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Abstract

Using various satellite-based observations, a linear ozone transport model (LOTM), a chemistry-climate model (WACCM3)
and an offline chemical transport model (SLIMCAT), zonally asymmetric trends of the total column ozone (TCO) in the
northern middle latitudes during winter for the period 1979-2015 are analyzed and factors responsible for the trends are
diagnosed. The results reveal that there are significant negative TCO trends over the North Pacific and positive TCO trends
over the northwestern North America. The zonally asymmetric TCO trends are mainly contributed by the trends in partial
column ozone in the upper troposphere and lower stratosphere (UTLS) which are closely related to the long-term changes
of geopotential height in the troposphere. Furthermore, the trends of geopontential height in the UTLS are mainly modu-
lated by pattern changes in the Arctic Oscillation (AO), the Cold Ocean—Warm Land (COWL) and the North Pacific (NP)
index. Accordingly, the zonally asymmetric TCO trends can be largely reconstructed by the trends of the above three tel-
econnection patterns. Sea surface temperature (SST) changes over the Pacific Ocean and the Atlantic Ocean can also exert
a significant contribution to the zonally asymmetric TCO trends through their influence on the COWL and NP patterns. In
addition, chemical ozone loss partially offsets the positive trends in zonal TCO anomalies over Central Siberia and enhances
the positive TCO trends over northwestern North America. However, the contribution of chemical processes to the zonally
asymmetric TCO trends is relatively smaller than that of dynamical transport effects. Interpreting the zonally asymmetric
TCO trends and their responsible factors would be helpful for accurately predicting the stratospheric ozone return date in
the northern middle latitudes.

<l Wenshou Tian
wstian @lzu.edu.cn

1 Introduction

The implementation of the Montreal Protocol and its amend-
ments has effectively stopped the continuous stratospheric
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ozone depletion caused by anthropogenic ozone depleting
substances, and global TCO is expected to show a positive
trend in the coming decades (e.g. Newchurch et al. 2003;
Angell and Free 2009; Eyring et al. 2010; Krzyscin 2010;
Zhang et al. 2014; Chipperfield et al. 2017). However, some
studies have shown that stratospheric ozone concentrations
over different regions along the same latitude exhibit differ-
ent recovery rates. Over some regions, TCO even continues
to decrease due to changes in local dynamical and chemical
processes (Hood and Soukharev 2005; Zhang et al. 2014,
2018; Wargan et al. 2018), suggesting that long-term ozone
variations are highly longitude-dependent. Previous studies
pointed out that the trends in the deviation of ozone from the
zonal mean over some regions can reach and even exceed
the zonal mean ozone trend at that latitude, particularly at
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northern middle latitudes (e.g. Niu et al. 1992; Hood and
Zaft 1995; Peters and Entzian 1999). Therefore, the zonal
asymmetric ozone (ZAO) trends at northern middle latitudes
both in the past and future deserve much attention.

Previous studies have shown that ZAO variations can
result in different climate variability (e.g. Kirchner and
Peters 2003; Peters et al. 2015) compared to zonally sym-
metric ozone variations. In many long-term General Circu-
lation Model simulations, a prescribed time series of zonal
mean ozone is employed (Cagnazzo et al. 2006; Cionni
et al. 2011; Szopa et al. 2013; Gonzalez et al. 2014; Xie
et al. 2016, 2017) and the ZAO heating effects, which have
an important contribution to chemical-radiative-dynamical
feedbacks (e.g. Sassi et al. 2005; Nathan and Cordero 2007,
Gabiriel et al. 2007, 2013; McCormack et al. 2011; Peters
et al. 2015), are not properly considered. Previous modeling
studies (e.g. Gabriel et al. 2007; Crook et al. 2008; Waugh
et al. 2009) have provided some evidence that numerical
simulation with ZAO variations can produce a colder winter
polar stratosphere in the Southern hemisphere and a warmer
winter for the northern polar region, which is closer to
observation than that without ZAO variations. Gillett et al.
(2009) found that ZAO variations could lead to up to 4 K
temperature changes in the lower stratosphere, suggesting
that the inclusion of ZAO variations in climate models may
be essential for better simulation of stratospheric tempera-
ture trends. Some previous studies have investigated the dec-
adal ZAO variations during the significant ozone depletion
period, i.e., the pre-2000 period (e.g. Niu et al. 1992; Hood
and Zaff 1995; Peters et al. 1996, Peters and Entzian 1999).
However, the ZAO variations after 2000, when the TCO
over most places began to recover, are not very well studied
and the factors responsible for the ZAO trend are still not
well understood.

In the subpolar region, regional TCO anomalies caused
by displacement of the stratospheric polar vortex may sig-
nificantly affect the ZAO structure (James et al. 2000; Cal-
isesi et al. 2001; Vigliarolo et al. 2005). However, the TCO
anomalies resulting from the polar vortex shift are often
observed over Eurasia in winter rather than at all longitudes
(Zhang et al. 2018), suggesting that other factors may also
affect ZAO variations. Peters and Entzian (1999) showed
that there exists a close link between ZAO variations and
geopotential height variations at 300 hPa on decadal time
scales. The 300-hPa geopotential height is generally a good
indicator of large-scale wave structure in the middle and
upper troposphere. Therefore, it is likely that interannual
variations and trends in ZAO are related to changes in plan-
etary waves. Indeed, many previous studies have demon-
strated the important role of planetary waves in modulating
ZAO variations (e.g. Peters and Entzian 1999; Peters et al.
2008; Efstathiou et al. 2003; Hio and Yoden 2004; Grytsai
et al. 2005; Gabriel et al. 2011; Talongo et al. 2012; Zhang
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et al. 2015) and have proposed that the planetary waves of
tropospheric origin could affect TCO through tropopause
height modulations and stratosphere-troposphere exchange
processes. Nevertheless, whether and to what extent plan-
etary wave changes exert an influence on the zonally asym-
metric TCO trend in the past 30 years remains unclear.

In the present study, we will analyze ZAO variations over
the past three decades and diagnose the relative importance
of various processes which dominate the zonally asymmetric
TCO trend over the whole northern middle latitudes during
winter (December—January—February, DJF) when the ZAO
structure is more pronounced (Hood and Zaff 1995; Gabriel
et al. 2011). Data and methods are described in Sect. 2. In
Sect. 3, the ZAO trend and the factors responsible for this
trend are examined and discussed. The role of tropospheric
processes in influencing ZAO trend is analyzed in Sect. 4,
followed by a summary and discussions in Sect. 5.

2 Data and methods

The National Institute of Water and Atmospheric Research
(NIWA v3.3) (1° latitude X 1.25° longitude) TCO data used
here, obtained from http://www.bodekerscientific.com/data/
total-column-ozone, is publically available for the period
1979-2015. The dataset combines satellite-based ozone
measurements from four Total Ozone Mapping Spectrom-
eter (TOMS) instruments, three different retrievals from
the global ozone monitoring experiment (GOME) instru-
ments, data from four solar backscatter ultra-violet (SBUV)
instruments and data from the ozone monitoring instru-
ment (OMI). More details about the dataset can be found
in Bodeker et al. (2005), Miiller et al. (2008) and Struthers
et al. (2009). The TCO and ozone profile derived from the
European Centre for Medium Range Weather Forecasts
(ECMWF) Interim (http://www.ecmwf.int, Dee et al. 2011;
Dragani 2011) and National Aeronautics and Space Admin-
istration-Modern Era Retrospective Analysis for Research
and Applications (NASA-MERRA) (https://gmao.gsfc.
nasa.gov/reanalysis/MERRA, Rienecker et al. 2011) are
also employed for the period 1979-2015. Although there
are uncertainties on the order within 20% for the ozone in
the extratropical lower stratosphere, some other studies
showed that the ERA-Interim ozone field agrees reasonably
well with independent observations and performs better than
the earlier ERA-40 reanalysis (Dragani 2011; Skerlak et al.
2014; Guo et al. 2017). For more details please see Dragani
(2011). In this paper, the departure of TCO at a given loca-
tion from its corresponding zonal mean is referred to as the
‘zonal anomaly’ and is used to represent the ZAO structure.
The December—January—February (DJF) mean in one year
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is calculated by the December value this year and the values
of January and February next year.

To analyze the influence of planetary wave changes on
TCO, a linear ozone transport model (hereafter, ‘LOTM’,
unless otherwise stated) described in Hood and Zaff
(1995) is used. The chemical continuity equation for ozone
is shown as

dr

i P—-L, 1)
where r is the ozone mixing ratio, P is the photochemical
ozone production rate, L is the chemical ozone loss rate and
% = % +7v - V. In the wintertime lower stratosphere, pho-
tochemical processes are much slower than dynamic pro-
cesses and ozone transport related to large-scale atmospheric
circulations is more important, i.e. photochemistry can be
neglected compared with dynamical advection in generating
ozone variations. Since the ZAO structure in the northern
middle latitudes is more pronounced than the meridional

asymmetric ozone structure, the Eq. (1) reduces to
-1 r— r—_
url +vV'r +w'r, =0, 2

where, subscripts x, y, z denote the zonal, meridional and
vertical derivative, respectively. u is the zonal mean of the
zonal wind component, 7/ is the zonal derivative of the zonal
anomaly of mixing ratio, v and w' are zonal anomalies of
meridional and vertical velocities, Z and 7, are meridional
and vertical derivatives of the zonal mean of ozone mixing
ratio. Assuming geostrophic balance, the zonal anomaly of
meridional velocity can be represented as a function of zonal
anomaly of geopotential height Z' by

Vo= gOZ)/c
f 9

where g, is the mean value of the local acceleration of grav-

ity (g) at sea level, and f'is the Coriolis parameter. The zonal

anomaly of vertical velocity w' can be written in form of the
adiabatically thermodynamic energy equation as

3

r= 5 (wz —az). 4)

where N? is the buoyancy frequency squared. Substituting
(3) and (4) into (2) yields

r_ 8o E ’ z —l =7l
r=-= l<f>2x+<N2>(uZZX uzu)]. 5)

Equation (5) describes the zonal anomaly of ozone mix-
ing ratio as a function of geopotential height and zonal
mean of the zonal wind. Given that the three dimensional
(3D) distribution of the geopotential height anomaly Z',
the zonal mean wind u and the distribution of mean ozone

mixing ratio 7 are known, then the zonal anomaly of ozone
r)’( can be calculated. More details about the LOTM can
be found in Hood and Zaff (1995). The DJF mean of geo-
potential height and the climatological mean of ozone
field, the inputs of LOTM, are derived from ERA-Interim
data with a resolution of 1° latitude X 1° longitude from
1979 to 2015.

In this study, the contributions of climate variabilities to
the ZAO trend are analyzed. The monthly Arctic Oscilla-
tion (AO) and Pacific—North American (PNA) index used
here are downloaded from http://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_index/ao_index.html and
ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/pna_index
.tim, respectively. The monthly cold ocean—-warm land
(COWL) index is defined as the weighted average of DJF
mean 1000-500 hPa thickness north of 40°N, with a positive
and uniform weight over the land as well as a negative and
uniform weight over the ocean (Lu et al. 2004). The North
Pacific (NP) Index is the area-weighted sea level pressure
over the region 30°-65°N, 160°E-140°W (Trenberth and
Hurrell 1994).

Moreover, a set of three simulations conducted by the
Whole Atmosphere Community Climate Model, version
3 (WACCM3; Garcia et al. 2007), including the control
experiment R0 and two sensitivity experiments R1 and R2,
were performed in order to clarify the specific roles of sea
surface temperature (SST) variations and ozone-depleting
substances (ODSs) changes in the northern mid-latitude
ZAOQ trends. The WACCM3 has 66 vertical levels extending
from the ground to 145 km, and the model’s vertical resolu-
tion is 1.1-1.4 km in the lower stratosphere. WACCM3 has
been extensively evaluated against various satellite datasets
and performs well in simulating the stratospheric chemistry
and dynamics (e.g. Eyring et al. 2006). Details of the model
can be found in Garcia et al. (2007). These three simula-
tions were performed at a resolution of 1.9° latitude X 2.5°
longitude, with interactive chemistry enabled. The control
experiment RO driven by all time-varying external forcings
represents the simulation of the transient atmospheric evo-
lution in the past 30 years. In the run RO, the time-varying
monthly values of greenhouse gas emissions and mixing
ratio lower boundary conditions of ODSs are specified fol-
lowing the datasets used in Garcia et al. (2007). Meanwhile,
the monthly mean time-varying observed SST and sea ice
distributions are derived from the Hadley Centre reconstruc-
tion (Rayner et al. 2003). The two sensitivity simulations are
the same in all aspects as the configurations of R0 except
that the SST in R1 and the ODSs in R2 use their monthly
climatologies for the period 1979-2005. The comparison
between RO and R1 is to identify the influence of time-var-
ying SST on ZAO trends in the northern middle latitudes,
whereas the difference between R0 and R2 is to investigate
the impact of ODSs on ozone trend. The three simulations
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were run for 30 years with the first 3 years excluded for the
model ‘spin-up’ and the remaining 27 years of data are used
for analysis.

Because the LOTM does not include chemical pro-
cesses and the ozone simulation in free-running version of
WACCM depends on the simulation of wind that is largely
different from realistic wind, here we further use the SLIM-
CAT offline 3D chemical transport model (Chipperfield
2006) to clarify the role of chemical processes in the forma-
tion of ZAO trend. The model is driven by horizontal winds
and temperature from the reanalysis data of the ECMWEF-
Interim (Dee et al. 2011). The SLIMCAT long-term simu-
lations (1979-2015) performed in this study have a coarse
horizontal resolution of about 5.625° latitude X 5.625° lon-
gitude and 32 levels from the surface to 60 km. The model
uses a hybrid o — p vertical coordinate (Chipperfield 2006)
with detailed stratospheric chemistry. Vertical advection is
calculated from the divergence of the horizontal mass flux
(Chipperfield 2006), and chemical tracers are advected, con-
serving second-order moments (Prather 1986). The SLIM-
CAT simulation initializes a ‘passive odd-oxygen’ tracer that
is set equal to the modeled chemical O, concentration on st
December every year for the Northern Hemisphere and then
advected passively without chemistry. At any point and time
after I1st December, the difference between this passive O,
and the model’s chemically integrated O, is the net chemi-
cal O, change in air which has been advected to the point
(Feng et al. 2005). O, is mainly O; below 30 km, especially
in winter when there is no sunlight in the polar region. Here-
after, the chemical O, change is called as ‘chemical ozone’
change.

3 Zonally asymmetric ozone trend and its
influencing factors

Figure 1 shows the linear trends in DJF mean TCO and zonal
TCO anomalies from different data sets. NIWA observa-
tions during 1979-2015 (Fig. 1a) indicate evident TCO
negative trends over the North Pacific, East Asia, Caspian
Sea and the northwestern Atlantic Ocean; whereas the TCO
decreasing trends over the northeastern Pacific, northwestern
North America, the southwestern Atlantic Ocean, Europe
and Central Siberia (45°-60°N, 85°-120°E) are weak and
even reversed over some regions. Similar features in TCO
trends in the northern middle latitudes can be also found
in Frossard et al. (2013) which separated the TCO trend
attributed to ODSs from that due to dynamical variabilities.
The above features are more noticeable in the linear trend
map of TCO anomalies with zonal mean removed (Fig. 1b),
highlighting the longitude dependence of TCO trends. In
addition, the positive and negative centers of ZAO trends
constitute a somewhat zonal wave-3 structure with three
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positive centers over northwestern North America, southern
Atlantic Ocean and Central Siberia (Fig. 1b). The trends of
TCO and zonal TCO anomalies derived from ERA-Interim
and MERRA reanalysis data (Fig. 1c—f) are similar to the
NIWA observations, suggesting that the results in our study
are not sensitive to reanalysis system. Interestingly, the lin-
ear trend map of zonal TCO anomalies in the SLIMCAT
simulation (Fig. 1h) is similar to that derived from NIWA
and ERA-Interim data, although the negative TCO trends
over middle latitudes from the SLIMCAT simulation are
stronger than those in other datasets (Fig. 1g), implying that
the ZAO trend is independent of the zonal mean of TCO
trend.

The spatial distribution of the ZAO trends derived from
the ERA-Interim, MERRA and SLIMCAT data sets also
consists of three positive and three negative centers (Fig. 1d,
f, h), consistent with that in NIWA observations (Fig. 1b).
Particularly note that the trends in partial column ozone
between 70 and 300 hPa derived from ERA-Interim and
MERRA reanalysis data and the SLIMCAT simulation
(Fig. 2a—c) appear to dominate the zonally asymmetric TCO
trends (Fig. 1d, f, h) and the simulated partial ozone column
trends in the UTLS by the LOTM (Fig. 2d) shows a simi-
lar pattern with the ZAO trends in the UTLS derived from
ERA-Interim data, with a spatial correlation coefficient of
0.85. It is worth pointing out that the modeled ozone by
LOTM is merely a function of geopotential height, imply-
ing that the changes of the geopotential height field in the
UTLS and the associated large-scale dynamic processes play
a crucial role in the ZAO trends. Ozone variations in the
mid- and upper stratosphere only play a minor role in the
zonally asymmetric TCO trends (not shown), although the
LOTM cannot well capture the ozone trends in these layers
where ozone photochemistry has an important effect on the
ozone concentrations.

WMO (2011) reported that mid-latitude TCO shows a
weak recovery signal after the mid-1990s due to the stead-
ily decreasing ODSs in response to the implementation of
the Montreal Protocol and its amendments. We select the
year 1997 as the turnaround year of the TCO time series
(Yang et al. 2006). The piecewise linear trends of TCO and
zonal TCO anomalies for the period 1979-1997 (referred
to as ‘ozone depletion’ period) and 1997-2015 (referred to
as ‘ozone recovery’ period) are shown in Fig. 3. During the
‘ozone depletion’ period (Fig. 3a), TCO decreases at dif-
ferent rates in different regions, although the TCO over the
whole middle latitudes show negative trends, as reported by
previous studies (e.g. Callis et al. 1997; Hadjinicolaou et al.
2005; Hood and Soukharev 2005). The maximum negative
TCO trend occurs over East Asia and the TCO decline over
northwestern North America is weak, as is more evident
in the linear trends of the zonal TCO anomalies (Fig. 3c).
During the ‘ozone recovery’ period (Fig. 3b), TCO over
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Fig.1 a,c, e, g Linear trends
of December—January—Febru-
ary (DJF) mean of total column
ozone (TCO) derived from a
NIWA data, ¢ ERA-Interim and
e MERRA reanalysis data as
well as g SLIMCAT simulation
for the period 1979-2015. b, d,
f, h are the same as a, c, e, g,
but for zonal TCO anomalies
(see Sect. 2 for details). The
linear trends over the dotted
regions are statistically signifi-
cant at the 90% confidence level
according to the Student’s ¢ test

(a) NwaTco (b) NIWATCOanom

15 -1-050 05 1 15 03 015 0 0.15 0.3
DUAr DU/
(c) interimTCO (d) interim Tcoanom

15-1-050 05 1 15 03 015 0 0.15 0.3
DUAr DU/yr

(e) MmERRATCO (f) MERRA TCOanom
0 0

45 -1-05 0 05 1 1. 03 015 0 0.5 03
DUyr DUyr
(g) sLmcaTTCO (h) suMcAT Tcoanom

-03 -015 0 0.15 0.3
DU/yr
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Fig.2 Linear trends of zonal
anomalies of DJF mean ozone
column between 70 and 300 hPa
for the period 1979-2015
derived from a ERA-Interim
reanalysis data, b MERRA
reanalysis data, ¢ SLIMCAT
simulation and d LOTM simu-
lation (see Sect. 2 for details).
The linear trends over the dotted
regions are statistically signifi-
cant at the 90% confidence level
according to the Student’s # test

(a) Interim 70-300hPa O3

(b) MERRA 70-300hPa O3

BN [ [ [ [T
-03-02 -01_ 0 0.1 02 03
DU/yr

most of the northern middle latitudes shows positive trends
except for the North Pacific and southern Atlantic Ocean
where TCO still shows a decreasing trend. Trend analysis
of zonal TCO anomalies shows that the positive trend in
zonal TCO anomalies over northwestern North America is
smaller but the positive trend over the eastern coast is larger
than those during the ‘ozone depletion’ period (Fig. 3c, d).
In addition, the center of maximum TCO decline shifts east-
ward and reaches over the North Pacific during the ‘ozone
recovery’ period. The center of positive trend in zonal TCO
anomalies over the Eurasian continent also shifts from the
northeastern region of the Caspian Sea to the northeastern
Asia. Overall, the wave-3 structure of trends in zonal TCO
anomalies shows an eastward shift during the ‘ozone recov-
ery’ period relative to the period before. A similar eastward
shift of zonal TCO anomalies in the Southern Hemisphere
during the period 1979-2005 was also reported by Gryt-
sai et al. (2007) and they attributed this phenomenon to the

@ Springer

decadal changes in planetary waves. The LOTM reproduces
the features of trends in zonal TCO anomalies over different
regions as exhibited in ERA-Interim data during the two
periods (Fig. 3e, ), suggesting that the ZAO changes are
essentially related to the geopotential height variations dur-
ing these periods. Note that the TCO trends in ERA-Interim
data are larger than those in the LOTM simulations possibly
because in the LOTM simulations the chemical ozone loss is
not included. To reveal the influence of natural variabilities
on ZAO trends and obtain more robust statistical signals, in
the following we analyze the trends of TCO and geopotential
height for the longer period 1979-2015.

The above result indicates that the geopotential height
changes play a key role in the ZAO trends in the northern
middle latitudes. Therefore, it is necessary to examine the
trend of the geopotential height and the large-scale dynami-
cal processes responsible for such a trend. Figure 4a shows
the differences of geopotential height and horizontal winds
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Fig.3 a, b Linear trends of DJF (a)
mean TCO derived from ERA-
Interim dataset for the period
1979-1997 and 1997-2015,
respectively. ¢, d are the same
as a, b, but for zonal TCO
anomalies. e, f Linear trends
of DJF mean zonal anomalies
of ozone column between

70 and 300 hPa simulated

by the LOTM for the period
1979-1997 and 1997-2015,
respecively

TCO (1979-1997)

in the UTLS between the 2000s and 1980s. Note that there
are positive height anomalies and anti-cyclonic flow anoma-
lies over the North Pacific, the northeastern Asia and the
North Atlantic regions; whereas, cyclonic flow anomalies
and the negative height anomalies can be noted over the
western coast of North America, South Atlantic and Central
Siberia during the 2000s compared to the 1980s. Similar
results have been also reported in previous studies which
showed that the positive (negative) height anomalies in the
UTLS lifted up (shifted down) ozone profiles and the asso-
ciated anti-cyclonic (cyclonic) flows lead to the divergence
(convergence) of the ozone concentrations in the UTLS, and
thereby the TCO decreases (increases) (e.g. Wirth 1993;

(b) TCO (1997-2015)

Zhang et al. 2015). It should be pointed out that the above
mentioned large-scale dynamical processes affecting TCO
are also presented in the LOTM.

Figure 4b shows longitude—height cross-sections (along
45°N) of geopotential height differences between the 2000s
and 1980s. The climatological mean of geopotential height
is also overplotted for reference. The tropospheric height
changes at middle latitudes are nearly barotropic above
500 hPa and extend into the lower stratosphere. The geo-
potential height shows positive changes over the North
Pacific, while there are negative height anomalies over
northwestern North America and the Atlantic Ocean, sug-
gesting that both the Aleutian Low and the Azores High
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Fig.4 DIJF mean differences between 2000s and 1980s in a geopoten-
tial height (color shaded) and horizontal wind vectors (vectors in
scales of 1 m s™!) averaged within the layer 70-300 hPa derived from
ERA-Interim dataset, b height-longitude cross section along 45°N of
geopotential height (color shaded), ¢ sea level pressure (SLP) derived
from ERA-Interim data, and d surface temperature. The contour lines
in b are climatological mean from 1979 to 2015 (contour interval:

are weakening for the period 1979-2015. The weakening of
the Aleutian Low and the Azores High are more noticeable
in terms of the sea level pressure (SLP) changes (Fig. 4c).
Wendler et al. (2014) also reported that the Aleutian Low
has weakened since the 1980s, related to the decline of
Pacific Decadal Oscillation (PDO). In addition, the SLP
around Iceland shows positive changes, corresponding to
the weakening of the Icelandic Low. The weakening of the

@ Springer

10°E 95°E 180°E 265°E 350°E

-30 -15 0 15 30
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SAT

gn°
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40 m, solid and dashed lines represent positive and negative lines,
respectively). The sea surface temperature (SST) in d is derived from
the NOAA Extended Reconstructed SST dataset and the land surface
temperature uses CRU TS v3.22 data. The differences over the dot-
ted regions are statistically significant at the 90% confidence level
according to the Student’s ¢ test

Icelandic Low and the Azores High are related to the nega-
tive trend of North Atlantic Oscillation (NAO)/AO for the
period 1979-2015 (Fig. 6a). Also note that there are posi-
tive SLP changes over Siberia (Fig. 4c), implying that the
Siberian High is enhanced, although the geopotential height
anomalies around 90°E are negative throughout the middle
and upper troposphere (Fig. 4b). Overall, the changes in the
geopotential height and SLP during the 2000s relative to the
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1980s are of opposite sign to the trends of TCO anomalies
(Fig. 1), particularly over the North Pacific and the Atlantic
Ocean, further supporting the notion that the ZAO trends
may be related to changes of tropospheric height and even
surface pressure. Figure 4d shows the decadal changes in
the surface temperature. Note that the SST over the western
and central North Pacific Ocean is increasing, while there
are evident negative SST changes over the eastern tropical
and extratropical Pacific, resembling a negative PDO-like
SST pattern, favorable for the weakening of the Aleutian
Low (Mantua et al. 1997). It should be pointed out that the
SST changes over the Pacific Ocean during autumn are simi-
lar with those during winter (not shown), suggesting that
the SST changes may precede the pressure and geopotential
height changes. The increased SST over the Atlantic Ocean
corresponds the weakening of the Azores High. In addition,
the land surface temperature derived from CRU data (Har-
ris et al. 2014) shows that Central Siberia has cooled for
the period 1979-2015 (Cohen et al. 2012), corresponding
to the deepening of the Siberian High. It is apparent that,

Fig.5 Spatial patterns (EOFs)
of DJF mean of geopotential
height at a—c 500 hPa, d—f

300 hPa and g-i 100 hPa for the
period 1979-2015. The number
at the top right corner of each
plot represents the percentage of
explained variance

42.2%

-0.015

-0.01

the surface temperature trends are in accordance with the
weakening of the Aleutian Low, Icelandic Low and Azores
High, and their associated height changes.

The above analysis indicates that the geopotential height
changes in the UTLS may be responsible for the ZAO trends.
A question arises as to what processes control the geopoten-
tial height changes in the past decades. Figure 5 shows the
spatial patterns of Empirical Orthogonal Function (EOF)
analysis of the geopotential height at 500 hPa, 300 hPa and
100 hPa. The first three leading EOFs of geopotential height
explain about 43%, 18% and 14% of the total variance at
these three levels, respectively. The spatial pattern of the
EOQOF1 is nearly identical to the AO pattern, as noted by
Thompson and Wallace (1998), with a zonally symmetric
seesaw pattern in geopotential height between the middle
latitudes and high latitudes. The spatial pattern of EOF2
resembles the COWL pattern in surface temperature, which
was first found by Wallace et al. (1995), and is an indicator
of the thermal contrast between continents and oceans. The
COWL pattern has a PNA-like structure over the eastern

(b) 500 hPa-EOF 2 17.8% (C) 500 hPa-EOF 3 14.5%
90 90y

(e) 300 hPa-EOF 2 15.4%
G0 E

19.2% (i) 100 hPa-EOF 8

-0.005 0
EOFs

@ Springer



4492

J.Zhang et al.

Pacific and the Continent of North America (Wu and Straus
2004a). Compared with the AO pattern, the COWL pattern
also has the elements of the NAO pattern, but its center over
the North Pacific has the same sign as the Arctic center and
has the opposite sign to the North Atlantic center. The EOF2
also explains part of the variance of the geopotential height
over Central Siberia where zonal TCO anomalies exhibit a
positive trend. At 100 hPa, the COWL pattern is relatively
weak, in particular for the center over Central Siberia, while
the center over the North Pacific shifts westward. The spatial
structure of EOF3 in the troposphere has no resemblance to
any known teleconnection patterns and it is characterized by
a north—south seesaw pattern between the middle latitudes
and the subpolar regions accompanied by a north—south
dipole over the Atlantic Ocean. However, it is interesting
that the structure of EOF3 at 100 hPa over the North Pacific
regions resembles the North Pacific pattern found by Tren-
berth and Hurrell (1994). Overall, the leading three EOFs
explain most of the total variance (about 75%) of geopoten-
tial height over the North Pacific region where a maximum

negative trend of TCO and zonal TCO anomalies for the
period 1979-2015 can be noted (Fig. 1).

Figure 6 shows principal component (PC) time series of
the first three leading EOFs of the geopotential height at
500 hPa, 300 hPa and 100 hPa. The PC1 is found to be
highly correlated with the AO index from the troposphere
to the stratosphere. Although the correlation coefficient
decreases with height, the correlation coefficient between
the PC1 of geopotential height at 100 hPa and the AO index
can be up to —0.71 (statistically significant at 99% confi-
dence level), suggesting a close coupling between the tropo-
sphere and the stratosphere. The PC2 of the geopotential
height in the troposphere and the stratosphere are highly
correlated with the COWL index. The significant correla-
tion between PC2 and the COWL index suggests that the
land—sea thermal contrast could exert a significant influence
on the geopotential height in the troposphere and even in
the lowermost stratosphere. Particularly noticeable is that
the COWL index shows a negative trend during the period
1979-2015 (Fig. 6b), corresponding to the weakening of
the Aleutian Low, Icelandic Low and Azores High (Fig. 4b,
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Fig.6 Time series of standardized a, d, g principal component
(PC)1, b, e, h PC2, and ¢, f, i PC3 of DJF mean geopotential height
at a—¢ 500 hPa, d—f 300 hPa and g—-i 100 hPa. Time series of AO,
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COWL and NP pattern index are also overplotted. The number on the
upper right corner of each plot represents the correlation coefficient
between EOFs and teleconnection pattern index
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¢) in this period. It is also interesting that the PC3 of the
100 hPa geopotential height has an anti-correlation with the
NP index, with a correlation coefficient of —(0.72; however,
there is no significant correlation between the tropospheric
PC3 and the NP index. This is possibly because the EOF2
explains the majority of tropospheric height variations over
the North Pacific while the EOF3 only explains a small part.
Overall, the AO and COWL could account for most of the
geopotential height variations at northern middle latitudes
during winter, consistent with the results of Wu and Stra-
tus (2004a, b). If the AO, COWL and NP patterns are all
included to regress the geopotential height, the lowermost
stratospheric height variations can be better reconstructed
than only using the AO and COWL.

Figure 7 shows the trend projections of the zonal TCO
anomalies onto the three patterns. A multiple linear regres-
sion (MLR) model is applied to the data for DJF mean of
zonal TCO anomalies and can be represented as follows:

ZAO®) = a® + a"? - AO(1) + aO"E . COWL(t) + o™ - NP(t) + £(2),
where ¢ is the time in 1-year increments, a® is the long-term
mean for DJF mean data, «* is the contribution coefficient
of DJF mean proxy x and £(¢) represents the residual time
series. The selected proxies include Arctic Oscillation (AO),

(a) TCO trend (b)

TCO trend (AO)

() Tcotrend (cowr) (d)  Tcotrend (NP)

-0.3 -0.2 -0.1

0 01 02 03
DUyr

Fig.7 Linear trends for the period 1979-2015 in DJF mean TCO: a
the total trend attributed to the AO, COWL and NP, the components
of the trend attributed to the b AO, ¢ COWL and d NP patterns. The
dotted regions represent the regions where zonal TCO anomalies are
significantly regressed on the AO, COWL and NP index at the 90%
confidence level according to the Student’s ¢ test

Cold-Ocean Warm Land (COWL) and North Pacific (NP)
index. The MLR trends of TCO anomalies using the three
pattern indices are also shown (Fig. 7a) and the regressed
trend is very close to the sum of the three trend projec-
tions using separate teleconnection patterns. Overall, the
regressed trends of zonal ozone anomalies in the UTLS
agree well with those derived from the observations (Fig. 1b,
d, f) and the LOTM simulations (Fig. 2d), with negative
trends over the North Pacific and positive trends over the
Continent of North America, the southern Atlantic Ocean
and Central Siberia, although in the regression model the
negative center of TCO trend over the northern Atlantic
Ocean disappears. The magnitudes of the regressed TCO
trends over the North Pacific, Central Siberia and Europe are
nearly identical to those values shown in Fig. 1b, d, f. Also
note that the COWL pattern and NP pattern together domi-
nate the ZAO trend pattern, while the AO pattern explains
a small part. This is understandable since the AO pattern
represents the zonally symmetric structure of atmospheric
circulation. The NP-related ZAO centers over North Amer-
ica and Central Siberia may be attributed to the downstream
effects of NP teleconnection (Linkin and Nigam 2008). It
can be seen from Fig. 7 that the positive trend in zonal TCO
anomalies over Central Siberia is mainly attributed to the
COWL change whereas the NP change explains a smaller
part. The negative trend in zonal TCO anomalies over the
North Pacific is also caused by the changes in COWL and
NP patterns. Also note that the changes in COWL and NP
patterns have almost the same contributions to the positive
trend over North America. In fact, the AO, COWL and NP
patterns reflect most of the tropospheric climate variability
(Wu and Straus 2004a); accordingly, the main feature of the
ZAO trends are well captured by the TCO changes associ-
ated with the three patterns, particularly for the COWL and
NP patterns, suggesting that tropospheric climate change
may exert a significant influence on the ZAO trend in the
northern middle latitudes.

4 The impact of the surface temperature
on ZAO trend

It has been found that the ZAO trend is related to tropo-
spheric planetary waves and teleconnection patterns. Some
studies reported that long-term changes in the atmospheric
teleconnection pattern and planetary wave can be signifi-
cantly affected by external forcing such as SST changes
(e.g. Janicot et al. 2001; Czaja and Frankignoul 2002;
Allen and Zender 2011; Hu et al. 2017; Zhou et al. 2017;
Li et al. 2018). Therefore, it is worth examining the impact
of SST changes on the zonally asymmetric TCO trend.
Here, we perform WACCM3 experiments with and with-
out prescribed SST trends to clarify the importance of the
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Fig.8 Linear trends of zonal (a) allforcing TCO

anomalies of a—¢ TCO and d—f
geopotential height averaged
between 70 and 300 hPa dur-
ing winter in run a, d RO (see
details in Sect. 2), b, e R1, and
¢, f R2 derived from WACCM3.
The linear trends over the dotted
regions are statistically signifi-
cant at the 90% confidence level
according to the Student’s ¢ test
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impact of SST changes on the ZAO trends. The detailed
configurations of the experiments (R0, R1 and R2) are
described in Sect. 2. Figure 8a shows the linear trends in
the simulated zonal TCO anomalies in RO (with all forc-
ings). The anti-correlation between zonal TCO anomalies
(Fig. 8a—c) and the geopotential height (Fig. 8d-f) aver-
aged between 70 and 300 hPa, which is evident in the
reanalysis data and the SLIMCAT simulation, are well
reproduced by the WACCM3. The PNA-like pattern in
trends of zonal TCO anomalies in RO is also similar to
that in the NIWA, ERA-Interim data and the SLIMCAT
simulation (Fig. 1d, f, h), although the positive center of
the PNA pattern shows a more northeastward shift in R0.
A belt of negative trends in zonal TCO anomalies over
northeastern Asia and the North Pacific are also repro-
duced by run R0. The west-east dipole structure in trends
of the zonal TCO anomalies over the Euro-Atlantic region
simulated by run R0 is similar to that in the reanalysis data
(Fig. 1d, ). In addition, the positive trend of zonal TCO
anomalies over Central Siberia is also captured by run
RO. Overall, the WACCM3 model captures most features
of ZAO trends seen in the reanalysis data and the SLIM-
CAT simulation. An exception is that the NAO-like TCO
anomalies in the reanalysis data cannot be seen in run RO.
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Also note that the simulated positive TCO trend over Sibe-
ria by RO is stronger and more westward than that in the
NIWA and ERA-Interim data, possibly due to the COWL
pattern being somewhat different from that simulated by
the WACCM3, although the COWL index in RO is signifi-
cantly correlated to the COWL index in reanalysis data,
with a correlation coefficient of 0.5 (Fig. 9a, b).

Figure 8b, e show the trends in zonal anomalies of TCO
and geopotential height simulated by R1 with a monthly
mean SST climatology. Although there is also a ‘ZAO’
trend in R1, the trend map is thoroughly different from that
in RO, the reanalysis data and the SLIMCAT simulation.
The trends in zonal anomalies of geopotential height in the
UTLS (Fig. 8e) are also quite different from those in R0.
Furthermore, the simulated PC2 in R1 is not significantly
correlated with the COWL index in reanalysis data (Fig. 9c,
d). In contrast, in run R2, which has fixed ODSs and pre-
scribed SST changes, the linear trends in zonal anomalies
of TCO and geopotential heights in the UTLS are nearly the
same as those in run R0. There is also a statistically signifi-
cant correlation coefficient (0.34) at 90% confidence level
between PC2 in R2 and COWL derived from the reanalysis
data (Fig. 9e, f). In summary, the WACCM3 simulations
further support that SST changes have important effects on
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Fig.9 a, c, e EOF2 spatial pat-
terns of DJF mean of geopoten-
tial height at 500 hPa and b, d,
f time series of standardized
PC2 of DJF mean geopotential
height at 500 hPa (black line)
derived from run a, b RO, ¢, d
R1, and e, f R2. Time series of
COWL pattern index derived
from the ERA-Interim rea-
nalysis data (red line) are also
overplotted in the right panel.
The number at the top right
corner of a, ¢, e represents the
percentage of explained vari-
ance by EOF2. The number on
the upper right corner of each
plotin b, d, f represents the cor-
relation coefficient between PC2
in each experiment and COWL
pattern index
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the observed trends of ZAO and geopotential heights, par-
ticularly over the North Pacific.

Figure 10a shows the correlation coefficients between
DJF mean zonal TCO anomalies over the North Pacific
and global SSTs during winter. We can see that there are
significant negative correlations over the central North
Pacific and positive correlations along the western coast
of North America and over the eastern equatorial Pacific.
The warming over the central North Pacific (Fig. 4d) gives
rise to the positive height trends over the North Pacific,
corresponding to the weakening of the Aleutian Low,
and hence, TCO decreases. In addition, a negative-phase
PDO-like SST trend pattern (Fig. 4d) is responsible for
the weakening of the Aleutian Low (Wendler et al. 2014)
and leads to positive correlations between TCO anoma-
lies and SSTs over the eastern tropical and extratropical
Pacific Ocean. There are also high correlations between
North Pacific TCO and SST variations over the Indian

Ocean and South Pacific Ocean, which may be related to
the non-local effects of the Inter-decadal Pacific Oscilla-
tion (IPO) (Parker et al. 2007; Dong and Dai 2015). By
contrast, the correlations (not shown) between zonal TCO
anomalies averaged over northwestern North America
and SSTs are of opposite sign to the correlations of zonal
TCO anomalies over the North Pacific, suggesting that the
SST changes have a significant contribution to the positive
TCO trends over northwestern North America (Fig. 1).
Figure 10b shows the correlation coefficients between
DJF mean of zonal TCO anomalies averaged over the Azores
and adjacent ocean and global SST variations during winter.
There are significant positive correlations over the Iceland
and the tropical Atlantic Ocean and negative correlations
over the Azores during winter, which shows a NAO-like
correlation pattern. The significant NAO-like correlation
between TCO and Atlantic SST seems to contradict the find-
ing that AO/NAO only explained a small component of TCO
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Fig. 10 a Correlation coefficients between DJF mean of zonal TCO
anomalies averaged over the North Pacific region (45°N, 180°-
210°E) and global SST. b Correlation coefficients between DJF mean
of zonal TCO anomalies over the Azores and adjacent ocean (45°N,
30°-60°W) and global SST. ¢ Correlation coefficients between DJF
mean of zonal TCO anomalies over Central Siberia (55°N, 85°-
120°E) and global land surface temperature. The black lines enclose
the region in which correlation coefficients are statistically significant
at the 90% confidence level according to the Student’s 7 test

trend over the Atlantic Ocean (Fig. 7b). This is possibly
related to the polar vortex shifting away from North Amer-
ica (Zhang et al. 2016), leading to negative PV anomalies
associated with anti-cyclonic flows and positive geopoten-
tial height anomalies in the UTLS over the northern part
of the Atlantic Ocean (Fig. 4a). It is accompanied by nega-
tive height anomalies over the southern part of the Atlantic
Ocean (Fig. 4a) due to stratospheric Northern Annular Mode
variability (Limpasuvan and Hartmann 2000). The NAO-like
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UTLS geopotential height anomalies could cause NAO-like
TCO anomalies. The above analysis results suggest that the
NAO-like correlation and trends in TCO (Fig. 1) is partially
explained by the stratospheric polar vortex variability, rather
than merely due to the tropospheric NAO teleconnection,
which is consistent with the conclusion of Ambaum and
Hoskins (2002).

The correlation coefficients between the DJF mean of
zonal TCO anomalies over Central Siberia and land sur-
face temperature changes in winter are shown in Fig. 10c.
Note that there are negative correlations over the mid-
high latitude Eurasian continent during winter. The cool-
ing land surface temperature over Central Siberia (Fig. 4d)
decreases the tropopause height and produces a negative
COWL trend (Fig. 6b) which is responsible for the positive
trend in zonal TCO anomalies over this region (Fig. 1). In
addition, the positive correlation between TCO anomalies
over Central Siberia and the surface temperature varia-
tions over Greenland (Fig. 10c) may also be related to the
COWL teleconnection (Wu and Stratus 2004a; He et al.
2014).

Finally, it is worth discussing the impacts of chemi-
cal processes on the ZAO trend. To quantify chemical
ozone changes, the SLIMCAT off-line model (see details
in Sect. 2) is employed. Although the ozone decline due
to chemical processes has ceased and is likely beginning
to reverse (Chipperfield et al. 2017), here we just analyze
the contribution of chemical processes to the ZAO trend
over the period 1979-2015 and do not attempt to separate
the ‘ozone recovery’ period from the ‘ozone depletion’
period. Figure 11a shows the linear trends of zonal anoma-
lies of chemical TCO (see Sect. 2). Note that the trends of
chemical ozone in the northern middle latitudes are also
longitude-dependent, with negative trends of zonal TCO
anomalies over Central Siberia, but positive trends over
the Bering Sea and Alaska. Figure 11b shows the ver-
tical distribution of chemical ozone trends over Central
Siberia. It is found that there are negative chemical ozone
trends corresponding to an enhanced chemical ozone loss
throughout the stratosphere for the period 1979-2015,
and the most evident ozone decline occurs at 30 hPa. In
the UTLS (~300-70 hPa), the ZAO trend largely depends
on changes in large-scale dynamical processes. Zhang
et al. (2018) found that more Arctic poor-ozone air rich in
active chlorine was transported to Siberia since 1980 lead-
ing to stronger chemical ozone loss as a consequence of
the Artic polar vortex shift towards Eurasia (Zhang et al.
2016). Therefore, the strong chemical TCO decline over
Siberia and simultaneous increase in ozone over Alaska
(Fig. 11a) may be related to the Artic polar vortex shift
towards Siberia. Meanwhile, the positive trend in the sim-
ulated zonal TCO anomalies by the LOTM (Fig. 2d) in
the absence of chemical ozone loss is larger over Central
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Fig. 11 a Linear trends for the
period 1979-2015 of DJF mean
chemical TCO (see details in
Sect. 2) derived from SLIM-
CAT simulations. The linear
trends over the dotted regions
are statistically significant at the
90% confidence level according
to the Student’s ¢ test. b Vertical
distribution of linear trends in
chemical ozone averaged over
50°=70°N, 60°-90°E. The error
bars represent two-¢ uncertain-
ties
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Siberia, while the positive trend over northwestern North
America from the LOTM simulation is smaller than those
in the ERA-Interim data (Fig. 1d), which is closely related
to the impact of chemical processes on ZAO trends. Over-
all, the above analysis suggests that chemical processes
also contribute to the ZAO trend; however, the contribu-
tion of chemical processes to trends in zonal TCO anoma-
lies (Fig. 11) is smaller than that of dynamical processes
(Fig. 2d).

5 Summary and discussion

In this paper, we analyzed the zonally asymmetric TCO
trends at the northern middle latitudes for the period
1979-2015. The main factors responsible for these trends are
diagnosed using various data sets, a linear ozone transport
model (LOTM), a chemistry-climate model (WACCM3) and
an offline chemical transport model (SLIMCAT). It is found
that there are maximum decreasing TCO trends over the
North Pacific and relatively weaker decreasing TCO trend
over the northern Atlantic Ocean and the northern Caspian
Sea in winter, while increasing TCO trends are noted over
northwestern North America and Central Siberia, suggesting
that the ozone trends in northern mid-latitude winter are lon-
gitude-dependent. The LOTM results indicate that the trends
in zonal anomalies of the partial ozone column between 70
and 300 hPa contribute most to the zonally asymmetric TCO
trend at northern middle latitudes, and this result is also
supported by ERA-Interim and MERRA reanalysis data.
It is also found that the ZAO trends are closely related to
the long-term changes in the geopotential height extending
from the middle troposphere to the lower stratosphere. The
positive (negative) height changes and associated anomalous
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anti-cyclonic (cyclonic) flows tend to change the vertical
distribution of ozone via ozone transport in the UTLS,
leading to TCO decreases (increases). Similar conclusions
can be drawn during either the ‘ozone depletion’ period
(1979-1997) or the ‘ozone recovery’ period (1997-2015),
based on a piecewise trend analysis.

EOF analysis of the geopotential height in the tropo-
sphere and lower stratosphere reveals that the first leading
mode resembles the AO pattern. The second mode looks
like the COWL pattern that is related to the large-scale
land—sea thermal contrast. It is interesting that the third
mode of the lowermost stratospheric height (100 hPa) vari-
ations is significantly correlated to the NP pattern. Fur-
thermore, the main features of the ZAO trends are related
to changes in the COWL and NP patterns, while the AO
pattern can only explain a minor component of the ZAO
trends. Our results also suggest that the negative trend
in COWL and positive trend in NP index are related to
the weakening of the Aleutian Low during 1979-2015,
extending from the surface to the lower stratosphere,
which have a significant impact on the ZAO trends at
northern middle latitudes.

Further analysis reveals that variations in zonal TCO
anomalies over the North Pacific, the Atlantic Ocean and
Central Siberia have good correlations with surface tempera-
ture changes over these regions. In addition, the WACCM3
model experiment with prescribed SST trends reproduces
similar trends of zonal TCO anomalies as found in NIWA
observations and reanalysis data; however, the model experi-
ment without interannual SST variability did not. Therefore,
both the observations and model results confirm that the
changes in the surface temperature can significantly influ-
ence the ZAO trend and imply a longitude-dependent return
dates of TCO at northern middle latitudes in the future.
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Relative to the large-scale dynamical effects, the chemical
effects on the zonally asymmetric TCO trend are smaller.
Enhanced chemical ozone loss partially offsets the dynam-
ically-driven positive trends in zonal TCO departures over
Central Siberia, while simultaneous ozone increases over
Alaska strengthen the dynamically-driven positive trend of
zonal TCO departure over northwestern North America. The
enhanced ozone chemical loss over Central Siberia may be
related to more Arctic air with high levels of active chlorine
radicals transported towards the region (Zhang et al. 2018),
as a result of the shift of the Arctic stratospheric polar vortex
towards Central Siberia since 1980.

In this study, we have shown that the changes in trop-
ospheric teleconnection patterns (especially the COWL
pattern) associated with surface temperature changes and
atmospheric internal variability could exert a significant
influence on the planetary wave structure in the UTLS geo-
potential heights. Consequently, the longitude-dependent
TCO trends and the regional stratospheric ozone recovery
rate could be affected by the surface temperature changes.
This result highlights the importance of improving General
Circulation Model’s and Chemistry Climate Model’s abili-
ties to simulate surface temperature and associated tropo-
spheric teleconnection patterns for the purpose of more rea-
sonably predicting the interannual variability and long-term
trend of TCO in the northern middle latitudes.

Previous studies used an observed stratospheric zonal
ozone anomaly during the ozone depletion period to force a
climate model and found that the ZAO anomaly could induce
a weakening of the Iceland Low and a shift of tropospheric
circulation towards the negative phase of NAO (Gabriel
et al. 2013; Peters et al. 2015). Consequently, the negative
TCO trend over the northern part of the Atlantic Ocean will
be more negative and the ZAO structure may be strength-
ened. By contrast, the asymmetric ozone anomaly will cause
an intensification of the Aleutian Low, leading to a negative
feedback effect on the ZAO structure, i.e., smoothing the
mid-latitude ZAO trend, according to our study. Overall,
the feedback effects of ZAO on tropospheric circulation are
complicated and deserve more investigation in the future.
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