature in the lower troposphere (LT)**3!. The existing theory
proposes that, the zonal mean stratospheric overturning circulation organizes the transport of ozone rich air
poleward and downward to the high and midlatitudes leading there to higher ozone concentration®. In addition
to these well described mechanisms, we observe a long-term increasing trend in ozone flux over the northern
hemispheric central Pacific that results from potential vorticity (PV) intrusions. Despite the significance of PV
intrusions (PVI) on the tropical and subtropical dynamics, there are very few studies addressing the climatology
of such intrusions related to stratosphere troposphere exchange (STE) and tropospheric ozone distribution.

In the following section, we try to establish the hypothesis, which links the decadal trend in PV intrusion
frequencies over the Pacific Ocean with the variation in UT zonal wind. Using multiple reanalysis datasets we
investigate the changes in the strength of UT westerly duct and ST] during boreal winter months with possible
implications from anomalous warming and cooling over the Pacific Ocean. Finally, we relate the PV intrusion
with long-term trend in ozone fluxes over the northern hemispheric central Pacific, which is in stark contrast to
the existing mechanism (poleward and downward transport).

Results

(a) Variability of PV intrusion events. The number of PV intrusions/year (at 10°N and 10°S) over the
Pacific Ocean (Fig. 1) is detected from daily PV fields in ERA40, ERA interim, NCEP, JRA55 and JRA25, based on
the criteria discussed in the methods section (PV intrusion). We find that the average number of PV intrusions/
year in all five datasets and in three different time periods (1959-1978, 1979-1998 and 1999-2012) exhibits a
consistent increasing trend towards the later decades. Moreover, the distribution of PV intrusion events widens
zonally and the frequency peak shifts gradually westward toward the central Pacific (Fig. 2).

Significant (>95%) decadal trends in PV intrusion frequency over the Pacific Ocean at 10°N and 10°S are
shown in Fig. 1 (upper and lower panels of Fig. 1b,d,fh,j). Between 1979 and 2012 the results show an apparent
increasing trend in all five datasets, at least at 10°N. At 10°N (10°S) the intrusion frequency increases by 6.1 (6.5),
6.0 (8.0), 4.0 (no trend), 1.8 (no trend) and 4.9 (7.2) per decade for ERA interim, ERA 40, NCEP, JRA 55 and JRA
25, respectively. Moreover, despite a monotonous trend (at least at 10°N) a two-fold increase in the intrusion fre-
quency since mid-1990 is noteworthy. Furthermore, the interannual variability strongly correlates with the phase
of ENSO (r=-0.67, -0.79, —-0.80, -0.71 and -0.85 with Nino3.4 index, for ERA40, ERA interim, NCEP, JRA55
and JRA25, respectively). There are fewer events during El-Nifio (1982/83, 1986/87, 1990/91, 1997/98, 2002/03
and 2009/2010), with weaker westerly wind in UT over the equator and stronger STJ. In contrast, there are more
PV intrusions during La-Nifia years (1981/82, 1984/85, 1988/89, 1995/99, 2007/08 and 2010/2011), with stronger
westerly wind in UT and weaker STJ! (lower panels of Fig. 1a,c,e,g,i). Despite a continuous increasing trend
the long term tendency in intrusion frequency become clearer once the interannual variability due to ENSO is
linearly removed (method section: ENSO fit). The residual time series of the number of events at 10°N and 10°S,
which is uncorrelated to ENSO, is shown in Fig. 1. All the trends shown in Figs 1 and 2 and elsewhere in the man-
uscript exceed at least 95% significance level (two-tailed student t-test). This is the first time report on the decadal
trend in PV intrusion frequencies with multiple reanalysis datasets.
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Figure 1. PV intrusion trends at 10°N and 10°S. (a,c.e,g,i) Represent the number of intrusions/year (PVI) at
the 200hPa/350 K level over the Pacific Ocean (150°-280°E) for ERA40, ERA interim, NCEP, JRA55 and JRA25,
respectively. The light gray and black bars correspond to PVI at 10°S and 10°N, respectively (upper panels). The
interannual variability in PVI over the Pacific Ocean due to ENSO at 10°N (blue line) and 10°S (red line), are
plotted in the lower panels. (b,d,f,h,j) Represent the ENSO (Nino3.4 index) fit removed trend of Pacific events at
10°N (upper panel, blue line) and 10°S (lower panel, red line) for the datasets mentioned above. The significant
(>95%) decadal trends are mentioned in the top left corner of each subplot.

(b) Decadal trend in UT zonal wind. To investigate the hypothesis, decadal trends (1979-2002 (ERA 40
only) /2012) in DJFM mean UT zonal wind for ERA40, ERA interim, NCEP, JRA55 and JRA25 reanalysis prod-
ucts are shown in Fig. 3a—e, respectively. A long-term strengthening of the UT equatorial westerly winds and
weakening of the STJ over the central Pacific is evident in all five datasets. This trend is also found in other data-
sets, like the 20" Century reanalysis (1979-2012), MERRA (1979-2012), CFSR (1979-2010) and in an ECHAM5
(1979-2007, Text SM1) climate model simulation forced by HadSST1 anomalies (Figures SM 1a, b, ¢ and d).
Opverall, the tendency towards stronger UT equatorial westerlies and weaker STJ over the Pacific is very robust
across a wide range of reanalysis products in the last quarter of the 20th century. These decadal trends in UT zonal
wind are uniquely addressed here and are linked with anomalous changes in SST over the Pacific Ocean.
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Figure 2. Number of PV intrusions/year for ERA 40, ERA interim, NCEP, JRA 55 and JRA 25 for three periods
(1959-1978, 1979-1998 & 1999-2012) are shown in panel (a—e), respectively.

The near equatorial UT westerly duct is part of the Pacific Walker circulation and its variability is associated
with ENSO, PDO and anthropogenic global warming. However, the heating anomalies in the Western Pacific
induce a zonal mass circulation with upper tropospheric westerly winds to the east of the Maritime continent (a
Walker-like circulation), this circulation alone cannot account for the observed geographical pattern of the cli-
matological westerly duct structure. We will throw more light on it in the discussion part of our manuscript. On
the other hand, Figure SM2 exhibits decadal trend in Hadley SST anomalies (color shading) and mean (ERA40,
ERA interim, NCEP, JRA 55 and JRA 25) UT divergent wind (arrows). We have found that the regional Hadley
cell enhances over the western Pacific (arrows pointing poleward) and weakens over the eastern-central Pacific
(arrows pointing equatorward), which is induced by the strong warming over the western Pacific and strong
cooling over the central-eastern Pacific, respectively”®!%11:233 (Figure SM2).

(c) Decadal trend in Ozone concentration. During boreal winter months we observe an increasing dec-
adal trend (2 to 3 DU/decade) over the outer tropical central Pacific and a decreasing trend (—9 to —10 DU/
decade) over the midlatitudes (30-45°N) in total columnar ozone measurements from Total Ozone Mapping
Spectrometer (TOMS, 1983-2012, Fig. 4a). The column integrated values are, however, not suitable to estimate
vertical transport processes. Therefore, to investigate the vertical trend structure, we utilize the ozone concen-
tration data available from the Atmospheric Infra-Red Sounder (AIRS, 2003-2012). More details about AIRS &
TOMS are discussed in Text SM1. Figure 4b,c represent the longitude-height section of linear trends for AIRS
ozone concentration from the surface to 20 km altitude as the mean over midlatitudes and outer tropics, respec-
tively. In the midlatitudes the ozone concentration decreases significantly, particularly in the LS, while it increases
in the outer tropics. Furthermore, in the outer tropics the trend propagates down to the LT (~5km) in a narrow
band over the central Pacific. The depletion trend in ozone flux over the midlatitudes is much higher than the
increase over the outer tropics. In general, stratospheric circulation transports ozone rich air poleward and down-
ward to the high and midlatitudes®?. Therefore, our results uniquely address the Ozone trend over central Pacific,
which is different from the existing hypothesis. Specifically, the increase in total ozone occurs on and around
Hawaii?’, and hence based on the availability of ozonesonde record we performed trend analysis between 1993
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Figure 3. Winter mean (DJFM) linear decadal trend in 200 hPa zonal wind (1979-2002/2012). The panel
(a-e) represent the linear least square decadal trend in zonal wind (m/s/dec) at 200 hPa for ERA40, ERA
interim, NCEP, JRA55 and JRA25, respectively. Values greater than 95% significant level (two tailed student t—
test) is shown with color shading. The maps in the figure are generated using the MATLAB software (Version:
R2012b (8.0.0.783) & URL: http://www.mathworks.com/products/matlab/?s_tid = srchtitle).

and 2012 (Figure SM3). The results exhibit an increasing decadal trend in ozone concentration by 0.5-1.5 ppmv/
decade (increasing as a function of height) over Hawaii during the boreal winter months and strongly supplement
the analysis from AIRS, at least in the UT and LS region (10-22km). All the trends exceed at least the 95% signifi-
cance level (two-tailed student t-test). If we look at Fig. 4c carefully, the downward extension of ozone concentra-
tion to LT occurs predominantly around 215°E, which is little eastward to Hawaii (205°E). This probably explains
the absence of any significant trend in the ozonesonde profiles below 10 km over Hawaii.

Previous case study shows that intrusion events have only weak signals in total ozone, except January 1987,
where the intruded PV anomaly tongue extended deep down to the mid-troposphere®. The subtropical intru-
sions are fairly barotropic and generally do not penetrate into the LT*. Figure 5a exhibits DJFM mean decadal
trends in UT PV. The increase in PV over the outer tropical central Pacific and the decrease in midlatitudes are
consistent with the enhancement and depletion in total columnar ozone (Fig. 4a), respectively. The decadal trend
in the horizontal component of the Plumb wave activity fluxes (DJFM and mean over 70hPa-250hPa) from ERA
interim (1979-2012) data is plotted in Fig. 5a as arrows. The correlation coeflicient between TOMS total colum-
nar ozone and UT PV is very high (0.8-1, >>99%; Fig. 5b). Figure 5¢,d exhibit the longitude-height section of
linear trends in ERA interim PV, mean over 30-45°N and 10-25°N, respectively. Like for ozone (Fig. 4b,c), the
trend is negative over the midlatitudes (UT & LS) and narrow bands of high PV air propagate downward from the
UT to the marine boundary layer over the outer tropical central Pacific.

The linkage between subtropical intrusions and tropospheric ozone is established by performing correlation
between PV intrusions and AIRS vertical profiles of tropospheric ozone. It can be seen in longitude-height (mean
over 10-25°N) and latitude-height (mean over 160-240°E) sections of correlation patterns. In the former case
(Fig. 5e), significant (>95%) mean (ERA interim, NCEP, JRA25, JRA55) correlation is fairly high (0.7-0.75) in
the outer tropics. But in the latter case (Fig. 5f), the pattern exhibits strong positive values (0.75 to 0.8, red curve)
over tropical central Pacific and negative values (-0.75 to —0.8, blue curve) in the midlatitudes. Comparing the
positive and negative correlation patterns in Fig. 5f with the total columnar ozone trend (Fig. 4a), it turns out
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Figure 4. Winter mean (DJFM) linear decadal trend in Ozone. (a) Linear least square decadal trend in total
columnar Ozone (DU/dec) from TOMS (1983-2012). For the shorter period (2003-2012), the trend is similar
and even covers wider region over the Pacific. (b,c) Represent the AIRS vertical ozone density trends (ppbv/dec)
in the midlatitudes (30-45°N) and outer tropics (10-25°N), respectively. All trends exceed the 95% confidence
level based on a two tailed student t-test. The maps in the figure are generated using the MATLAB software
(Version: R2012b (8.0.0.783) & URL: http://www.mathworks.com/products/matlab/?s_tid = srchtitle).

that the decrease of ozone over midlatitudes (particularly in the UT-LS) is partly (58-64%) due to transport to
outer tropics via subtropical intrusion and partly due to long term changes in anthropogenic emissions®*. The
equatorward and isentropic transport due to horizontal intrusions of midlatitude air accounts for ~61-64% of
the outer tropical central Pacific ozone variability. The decadal trend in Plumb wave activity fluxes (Fig. 5f, mean
over 160-240°E) exhibits an equatorward and downward trajectories from the midlatitudes (UT-LS) to the outer
tropics (UT-LT). This facilitates the meridional and isentropic transport of ozone flux across the subtropical trop-
opause (magenta line, 2PV unit). A schematic diagram of the processes resulting from the increasing frequency
of PV intrusion and its impact on tropospheric ozone over Pacific is shown in Fig. 6.

Discussions
The results uniquely demonstrate a long-term increase in outer tropical Pacific PV intrusions linked with the
strengthening of the upper tropospheric equatorial westerlies and weakening of the STJ. Despite there are some
differences among the datasets, all the five datasets reflecting the positive trend in PV intrusion frequency, at least
at 10°N. However, the variation in number of intrusions is partially due to the differences in model horizontal
resolution and data assimilation schemes and partially due to the differences in diabatic heating. The model reso-
lution differs widely among ERA interim, ERA 40, NCEP, JRA 55 and JRA 25 data, and is T255, T159, T62, T106
and T319, respectively and hence the intrusion frequency. While only ERA interim and JRA 55 adopt the 4DVAR
assimilation scheme and others follow the 3DVAR scheme?®*. Moreover, large differences in the distributions of
net diabatic heating among different reanalysis datasets, particularly in the UTLS region, too have contributed
in the variation of intrusion statistics. Diabatic heating controls heat budget, tracer transport and mixing in the
UTLS region. In the UT it implicates transport of tracers from surface to the stratosphere, while the radiative
heating in the stratosphere is important for transport and composition in the global stratosphere®. Since PV in
the UTLS region acts as tracer, its value depends strongly on the magnitude of diabatic heating, particularly in
the subtropics.

The tendency towards stronger UT equatorial westerlies and weaker ST] over the Pacific is unequivocal across
a wide range of reanalysis products in the last quarter of the 20th century. However, it is worth mentioning in this
context that, most of the wind and PV intrusion trend appears to occur in the later decade and this is consistent
with the weaker wind trend in ERA 40 (we too have confirmed with other datasets and shorter time period). The
increasing width and strength of the westerly duct should allow Rossby wave energy to propagate more deeply
southward before breaking because: (a) this may increase the difference between the absolute phase velocities
of the Rossby waves and the background wind field, and (b) a wider duct will allow larger zonal wavenumber
waves to propagate through the duct. This is in line with the decadal increasing trend in PV intrusion frequencies
towards later decades (Figs 1 and 2).

Zonal variation in SST, characterized by gradual warming in the western Pacific-warm pool and cooling in
the central-eastern Pacific, is associated with the strengthening of the Pacific Walker circulation. In the Western
Pacific enhanced convective activity leads to precipitation, and the latent heat released in the process strengthens
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Figure 5. Winter mean (DJFM) linear decadal trend in PV (1979-2002/2012). (a) Linear least square decadal
trend in PV (PVU/dec) at 200 hPa/350K level (mean of ERA40, ERA interim, NCEP, JRA55 and JRA25). The
green arrows indicate decadal trends (DJFM, 1979-2012) of the horizontal component of Plumb wave activity
flux (mean over 70 hPa-200 hPa from ERA interim data), (b) correlation coefficient between PV and TOMS
ozone. (c,d) Represent the vertical PV trends (PVU/dec) for ERA-interim, at (30-45°N) and (10-25°N),
respectively. (e) Longitude-height (mean over 10-25°N) section of the mean correlation coefficient between
Pacific PV intrusion events (ERA interim, NCEP, JRA55 and JRA25) and AIRS ozone density. (f) Represents the
same as (e) but the latitude-height section and mean over 160-240°E. The red and blue curves indicate mean
(ERA interim, NCEP, JRA55 and JRA25) positive/negative correlation between PV intrusion events and AIRS
ozone density. The green arrows indicate the decadal trend (DJFM, 1979-2012) in a latitude-height section
(mean over 160-240°E, ERA-interim data) of Plumb wave activity flux. For the shorter period (2003-2012),

the trend in Plumb wave activity flux is comparable. All the trends are significant exceeding the 95% confidence
level based on a two tailed student t-test. The maps in the figure are generated using the MATLAB software
(Version: R2012b (8.0.0.783) & URL: http://www.mathworks.com/products/matlab/?s_tid = srchtitle).
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Figure 6. Schematic of the processes involved in increasing ozone flux over the outer tropical central
Pacific. It represent the decadal trend in SST anomaly and zonal wind (200 hpa/350 K level), respectively. The
strengthening and weakening of western (WPHC) and central-eastern (CP-EP HC) Pacific Hadley cells are
shown by bold and dashed loops (black lines), respectively. The strengthened Walker cell over the tropical
Pacific is shown as a green loop. Subtropical intrusion of ozone rich high PV air from the mid-latitudes is shown
with yellow arrows indicating Rossby wave breakings. The maps in the figure are generated using the MATLAB
software (Version: R2012b (8.0.0.783) & URL: http://www.mathworks.com/products/matlab/?s_tid = srchtitle).

the Pacific Walker circulation. It is linked with the trend in global mean temperature, which is related to the
emerging anthropogenic greenhouse signal'® and negative phase of PDO'8. However, Walker circulation alone
cannot account for the observed geographical pattern of the climatological westerly duct structure. The reason
for this is that a very strong component to the maintenance of the global equatorial easterly and westerly wind
patterns are due to a quite complicated set of mechanisms including: meridional momentum fluxes*, Kelvin-like
responses®’, Rossby responses® and MJO type heating anomalies to upper tropospheric wind patterns®.
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On the other hand, the central-eastern Pacific cooling trend is linked to the weakening of the central-eastern
Pacific Hadley circulation. It suppresses the convective activity due to sinking air motion and imports less angular
momentum to the ST leading to a weakened STJ. However, it is worth mentioning in this context that, the UT
divergent wind trend is not collocated exactly with the patterns of SST trends. This is because, the Walker and
Hadley circulation alone cannot account for the observed changes in UT wind pattern. The wind structures are
the function of additional physical processes beyond the Hadley and Walker circulations that respond to local
heating anomalies (e.g. the Rossby and Kelvin responses). Moreover, because the divergence patterns are based on
inverting the Laplacian operator, then the wind patterns will be potentially affected by processes that are global in
nature (i.e. not simply the local heating anomalies).

While, more PV intrusions result from this weaker ST] on its equatorward side; significantly increase the
stratosphere-troposphere exchange processes on the longer timescale. This plays an important role in deter-
mining the atmospheric composition, particularly of tropospheric ozone, in the northern outer tropical central
Pacific. We observe an increasing decadal trend (2 to 3 DU/decade) over the outer tropical central Pacific and a
decreasing trend (—9 to —10 DU/decade) over the midlatitudes (30-45°N) in TOMS data. It may lead to more
ozone of stratospheric origin in the LT and even in the marine boundary, which may act as harmful pollutants and
affect the radiative processes by changing the global budgets of atmospheric hydroxyl radicals.

There are several questions still remaining unanswered. Will this trend in stratospheric intrusion frequency
continue as the climate warms further? Will the trend in UT wind will continue and what are the other factors
contribute the changes? How and at what scale will the increase in tropospheric ozone affect the global radiation
budget and Pacific climate? These can only be answered by model simulations with long term future projections.

Methods

Dataused. Trend analysis for PV intrusion is performed on five daily reanalysis datasets at 200 hPa/350 K
isentropic levels. The datasets, which assimilate observations with a weather forecast model, include the European
Centre for Medium-Range Weather Forecasts (ECMWF) 40 year Reanalysis (ERA40%°), the ECMWF Interim
Reanalysis (ERA interim*!), National Centers for Environmental Prediction’s Reanalysis (NCEP#?), Japanese 55
year Reanalysis (JRA55%) and 25 year Reanalysis (JRA25%). For upper tropospheric wind analysis, along with
monthly mean ERA40, ERA interim, NCEP, JRA55 and JRA25, we have used the National Aeronautics and Space
Administration’s Modern Era Retrospective Analysis (MERRA®), the 20 century Reanalysis (20™ Century*®),
NCEP Climate Forecast System Reanalysis (CFSR*) and the ECHAMS5, the Hamburg version of the ECMWF
Global Circulation Model (GCM)*. We have used the 350K isentropic level data, only for the NCEP reanalysis
dataset. More details are available from Text SM1.

On the basis of dataset availability the analyses are computed based on 1958-2012 for NCEP, 20' Century and
JRA55, 1958-2002 for ERA40, 1958-2007 for ECHAMS5, 1979-2012 for ERA interim, JRA25 and MERRA and
1979-2010 for CFSR. For erroneous data quality the first four years of daily PV from JRA55 are not considered in
the analysis. Since the daily PV data is available only for ERA40, ERA interim, NCEP, JRA55 and JRA25 reanal-
ysis, we include the corresponding zonal wind data in the main manuscript. However, the additional wind data
(MERRA, 20" Century reanalysis, CFSR and ECHAMS5) are incorporated for consistency and are shown in sup-
plementary Figure (Figure SM1). The divergent wind is calculated from zonal and meridional wind at 200 hPa for
all five datasets (ERA40, ERA interim, NCEP, JRA55, and JRA25) mentioned above. For correlation with Hadley
SST and SLP from 1979-2012, all the zonal wind data (9 data products) are interpolated linearly to 360 x 180 and
72 x 37, longitude X latitude grid, respectively.

Total columnar ozone data are available from Total Ozone mapping Spectrometer (TOMS) instruments from
1983-2012 and the data are interpolated linearly to a 360 x 180 longitude x latitude grid. For vertical profiles
of volume mixing ratio of Ozone we have used the satellite borne data from Atmospheric Infra-Red Sounder
(AIRS)* from 2003-2012 in 360 x 180 x 24 longitude x latitude x pressure grids. More details are available from
Text SM1.

PV Intrusion. Intrusions are defined by first identifying high values of PV (|PV| > 2 PVU, 1PVU = 10~° Ks*/kg)
at 10°N or 10°S. All such cases within 10° longitude or within 6 days are grouped as a single intrusion event.
However, to test the robustness of the climatology, like Waugh and Polvani, the analysis was repeated using 1.75
PVU and 2.25 PVU as the critical value of PV, and the trends were very similar to those presented in this paper
except for a slightly greater and lesser number of events, respectively. Small blobs of high PV in the tropics are
removed to exclude the cases, which are not immediately related with Rossby wave breaking. The total (along a
complete latitude circle) and Pacific intrusions are characterized by the number of events throughout the tropics
or in the Pacific Ocean (150°-280°E), respectively.

Linear fit and trend analysis. The linear trends in PV intrusion, zonal wind, divergent wind, ozone con-
centration and SST are estimated by a linear fit:
Y,= A + BX, (1)

where, X; and Y; is the independent and fitted dependent variable, respectively. A and B are the intercept and
slope, respectively, which can be estimated by the least square method. The decadal trend analysis using reanalysis
and model output data are computed based on 1979-2012 for ERA interim, NCEP, JRA 25, JRA 55, MERRA and
20" Century, 1979-2002 for ERA 40, 1979-2010 for CFSR and 1958-2007 for ECHAMS.

ENSO fit. We calculate a fitted variable, F(z), by:
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F(t) =b-x(t) (2)

where b is the regression coeflicient or

b= (0)y (1) /x"(1) 3)

In this manuscript, y(¢) is the PV trend and x(t) is the Nifio 3.4 index. A residual time series, which is uncorrelated
to F(t) and x(1), is computed by subtracting F(t) from y(t). The primes indicate the perturbations. However, we
note that the residual time series is based on linear and contemporaneous relationships.

DivergentWind. The horizontal wind velocity can be divided into non-divergent (rotational) and divergent
wind*

V=V+V (4)

where, 1 and x stand for streamfunction and velocity potential, respectively. The horizontal divergence (D) is
calculated by

D = div(V)) = div(\_{L) (5)

because the rotational components of the horizontal winds make no contribution to atmospheric divergence
associated with vertical motion. The velocity potential can be obtained by solving the Poisson’s equation with D.
Then the horizontal components of the divergent wind are calculated by,

u —a—xandv _B_x
T ox T oy (6)

where, u, and v, are the zonal and meridional components of divergent wind. In the UT, the zonal component
imports the necessary angular momentum to drive the subtropical jet.

PV tropopause.
PV =2PVU unit’..

The dynamical tropopause height is derived from ERA interim reanalysis data with

Plumb Flux. The concept is introduced to analyze the wave propagation from the troposphere to the strato-
sphere in three-dimensional space®. In the log-pressure coordinates the wave activity flux F, can be represented
as follows:

2
2r2cos*0 || OA IN?
F, = pcost _1 | /a_zﬂ
2r¥cosf| X 80 OX D0
202%in’0| 0y’ Oy o oy
N’rcosh | ON Oz O\ 0z )

where 1), A, Q, z, and p are the streamfunction, longitude, Earth’s rotation rate, altitude, and pressure/1000 hPa,
respectively. The primes in the equation 7 represent the perturbation fields.

References

1

2.
3.
4.

12.
13.

. Waugh, D. W. & Polvani, L. M. Climatology of intrusions into the tropical upper troposphere. Geophys. Res. Lett. 27, 3857-3860

(2000).

Mclntyre, M. E. & Palmer, T. N. Breaking planetary waves in the stratosphere. Nature 305, 593-600 (1983).

Waugh, D. W. Subtropical stratospheric mixing linked to disturbances in the polar vortices. Nature 365, 535-537 (1993).

Waugh, D. W. Impact of potential vorticity intrusions on subtropical upper tropospheric humidity. J. Geophys. Res. 110(D11305),
doi: 10.1029/2004JD005664 (2005).

. Matthews, A. J. & Kiladis, G. N. Interactions between ENSO, transient circulation, and tropical convection over the Pacific. J. Clim.

12, 3062-3085 (1999).

. Tomas, R. & Webster, P. J. Horizontal and vertical structure of Cross-equatorial wave propagation. J. Atmos. Sci. 51, 1417-1430

(1994).

. Ashok, K., Behera, S. K, Rao, S. A, Weng, H. & Yamagata T. El Nino Modoki and its possible teleconnection. J. Geophys. Res.

112(C11007), doi: 10.1029/2006]C003798 (2007).

. Zhang, W, Li, J. & Zhao X. Sea surface temperature cooling mode in the Pacific cold tongue. J. Geophys. Res. 115(C12042), doi:

10.1029/2010JC006501 (2010).

. Held, I. M. & Soden, B. ]. Robust responses of the hydrological cycle to global warming. J. Clim. 19, 5686-5699 (2006).
10.
. Lian, T. & Chen, D. An evaluation of rotated EOF analysis and its application to tropical Pacific SST variability. J. Clim. 25,

Cane, M. A. et al. Twentieth century sea surface temperature trends. Science 275, 957-960 (1997).

5361-5373 (2012).

Bjerknes, J. Atmospheric teleconnections from the equatorial Pacific. Mon. Weath. Rev. 97, 163-172 (1969).

Horel, J. D. & Wallace, J. M. Planetary-scale atmospheric phenomena associated with the Southern Oscillation. Mon. Weath. Rev.
109, 813-829 (1981).

SCIENTIFICREPORTS | 6:21370 | DOI: 10.1038/srep21370 9



www.nature.com/scientificreports/

14. Kousky, V. E., Kagano, M. T. & Cavalcanti, I. E A review of the Southern Oscillation: Oceanic atmospheric circulation changes and
related rainfall anomalies. Tellus A 36, 490-504 (1984).

15. CHeureux, M. L, Lee, S. & Lyon, B. Recent multidecadal strengthening of the Walker circulation across the tropical Pacific. Nat.
Clim. Change 3, 571-576 (2013).

16. Vecchi, G. A. et al. Weakening of tropical Pacific atmospheric circulation due to anthropogenic forcing. Nature 441, 73-76 (2006).

17. Vecchi, G. A. & Soden, B. J. Global warming and the weakening of the tropical circulation. J. Clim 20, 4316-4340 (2007).

18. Trenberth, K. E. & Fasullo, J. T. An apparent hiatus in global warming? Earth’s Future 1, 19-32 (2013).

19. Wang, C. ENSO, Atlantic climate variability, and the Walker and Hadley circulations, The Hadley Circulation: Present, Past, and
Future. Kluwer Acad. New York 173-202 (2005).

20. Wang, C. C. & Magnusdottir, G. The ITCZ in the central and eastern Pacific on synoptic time scales. Mon. Weath. Rev. 97, 163-172
(1969).

21. Hastenrath, S. The Intertropical Convergence Zone of the eastern Pacific Revisited. Int. J. Clim. 22, 347-356 (2002).

22. Lacis et al. Radiative Forcing of Climate by Changes in the Vertical Distribution of Ozone. J. Geophys. Res. 95, 9971-9981 (1990).

23. Zeng, G., Pyle, . A. & Young, P. J. Impact of climate change on tropospheric ozone and its global budgets. Atmos. Chem. Phys. 8,
369-387 (2008).

24. Staehelin, J., Mader, J., Weiss, A. K. & Appenzeller, C. Long-term ozone trends in northern mid-latitudes with special emphasis on
the contribution of changes in dynamics. Phys. And Chem. Of the Earth 27, 461-469 (2002).

25. Waugh, D. W. & Polvani, L. M. & Plumb R. A. Nonlinear, barotropic response to a localized topographic forcing; formation of a
‘tropical surf zone  and its effect on inter-hemispheric propagation. J. Atmos. Sci. 51, 1401-1416 (1994).

26. Tuck, A. E et al. The Brewer-Dobson circulation in the light of high altitude in situ aircraft observations. Q. J. R. Meteorol. Soc. 123,
1-69 (1997).

27. Fujiwara, M. et al. Ozonesonde observations in the Indonesian maritime continent: A case study on ozone rich layer in the
equatorial upper troposphere. Atmos. Environ. 37, 353-362 (2003).

28. Oltmans, S. J. et al. Tropospheric ozone over the North Pacific from ozonesonde observations. J. Geophys. Res. 109(D15S01), doi:
10.1029/2003JD003466 (2003).

29. Waugh, D. W. & Funatsu, B. M. Intrusions into tropical upper troposphere: Three dimensional structure and accompanying ozone
and OLR distributions. J. Atmos. Sci. 60, 637— 653 (2003).

30. Browell, E. V. et al. Large-scale air mass characteristics observed over western Pacific Ocean during summertime. J. Geophys. Res.
101, 1691- 1712 (1996).

31. Cooper, O.R. et al. Direct transport of midlatitude stratospheric ozone into the lower troposphere and marine boundary layer of the
tropical Pacific Ocean. . Geophys. Res. 110, doi: 10.1029/2005]D005783 (2005).

32. Neu, J. L. et al. Tropospheric ozone variations governed by changes in stratospheric circulation. Nature geos. 7, 340-344 (2014).

33. England, M. H. et al. Recent intensification of wind driven circulation in the Pacific and the ongoing warming hiatus. Nature. Clim.
Change 4, 222-227 (2014).

34. Dee, D,, Fasullo, J., Shea, D., Walsh, J. & National Center for Atmospheric Research Staff (Eds). The Climate Data Guide: Atmospheric
Reanalysis: Overview & Comparison Tables (2015).

35. Wright, J. S. & Fueglistaler, S. Large differences in reanalysis of diabatic heating in the tropical upper troposphere and lower
stratosphere. Atmos. Chem. Phys. 13, 9565-9576 (2013).

36. Lee, S. Why are the climatological zonal winds easterly in the equatorial upper troposphere? J. Atmos. Sci. 56, 1353-1363 (1999).

37. Gill, A. E. Some simple solutions for heat-induced tropical circulation. Quarterly Journal of the Royal Meteorological Society 106,
447-462 (1980).

38. Sardeshmukh, P. D. & Hoskins, B. J. The generation of global rotational flow by steady idealized tropical divergence. J. Atmos. Sci. 45,
1228-1251 (1988).

39. Sakaeda, N. & Roundy, P. E. The development of upper-tropospheric wind over the Western Hemisphere in association with MJO
convective heating. J. Atmos. Sci. (in press) (2015).

40. Uppala, S. M. et al. The ERA-40 re-analysis. Q. J. R. Meteorol. Soc., 131, 2961-3012 (2005).

41. Dee, D. & Uppala, S. Variational bias correction of satellite radiance data in the ERA-Interim reanalysis. Q. . R. Meteorol. Soc. 135,
1830-1841(2009).

42. Kalnay et al. The NCEP/NCAR 40-year reanalysis project. Bull. Amer. Meteor. Soc. 77, 437-471 (1996).

43. Kobayashi et al. The JRA-55 Reanalysis: General Specifications and Basic Characteristics. . Meteorol. Soc. Jpn. 93, 5-48 (2015).

44. Onogi et al. The JRA-25 reanalysis. J. Meteorol. Soc. Jpn. 85, 369-432 (2007).

45. Rienecker et al. MERRA: NASA's Modern-Era Retrospective Analysis for Research and Applications. J. Climate 24, 3624-3648
(2011).

46. Compo, G. P. et al. The twentieth century reanalysis project. Q. J. R. Meteorol. Soc. 137, 1-28 (2011).

47. Saha, S. et al. The NCEP Climate Forecast System Reanalysis. Bull. Amer. Meteor. Soc. 91, 1015.1057, doi: 10.1175/2010BAMS3001.1
(2010).

48. Roeckner, E. et al. Atmospheric general circulation model ECHAMS: Part 1. Max-Planck-Institut fiir Meteorlogie Rep. 349(140)
(2003).

49. Divakarla, M. ef al. Evaluation of atmospheric infrared sounder ozone profiles and total ozone retrievals with matched ozonesonde
measurements, ECMWF ozone data, and ozone monitoring instrument retrievals. . Geophys. Res. 113, doi: 10.1029/2007JD009317
(2008).

50. Krishnamurti, T. N. Tropical east-west circulations during the northern summer. J. Atmos. Sci. 28, 1342-1347 (1971).

51. Plumb, R. A. On the three-dimensional propagation of stationary waves. J. Atmos. Sci. 42, 217-229 (1985).

Acknowledgements

We are thankful to the ECMWE, NCEP, JRA, MERRA, 20t Century reanalysis, CFSR and NCAR-UCAR Research
data analysis, computational and information systems laboratory for providing us the datasets for our analysis.
This work is supported jointly by the National Natural Science Foundation of China (Grant No. 41230527,
41461144001, 41250110073, 41350110331); the Chinese Academy of Sciences fellowships for young international
scientists (2011Y2ZZB05) and China postdoctoral science foundation grant (2013M541010). We are grateful to
the Royal Society for supporting the collaboration under the International Exchange Grant scheme.

Author Contributions

D.N. and W.C. designed the research. D.N. and X.L. performed the analysis. H-E.G. contributed to improving
the analysis and interpretation. X.L., H.G., RN., K.H. and L.W. prepared part of the data. D.N., W.C. and H-EG.
wrote the paper. All authors discussed and commented on the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

SCIENTIFICREPORTS | 6:21370 | DOI: 10.1038/srep21370 10


http://www.nature.com/srep

www.nature.com/scientificreports/

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Nath, D. et al. Subtropical Potential Vorticity Intrusion Drives Increasing Tropospheric
Ozone over the Tropical Central Pacific. Sci. Rep. 6, 21370; doi: 10.1038/srep21370 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

B o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:21370 | DOI: 10.1038/srep21370 11


http://creativecommons.org/licenses/by/4.0/

	Subtropical Potential Vorticity Intrusion Drives Increasing Tropospheric Ozone over the Tropical Central Pacific

	Results

	(a) Variability of PV intrusion events. 
	(b) Decadal trend in UT zonal wind. 
	(c) Decadal trend in Ozone concentration. 

	Discussions

	Methods

	Data used. 
	PV Intrusion. 
	Linear fit and trend analysis. 
	ENSO fit. 
	Divergent Wind. 
	PV tropopause. 
	Plumb Flux. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ PV intrusion trends at 10°N and 10°S.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Number of PV intrusions/year for ERA 40, ERA interim, NCEP, JRA 55 and JRA 25 for three periods (1959–1978, 1979–1998 & 1999–2012) are shown in panel (a–e), respectively.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Winter mean (DJFM) linear decadal trend in 200 hPa zonal wind (1979–2002/2012).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Winter mean (DJFM) linear decadal trend in Ozone.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Winter mean (DJFM) linear decadal trend in PV (1979–2002/2012).
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Schematic of the processes involved in increasing ozone flux over the outer tropical central Pacific.



 
    
       
          application/pdf
          
             
                Subtropical Potential Vorticity Intrusion Drives Increasing Tropospheric Ozone over the Tropical Central Pacific
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21370
            
         
          
             
                Debashis Nath
                Wen Chen
                Hans-F. Graf
                Xiaoqing Lan
                Hainan Gong
                Reshmita Nath
                Kaiming Hu
                Lin Wang
            
         
          doi:10.1038/srep21370
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep21370
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep21370
            
         
      
       
          
          
          
             
                doi:10.1038/srep21370
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21370
            
         
          
          
      
       
       
          True
      
   




