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ABSTRACT

Total  column ozone (TCO) over the Tibetan Plateau (TP) is  lower than that  over other regions at  the same latitude,
particularly in summer. This feature is known as the “TP ozone valley”. This study evaluates long-term changes in TCO
and the ozone valley over the TP from 1984 to 2100 using Coupled Model Intercomparison Project Phase 6 (CMIP6). The
TP ozone valley consists of two low centers, one is located in the upper troposphere and lower stratosphere (UTLS), and
the other is in the middle and upper stratosphere. Overall, the CMIP6 models simulate the low ozone center in the UTLS
well and capture the spatial characteristics and seasonal cycle of the TP ozone valley, with spatial correlation coefficients
between the modeled TCO and the Multi  Sensor Reanalysis version 2 (MSR2) TCO observations greater than 0.8 for all
CMIP6 models. Further analysis reveals that models which use fully coupled and online stratospheric chemistry schemes
simulate the anticorrelation between the 150 hPa geopotential  height  and zonal  anomaly of  TCO over the TP better  than
models  without  interactive chemistry schemes.  This  suggests  that  coupled chemical-radiative-dynamical  processes  play a
key  role  in  the  simulation  of  the  TP ozone  valley.  Most  CMIP6 models  underestimate  the  low center  in  the  middle  and
upper  stratosphere  when  compared  with  the  Microwave  Limb  Sounder  (MLS)  observations.  However,  the  bias  in  the
middle  and  upper  stratospheric  ozone  simulations  has  a  marginal  effect  on  the  simulation  of  the  TP  ozone  valley.  Most
CMIP6 models predict the TP ozone valley in summer will deepen in the future.
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Article Highlights:

•  Most CMIP6 models can capture the seasonal cycles and spatial characteristics of the TP ozone valley.
•  Chemical-radiative-dynamical processes play an important role in the simulation of the TP ozone valley.
•  The multi-model mean of CMIP6 simulations predicts that the TP ozone valley in summer will deepen in the future.

 

 
  

1.    Introduction

Stratospheric  ozone  not  only  provides  local  heating  in
the stratosphere but also modulates the global radiative bal-
ance by absorbing shortwave radiation as well as absorbing
and emitting longwave radiation (Ramaswamy et al., 1996;
de F. Forster and Shine, 1997; Shindell et al., 1999; Zhang
et al.,  2018a). In addition to its radiative effects on the cli-

mate  system,  stratospheric  ozone  can  affect  tropospheric
weather  and  climate  through  chemical-radiative-dynamical
coupling  processes  (Sexton,  2001; Tian  and  Chipperfield,
2005; Nowack, et al., 2015; Xie et al., 2016). Since the discov-
ery  of  the  Antarctic  ozone  hole  in  1985,  the  long-term
changes  in  stratospheric  ozone  and  its  influencing  factors
have been widely discussed and studied by the scientific com-
munity  ((World  Meteorological  Organization,  2018).  In
1994, Zhou  and  Luo  (1994) identified  the  existence  of  an
“ozone  valley ”  over  the  Tibetan  Plateau  (TP)  in  summer
using the Total Ozone Mapping Spectrometer (TOMS) satel-
lite data. This ozone valley is characterized by total column
ozone (TCO) values approximately 10% lower over the TP
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than that over other regions at the same latitude (Kiss et al.,
2007).  The  TP  ozone  valley  has  noticeable  seasonal  vari-
ations and is generally most pronounced from May to Septem-
ber.

Since then, further studies have been conducted to ana-
lyze the formation mechanism of the summertime TP ozone
valley. The high elevation of the TP is one of the important
factors  which  cause  the  ozone  valley  (Ye  and  Xu,  2003;
Bian  et  al.,  2006, 2011, 2020). Ye  and  Xu  (2003) calcu-
lated  that  column  compression  caused  by  high  topography
alone  can  result  in  a  reduction  of  TCO  over  Lhasa  by  a
factor of ~2.54%. Furthermore, Bian et al. (2011, 2020) dis-
covered  that  air  column  shortage  by  the  high  topography
alone accounts for half of the decreased TCO values in the
TP  ozone  valley  compared  to  other  locations.  The  other
important  factors  that  are  responsible  for  the  formation  of
the TP ozone valley are dynamic processes, including the ver-
tical  advection  of  ozone  and  air  expansion  due  to  deep
thermally forced circulations (Zhou and Luo, 1994), strato-
sphere−troposphere mass exchange (Cong et  al.,  2002; Liu
et al., 2003; Zhou et al., 2004; Fan et al., 2008), changes in
geopotential  height  and  circulation  associated  with  the
Asian summer monsoon (Zhou and Zhang, 2005; Guo et al.,
2012; Li et al., 2020), and large-scale uplift of isentropic sur-
faces and tropopause height (Tian et al., 2008; Zhang et al.,
2014).  In  addition  to  the  summertime  ozone  valley,  there
are  occasional  extreme  ozone  lows,  with  TCO  values  less
than 220 DU over the TP during winter, which are also the
result of dynamical processes (Bian, 2009; Liu et al., 2010).

The  aforementioned  studies  mainly  used  satellite  data
and ground-based observations to identify the main character-
istics of the ozone valley and its influencing factors. Addition-
ally, some studies have used numerical models to clarify the
relative contributions of dynamical  and chemical  processes
to the formation of the TP ozone valley. Using a three-dimen-
sional  chemical  transport  model  (OSLO CTM2), Liu  et  al.
(2003) found  that  troposphere-to-stratosphere  transport
plays  a  dominant  role  in  the  summertime  ozone  reduction
seen  in  the  upper  troposphere  and  lower  stratosphere
(UTLS), while chemical processes play a minor role. Using
WRF-Chem, Yan  and  Bian  (2015) discovered  that  tropo-
sphere-to-stratosphere transport is controlled by deep convec-
tion  induced  by  the  Asian  summer  monsoon.  In  addition,
Tian  et  al.  (2008) using  UM-SLIMCAT  chemistry-climate
model, pointed out that the large-scale uplift of isentropic sur-
faces  associated  with  the  anticyclonic  circulation  of  the
Asian monsoon also makes a significant contribution to the
ozone  valley,  which  is  larger  than  that  of  chemical  pro-
cesses. Although numerical models are an important tool for
research on the TP ozone valley, few studies have assessed
the ability of climate models to accurately simulate key char-
acteristics of the TP ozone valley, such as its spatial distribu-
tion, seasonal cycle, and interannual variation. The Coupled
Model Intercomparison Project Phase 6 (CMIP6) (Eyring et
al., 2015) brings together the most advanced currently avail-
able climate models in the world. This study aims to evalu-

ate the performance of the CMIP6 models in the simulation
of stratospheric ozone and the ozone valley over the TP.

The long-term trend in stratospheric ozone over the TP
is also an interesting topic. Previous studies have revealed a
negative trend in the TCO over the TP from 1979 to 1997,
while the TP TCO after 1997 shows a slightly positive trend
(although this trend was not deemed statistically significant)
(Chen et al., 2017; Li et al., 2020). In contrast, the TP ozone
valley,  calculated  as  the  TCO  anomaly  over  the  TP  from
zonal  mean  TCO  values,  exhibits  no  significant  summer-
time trend (Zhou et al.,  2013; Zhang et al.,  2014), suggest-
ing that the stratospheric ozone trend over the TP is essen-
tially consistent with the ozone trends in other regions at the
same latitude. The question arises as to whether the CMIP6
models  can  accurately  reproduce  the  historical  TP  strato-
spheric ozone changes. Furthermore, little is known regard-
ing the trends in stratospheric ozone over the TP and the TP
ozone valley in the future. This study focuses on following
questions: (1) How accurately do the CMIP6 models simu-
late  the  seasonality  and  interannual  variations  in  the  TCO
and stratospheric ozone over the TP when compared to obser-
vations?  (2)  Is  the  summertime  ozone  valley  over  the  TP
and its close relationship to dynamical processes associated
with  the  South  Asian  High  successfully  simulated  in  the
CMIP6  models?  (3)  What  are  the  future  trends  in  strato-
spheric ozone over the TP, and how is the TP ozone valley
projected  to  change?  The  structure  of  the  paper  is  organ-
ized as follows. Section 2 describes the CMIP6 models and
simulations  used in  this  study.  Long-term changes  in  TCO
and  stratospheric  ozone  over  the  TP  are  evaluated  in  sec-
tion 3. Section 4 provides a comprehensive summary. Our res-
ults  should  inform  and  motivate  future  studies  that  use
CMIP6  simulations  to  investigate  stratospheric  ozone
changes over the TP. 

2.    Data and methods
 

2.1.    Data

Observed TCO is derived from the Multi Sensor Reana-
lysis version 2 (MSR2) dataset (van der A et al., 2010). Four-
teen  total  ozone  satellite  retrieval  datasets  from  the  instru-
ments TOMS (on the satellites Nimbus-7 and Earth Probe),
SBUV  (Nimbus-7,  NOAA-9,  NOAA-11,  and  NOAA-16),
GOME  (ERS-2),  SCIAMACHY  (Envisat),  OMI  (EOS-
Aura), and GOME-2 (Metop-A) were used in MSR2. Ozone
profiles  are  obtained  from  the  Stratospheric  Water  and
Ozone Satellite Homogenized (SWOOSH, version 2.5), data-
set  for  the  period  1984−2014 (Davis  et  al.,  2016)  and  ver-
sion  4.2x  Aura  Microwave  Limb  Sounder  (MLS)  Level  2
data  for  the  period  of  2005−14 (Livesey  et  al.,  2016).  The
SWOOSH dataset is a merged record of stratospheric ozone
and water vapor measurements taken by several limb sound-
ing  and  solar  occultation  satellites  (SAGE-II/III,  UARS
HALOE,  UARS MLS,  and  Aura  MLS instruments).  It  has
31  pressure  levels  from  300  to  1  hPa.  The  TP  region  is
defined as 27.5°−37.5°N, 75°−105°E. A summary of the mod-
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els and data available used in this study is provided in Table 1.
In  this  study,  the  zonal  anomaly of  one variable  is  defined
as the departure of this variable at a given location from its
corresponding zonal mean.
 

2.2.    Models

In  this  study,  we  evaluated  TCO  and  stratospheric

ozone  mixing  ratios  over  the  TP  derived  from  14  models
that  participated in  CMIP6:  BCC-CSM2-MR, BCC-ESM1,
CESM2,  CESM2-WACCM,  CNRM-CM6-1,  CNRM-
ESM2-1,  E3SM-1-0,  FGOALS-g3,  GFDL-CM4,  GFDL-
ESM4,  IPSL-CM6A-LR,  MRI-ESM2-0,  SAM0-UNICON,
and  UKESM1-0-LL.  Five  of  these  models  (CESM2-
WACCM,  CNRM-ESM2-1,  GFDL-ESM4,  MRI-ESM2-0,

Table 1.   Overview of models and data available used in this study.

Model Resolution Stratospheric Chemistry Ozone Datasets

BCC-CSM2-MR 320 × 160 longitude/latitude;
46 levels; top level 1.46 hPa

Prescribed (CMIP6 dataset) Historical
SSP2-4.5
SSP5-8.5

Wu et al. (2020)
Xin et al. (2019)

BCC-ESM1 128 × 64 longitude/latitude;
26 levels; top level 2.19 hPa

Prescribed (CMIP6 dataset) Historical Zhang et al. (2018b)

CESM2 288 × 192 longitude/latitude;
32 levels; top level 2.25 hPa

Prescribed (other) Historical
SSP2-4.5
SSP5-8.5

Danabasoglu (2019a)
Danabasoglu (2019b)

CESM2-WACCM 144 × 96 longitude/latitude;
70 levels; top level 4.5 × 10−6 hPa

Interactive chemistry Historical
SSP2-4.5
SSP5-8.5

Danabasoglu (2019c)
Danabasoglu (2019d)

CNRM-CM6-1 T127; Gaussian Reduced with 24572
grid points in total distributed over
128 latitude circles (with 256 grid
points per latitude circle between 30°N
and 30°S reducing to 20 grid points
per latitude circle at 88.9°N and
88.9°S); 91 levels; top level 78.4 km

Simplified online scheme Historical
SSP2-4.5
SSP5-8.5

Voldoire (2018)
Voldoire (2019)

CNRM-ESM2-1 T127; Gaussian Reduced with 24572
grid points in total distributed over
128 latitude circles (with 256 grid
points per latitude circle between 30°N
and 30°S reducing to 20 grid points
per latitude circle at 88.9°N and
88.9°S); 91 levels; top level 78.4 km

Interactive chemistry Historical
SSP2-4.5
SSP5-8.5

Seferian (2018)
Seferian (2019)

E3SM-1-0 Cubed sphere spectral-element grid;
5400 elements with p=3; 1° average
grid spacing; 90 × 90 × 6
longitude/latitude/cubeface;
72 levels; top level 0.1 hPa

Simplified online scheme Historical Bader et al. (2019)

FGOALS-g3 180 × 80 longitude/latitude;
26 levels; top level 2.19 hPa

Prescribed (CMIP6 dataset) Historical
SSP2-4.5
SSP5-8.5

Li (2019)

GFDL-CM4 360 × 180 longitude/latitude;
33 levels; top level 1 hPa

Prescribed (CMIP6 dataset) Historical
SSP2-4.5
SSP5-8.5

Guo et al. (2018a)
Guo et al. (2018b)

GFDL-ESM4 360 × 180 longitude/latitude;
49 levels; top level 1 Pa

Interactive chemistry Historical
SSP2-4.5
SSP5-8.5

Krasting et al. (2018)
John et al. (2018)

IPSL-CM6A-LR 144 × 143 longitude/latitude;
79 levels; top level 80 km

Prescribed (CMIP6 dataset) Historical
SSP2-4.5
SSP5-8.5

Boucher et al. (2018)
Boucher et al. (2019)

MRI-ESM2-0 192 × 96 longitude/latitude;
80 levels; top level 0.01 hPa

Interactive chemistry Historical
SSP2-4.5
SSP5-8.5

Yukimoto et al. (2019a)
Yukimoto et al. (2019b)

SAM0-UNICON 288 × 192 longitude/latitude;
30 levels; top level ~2 hPa

Prescribed (CMIP6 dataset) Historical Park and Shin (2019)

UKESM1-0-LL 192 × 144 longitude/latitude;
85 levels; top level 85 km

Interactive chemistry Historical
SSP2-4.5
SSP5-8.5

Tang et al. (2019)
Good et al. (2019)
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and  UKESM1-0-LL)  use  fully  coupled,  interactive  strato-
spheric chemistry, while two (CNRM-CM6-1 and E3SM-1-
0)  use  a  simple  chemistry  scheme.  The  remaining  seven
(BCC-CSM2-MR,  BCC-ESM1,  CESM2,  FGOALS-g3,
GFDL-CM4,  IPSL-CM6A-LR,  and  SAM0-UNICON)  do
not include an interactive chemistry scheme and instead pre-
scribe stratospheric ozone according to the CMIP6 ozone data-
base (except in the case of CESM2, which prescribes ozone
values  from CESM2-WACCM simulations)  (Keeble  et  al.,
2020).

To  evaluate  long-term  changes  in  stratospheric  ozone
over  the  TP,  this  study  uses  two  types  of  simulations,  the
CMIP6  historical  simulations  and  the  Scenario  MIP  future
simulations (O’Neill et al., 2017). The CMIP6 historical simu-
lations run from 1850−2014,  and the models  are forced by
common datasets based on observations that include histor-
ical  changes  in  short-lived  species  and  long-lived  green-
house gases (GHGs), global land use, solar forcing, and strato-
spheric  aerosols  from  volcanic  eruptions.  This  study  only
uses  the  historical  simulation  for  the  period  of  1984−2014
for a comparison with the SWOOSH observations. The Scen-
ario  MIP  future  simulations  run  from  2015−2100  and  fol-
low  the  newly  developed  shared  socioeconomic  pathways
(SSPs),  which  provide  future  emissions  and  land-use
changes based on scenarios directly relevant to societal con-
cerns regarding climate change impacts, adaptation, and mitig-
ation.  This  study  explores  future  ozone  changes  under  the
middle  of  the  road  (SSP2)  and  fossil-fueled  development
(SSP5)  scenarios.  Specifically,  we  use  the  ozone  output
derived  from  the  SSP2-4.5  and  SSP5-8.5  scenarios.  It
should  be  noted  that  the  SSP2-4.5  and  SSP5-8.5  simula-
tions  from  BCC-ESM1,  E3SM-1-0  and  SAM0-UNICON
are  not  available  publicly  at  the  time  this  paper  was  pre-
pared. 

3.    Results

Figure  1 shows  the  spatial  patterns  of  the  zonal  TCO
anomalies  from  the  zonal  mean  over  the  TP  derived  from
the MSR2 observations and 14 CMIP6 models. All the mod-
els  show negative  TCO anomalies  over  the  TP,  suggesting
that all the models broadly capture the ozone valley over the
TP. The TP ozone valley has a similar shape to the TP topo-
graphy,  showing that  the  terrain  has  a  significant  effect  on
the total ozone (Bian, 2009; Bian et al., 2013). Note that the
BCC-CSM2-MR,  BCC-ESM1,  and  GFDL-ESM4  undere-
stimate  the  magnitude  of  the  ozone  valley  over  the  TP,
whereas  the  other  models,  particularly  the  CESM2,
CESM2-WACCM,  MRI-ESM2-0,  and  UKESM1-0-LL,
noticeably  overestimate  it  (Fig.  2).  In  addition,  the  area  of
the ozone valley in GFDL-ESM4 is smaller than that in the
other  models,  with  the  zero-contour  line  approaching  the
southern slope of the TP.

Figure  3a shows  the  seasonal  cycle  of  TCO  over  the
TP.  Many  models  reproduce  the  seasonal  cycle  of  TCO
well, with low TCO values in September−October and high

values  in  March−April.  This  feature  is  mainly  caused  by
stronger  extratropical  ozone  dynamical  transport  by  the
Brewer−Dobson  circulation  in  winter  and  spring  and
weaker  ozone  transport  in  summer.  Photochemical  ozone
loss  until  the  end  of  autumn  plays  a  secondary  role
(Fioletov  and  Shepherd,  2003).  The  peak  value  of  ozone
buildup simulated by SAM0-UNICON and UKESM1-0-LL
occurs earlier  than the observed value,  while the minimum
value  in  CNRM-CM6-1  and  CNRM-ESM2-1  occurs  one
month earlier than that in the observations and multi-model
mean. The seasonal cycle of the TP ozone valley in the obser-
vations  and  CMIP6  models  is  shown  in Fig.  3b.  The  min-
imum value of the zonal anomaly of TP TCO in the MSR2
dataset is found in May because the warm air dome induced
by  the  elevated  heat  source  over  the  TP  reaches  its  max-
imum in May (Ye and Xu, 2003; Tu et al., 2018). Some of
the models (e.g., UKESM1-0-LL, FGOALS-g3, and GFDL-
CM4) capture the minimum value in May well, while the min-
imum  value  in  other  models  (e.g.,  CESM2,  BCC-ESM1,
and CNRM-ESM2-1) is  found in June,  which leads to two
minimum  values  in  multi-model  mean,  lasting  from  May
into June.

Figures  3c and d show  seasonal  cycles  of  ozone  mix-
ing ratios and zonal ozone anomalies averaged between 70
and 150 hPa over the TP. The minimum value of ozone in
the  lower  stratosphere  occurs  in  summer,  which  is  earlier
than  the  TCO  minimum  in  autumn  (Fig.  3a).  By  contrast,
the timing of the minimum value of the zonal ozone anom-
aly over the TP is the same as that of the ozone valley, sug-
gesting that  the  low ozone center  in  the  lower  stratosphere
mainly accounts for the TP ozone valley (Tian et al., 2008;
Guo et al., 2012; Bian et al., 2013). While there is good agree-
ment  between  the  seasonal  cycle  of  the  multi-model  mean
of the TCO and the lower stratospheric ozone mixing ratios
with  those  in  the  observations,  the  CMIP6  multi-model
mean  values  are  larger  than  the  observed  values  (Figs.  3a,
c).  However,  there  are  no  significant  differences  in  the
zonal anomalies of TCO and the lower stratospheric ozone
over  the  TP  between  the  observed  and  the  multi-model
mean values (Figs. 3b, d), implying that systemic error was
eliminated from the TP ozone valley by removing the zonal
mean.

The time series of observed TCO over the TP and TCO
from individual CMIP6 models as well as the CMIP6 multi-
model mean are shown in Fig. 4a. While most CMIP6 mod-
els show distinct interannual variability, there is no interan-
nual  variability  in  CESM2  and  SAM0-UNICON.  Overall,
the average of the multi-model mean TCO over the TP dur-
ing 1984−2014 is larger than that derived from MSR2 data-
set by about 10 DU (which is marked as black and dot line
in Fig.  4).  Observed  TCO  over  the  TP  shows  a  minimum
value in  1993 due to  ozone loss  induced by volcanic  aero-
sols emitted during the eruption of Mt Pinatubo. After 1993
TCO  shows  a  slightly  positive  trend,  which  is  consistent
with the previous literature (Zhou et al., 2013; Zhang et al.,
2014). By contrast, the multi-model mean TCO shows a relat-
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ively weak increase, with some models (e.g., CNRM-CM6-
1  and  CNRM-ESM2-1)  indicating  a  decline  after  the  mid-
1990s. Figure  4b shows  the  time  series  of  the  June-July-
August  (JJA)  zonal  mean  TCO anomaly.  The  summertime
ozone  valley  over  the  TP  derived  from  the  MSR2  dataset
shows a negative trend without significance (Fig. 4c), consist-
ent with the findings of Zhou et al. (2013) and Zhang et al.
(2014).  In  contrast,  nearly  all  CMIP6  models  (except  for
CNRM-ESM2-1 and E3SM-1-0) show positive trends in the
JJA  mean  ozone  valley,  corresponding  to  a  weakening  of
the TP ozone valley. Eight models (BCC-CSM2-MR, BCC-
ESM1,  CESM2,  CNRM-ESM2-1,  GFDL-ESM4,  MRI-
ESM2-0, SAM0-UNICON, and UKESM1-0-LL) have posit-
ive  trends  that  are  significant  at  the  90% confidence  level,
leading to a significant positive trend in multi-model mean
value  (Fig.  4c).  The  reasons  for  the  discrepancy  in  the

trends of the summertime TP ozone valley between the obser-
vations  and  most  CMIP6  models  are  worthy  of  future
research.

Taylor  (2001) diagram  provides  a  statistical  summary
of  how  quantitatively  similar  spatial  patterns  are  between
model  simulations  and  observational  data  and  has  been
widely used to test various aspects of model performances.
Figure 5 shows the Taylor diagram for the 14 CMIP6 model
performances  for  the  zonal  TCO  anomaly  over  the  TP
against  MSR2 dataset  for  1984−2014.  Overall,  most  of  the
CMIP6 models can reproduce the basic spatial pattern of the
ozone  valley,  with  all  spatial  correlation  coefficients  being
greater than 0.8. However, there is a large range in the ratio
of  the  standardized  interannual  variances  of  the  models  to
that  of  the  observations,  with  BCC-CSM2-MR  having  the
smallest ratio and MRI-ESM2-0 having the largest ratio. In

 

 

Fig. 1. June−July−August (JJA) mean total column ozone (TCO) anomalies (units: DU) from the zonal mean for the period
of 1984−2014 derived from the MSR2 observations and CMIP6 models. The solid and dashed lines represent positive and
negative values, respectively. The white curve line denotes the 4000 m topographical isoline.
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Fig.  2. JJA  mean  differences  in  zonal  TCO  anomalies  (units:  DU)  between  the  CMIP6  models  and  MSR2
observations. The solid and dashed lines represent positive and negative values, respectively. The white curve line
denotes the 4000 m topographical isoline.
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addition,  compared  to  the  MSR2 dataset,  the  BCC-CSM2-
MR,  BCC-ESM1,  and  GFDL-ESM4  have  positive  biases,
(consistent with Fig. 2), whereas the other models have negat-
ive biases.

It  has  been  documented  that  the  intensity  of  the  TP
ozone valley  is  closely  related  to  the  strength  of  the  South
Asian High (Tian et  al.,  2008; Guo et  al.,  2012).  Here,  we
use  geopotential  height  at  150  hPa  over  the  TP  (27.5°−
37.5°N,  75°−105°E,  hereafter  referred  to  as  HGT150)  to
measure  the  intensity  of  South  Asian  High  within  the  TP.
Figure  6 shows the  scatter  plots  of  HGT150 and  the  zonal
anomaly of TCO over the TP in summer. There is a signific-
ant  anticorrelation  between  the  geopotential  height  and
zonal  TCO anomaly in the observations,  with a correlation
coefficient of −0.67, indicating that a stronger South Asian
High reduces TCO over the TP. This is because an elevated
tropopause  height  leads  to  an  uplift  of  streamlines  and  an
upward  shift  of  ozone  vertical  profiles  over  the  TP  and
reduce  the  TP  ozone  column.  This  anticorrelation  is  cap-
tured  by  CESM2-WACCM,  CNRM-CM6-1,  CNRM-
ESM2-1,  E3SM-1-0,  GFDL-ESM4,  MRI-ESM2-0,  and
UKESM1-0-LL,  while  three  models  (CESM2,  IPSL-
CM6A-LR and SAM0-UNICON) simulate unrealistic posit-
ive  correlations  between  HGT150  and  the  intensity  of  the
TP  ozone  valley.  Additionally,  CESM2  and  CESM2-

WACCM, simulate  a  stronger  geopotential  height  over  the
TP and stronger ozone valley than those of the observations
(Figs.  6d, e, o),  and vice versa for  GFDL-ESM4 (Fig.  6k),
which  is  in  agreement  with Fig.  2.  Although  CESM2-
WACCM  and  CESM2  have  similar  high  biases,  CESM2-
WACCM performs better than CESM2 in the simulation of
the  anticorrelation  between  HGT150  and  the  ozone  valley
intensity.  One  possible  reason  is  that  CESM2-WACCM
uses  fully  coupled  and  interactive  stratospheric  chemistry,
while  CESM2  prescribes  stratospheric  ozone.  Indeed,  the
five fully coupled and interactive stratospheric chemistry mod-
els  (CESM2-WACCM,  CNRM-ESM2-1,  GFDL-ESM4,
MRI-ESM2-0, and UKESM1-0-LL) simulate the anticorrela-
tion better than the other models that lack an interactive chem-
istry  scheme  (Fig.  6p),  suggesting  that  chemical-radiative-
dynamical processes play a key role in the simulation of the
TP ozone valley.

Guo et al. (2015) highlight that in addition to the ozone
low in the UTLS, a low ozone anomaly exists in the upper
stratosphere, i.e., there are lower ozone mixing ratios in the
upper  stratosphere  over  the  TP  than  over  other  regions  at
the  same  latitude.  Using  a  vertical  integration  of  the  MLS
and  CMIP6  ozone  profiles  between  1  and  20  hPa, Fig.  7
shows  the  ozone  low  in  the  upper  stratosphere.  The  mag-
nitude  of  this  ozone  column  low  (~1  DU)  is  smaller  than

 

 

Fig. 3. The seasonal cycle of the JJA means of (a) TCO (units: DU) and (b) zonal TCO anomalies (units: DU) over the TP
for the period of 1984−2014 derived from the MSR2 observation and CMIP6 models. The seasonal cycle of the JJA mean (c)
ozone (units: ppmv) and (d) zonal ozone anomalies (units: ppmv) from the zonal mean in the layer between 70 and 150 hPa
over  the TP for  the period of  1984−2014 derived from the SWOOSH observations and CMIP6 models.  The MMM is  the
multi-model mean.
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Fig. 4. Time series of JJA mean (a) TCO (units: DU) and (b) zonal
TCO anomalies (units: DU) over the TP for the period of 1984−
2014  derived  from  the  MSR2  observations  and  CMIP6  models;
and (c) Linear trends in zonal TCO anomalies over the TP for the
period  of  1984−2014  derived  from  the  MSR2  observations  and
CMIP6  models.  The  MMM  is  the  multi-model  mean.  The  first
and  second  column  in  (C)  represent  the  linear  trend  in  TCO
derived from MSR2 observation and MMM, respectively.

 

 

Fig. 5. Taylor diagram for JJA mean zonal TCO anomalies over
the  TP  between  the  MSR2  observations  and  CMIP6  models  for
the  period  of  1984−2014.  On  the  Taylor  diagram,  angular  axes
show  spatial  correlations  between  modeled  and  observed  zonal
TCO anomalies; radial axes show standard deviation (root-mean-
square  deviation);  “REF ”  represents  the  reference  line.  More
details  please  see Taylor  (2001) and Keeble  et  al.  (2020).
Different  symbols  denote  the  percentage  bias  between
observation and model. Each dot represents a model.
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that of the ozone valley (more than 20 DU) over the TP in
summer, which is mainly caused by dynamical processes in
the UTLS. Compared with the performances of CMIP6 mod-
els in the simulations of the TP ozone valley, most models
underestimate  the  low  ozone  anomaly  in  the  upper  strato-
sphere,  leading  to  a  weaker  multi-model  mean  value  than
that in the observations. Some of the models (e.g., CNRM-
ESM2-1  and  E3SM-1-0)  even  simulate  larger  ozone  mix-
ing ratios in the upper stratosphere over the southern part of
the TP than those over other regions at the same latitude. It
is worth noting that despite the high biases of the upper strato-
spheric  ozone  mixing  ratios  identified  in  CNRM-ESM2-1
and  E3SM-1-0,  these  models  still  accurately  simulate  the
TP ozone valley (Fig. 5).

Figure 8a shows the seasonal cycle of the upper strato-
spheric (1−20 hPa) partial ozone column over the TP. Over-
all, most of the CMIP6 models capture the seasonal cycle of

the TP partial ozone column well, with the maximum value
in summer, which is due to the high solar zenith angle and
stronger ozone photolysis production in this season. The sea-
sonal  cycle  of  the  zonal  anomaly  of  the  partial  ozone
column  in  the  upper  stratosphere  over  the  TP  is  shown  in
Fig.  8b.  The difference  in  the  zonal  anomaly of  the  partial
ozone column between the MLS and multi-model mean val-
ues is smaller than that for TCO, particularly in summer, fur-
ther supporting the notion that CMIP6 models can simulate
the summertime ozone valley better than they can simulate
the absolute TCO value over the TP. Additionally, the zonal
anomaly  of  the  partial  ozone  column reaches  its  minimum
value in summer, in contrast to the timing of the TCO min-
imum  in  May  (Fig.  3b).  The  valley  of  the  upper  strato-
spheric ozone column over the TP may be caused by photo-
chemical reactions involving chlorine species, including chlor-
ine  atoms  (Cl)  and  chlorine  monoxide  (ClO),  which  are

 

 

Fig.  6. Scatter  plots  of  zonal  TCO  anomalies  (units:  DU)  against  150  hPa  geopotential  heights  (units:  gpm)  and  their
regression lines for the period of 1984−2014 derived from the MSR2 observations and CMIP6 models. Panel (p) shows the
averages  of  zonal  TCO anomalies  and  150  hPa  geopotential  heights  of  five  models  (CESM2-WACCM,  CNRM-ESM2-1,
GFDL-ESM4, MRI-ESM2-0 and UKESM1-0-LL).
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more active in summer (Guo et al., 2015).
Figure 9a shows ozone between 1 and 20 hPa over the

TP  derived  from  observations  and  the  CMIP6  models.
Upper  stratospheric  ozone over  the  TP has  similar  interan-
nual  variability  in  the  MLS  and  SWOOSH  datasets,
although ozone mixing ratios in the MLS dataset are larger
than  those  in  the  SWOOSH  dataset.  Overall,  the  interan-
nual variability of upper stratospheric ozone is smaller than
that  of  lower  stratospheric  ozone  because  the  variation  in
upper  stratospheric  ozone  is  dominated  by  chemical  rather
than  dynamical  processes  (Randel  and  Cobb,  1994).
SWOOSH ozone mixing ratios at 1−20 hPa shows a negat-
ive trend before 2002, while after 2002 no significant trend
is seen, consistent with the conclusions of the WMO (World
Meteorological  Organization,  2018).  Many  CMIP6  models
broadly capture this trend, although some of the models over-

estimate  the  TP  upper  stratospheric  ozone  value  (e.g.,
GFDL-CM4 and SAM0-UNICON),  while  some noticeably
underestimate  it  (e.g.,  GFDL-ESM4). Figure  9b shows  the
zonal anomaly of the upper stratospheric ozone over the TP.
Most models can reproduce the negative ozone anomalies in
the upper stratosphere, corresponding to the secondary low
ozone  center  over  the  TP.  However,  CNRM-ESM2-1  and
E3SM-1-0  fail  to  capture  this  feature,  which  is  consistent
with the positive anomaly over the TP in these models (Fig.
7).  The  interannual  variability  of  the  CMIP6  models  after
2004  is  similar  to  that  of  the  SWOOSH  and  MLS  data,
while  the  variability  of  the  SWOOSH  data  before  2004  is
much larger than that  of the models,  which may be related
to the limited number of ozone profiles over the TP before
2004 in the SWOOSH data (Davis et al., 2016).

Figure  10 shows  the  vertical  distribution  of  the  JJA

 

 

Fig. 7. June−July−August mean partial column ozone anomalies (units: DU) from the zonal mean between 1 and 20 hPa for
the period of 2005−14 derived from the MLS observation and CMIP6 models. The solid and dashed lines represent positive
and negative values, respectively. The white curve line denotes the 4000 m topographical isoline. The MMM is the multi-
model mean.
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Fig. 8. The seasonal cycle of (a) partial column ozone between 1 and 20 hPa
(units: DU) and (b) its zonal anomalies (units: DU) over the TP for the period
of  2005−14  derived  from  the  MLS  observation  and  CMIP6  models.  The
MMM is the multi-model mean.

 

 

Fig. 9. Time series of JJA mean (a) ozone (units: ppmv) and (b) zonal ozone
anomalies (units: ppmv) averaged between 1 and 20 hPa over the TP for the
period  2005−14  derived  from  the  MLS  and  SWOOSH  observations  and
CMIP6 models. The MMM is the multi-model mean.
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mean  zonal  anomaly  of  stratospheric  ozone  over  the  TP
derived  from  the  SWOOSH  data  and  CMIP6  models.  The
SWOOSH results show two low centers compared with the
zonal  mean,  one  in  the  UTLS  and  the  other  in  the  middle
and upper stratosphere. The multi-model mean generally cap-
tures  the lower ozone concentrations in  the UTLS, and the
simulated  magnitudes  are  nearly  the  same  as  those  in  the
SWOOSH  data,  which  are  up  to  −0.2  ppmv  at  70  hPa.
However,  compared  to  the  observations,  the  multi-model
mean underestimates the low ozone anomaly in the middle
and upper stratosphere. This feature is consistent with Fig. 7,
which shows that most CMIP6 models simulate weak negat-
ive  or  even  positive  ozone  anomalies  in  the  middle  and
upper stratosphere over the TP. Figure 10b shows the simu-
lated  vertical  profile  of  the  zonal  ozone  anomaly  derived
from  the  individual  CMIP6  models.  Most  CMIP6  models
reproduce  the  features  of  two  low  centers  except  for
FGOALS-g3,  which  has  noticeably  negative  and  positive
biases  in  the  simulation  of  the  upper  and  middle  strato-
spheric  ozone,  respectively.  The  CESM2,  MRI-ESM2-0,
and UKESM1-0 overestimate the negative ozone anomalies
in the UTLS above the TP, while the GFDL-ESM4 underes-
timates  it,  which  is  in  agreement  with  the  positive  bias  in
the simulation of the TP ozone valley by the GFDL-ESM4
(Figs.  2 and 5).  In  addition,  the  low  ozone  center  in  the
UTLS  simulated  by  some  of  the  models  (E3SM-1-0  and
GFDL-ESM4),  shows  a  downward  shift  to  100  hPa  com-
pared to that at 70 hPa in the SWOOSH data.

Figure  11 shows  the  projected  changes  in  TCO  and
ozone valley over the TP under the SSP2-4.5 and SSP5-8.5
scenarios. The multiple-model trend is near zero in the two
future  scenarios  considered here,  but  there  is  a  large  range
of  trends  simulated  by  the  individual  CMIP6  models.  For
example,  the  MRI-ESM2-0 simulates  negative  TCO trends

while  the  CNRM-ESM2-1  simulates  positive  TCO  trends
from 2020 to  2100  under  both  the  SSP2-4.5  and  SSP5-8.5
scenarios  (Figs.  11a, b).  Increased greenhouse  gases  in  the
stratosphere not only cause stratospheric cooling and super
ozone recovery (Brasseur and Hitchman, 1988; Rind et al.,
1990; Pitari et al., 1992; Randel and Cobb, 1994; Danilin et
al., 1998; Butchart and Scaife, 2001) but also accelerate trop-
ical upwelling in the lower stratosphere (Keeble et al., 2017;
He and Zhou, 2020), leading to ozone decreases in the trop-
ics  and  subtropics  (Huang  et  al.,  2020).  Thus,  the  discrep-
ancy  among different  models  may  be  related  to  the  offset-
ting effects between these two processes. On the other hand,
the summertime ozone valley over the TP shows significant
negative trends in the future, and the decline is faster under
SSP5-8.5 (−0.12 DU yr–1, significant at the 99% confidence
level) than under SSP2-4.5 (−0.06 DU yr–1, significant at the
99% confidence level). Figure 12 shows the future changes
in  the  geopotential  height  at  150  hPa  over  the  TP  derived
from the SSP2-4.5 and SSP5-8.5 experiments (Figs. 12a, b).
Note that the 150 hPa geopotential  height over the TP will
increase  for  the  period  2020-2100  under  global  warming,
leading to a deepening of the TP ozone valley based on the
analysis  of Fig.  6 in  the  present  study.  We  further  calcu-
lated  the  trends  in  zonal  anomaly  of  geopotential  height
over  the  TP  to  compare  the  elevation  rate  of  geopotential
height over the TP with that of the zonal mean in the future,
which is shown in Figs. 12c and d. It can be also found that
the zonal anomaly of geopotential height over the TP is pro-
jected to increase over the period 2020−2100 in both SSP2-
4.5 and SSP5-8.5 experiments,  suggesting that the increase
in geopotential height over the TP will be stronger than that
at  the  same  latitude  in  the  future.  This  result  further  sup-
ports  the  notion  that  the  TP  ozone  valley  in  summer  will
deepen. 

 

 

Fig.  10. Vertical  profiles  of  JJA  mean  zonal  ozone  anomalies  (units:  ppmv)  averaged  over  the  TP  derived  from  (a)  the
SWOOSH data (black line) and multi-model mean (MMM, red line) and (b) the CMIP6 models.
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4.    Conclusions

This  study  evaluates  the  performances  of  available
CMIP6  models  in  the  simulation  of  the  long-term changes
in the TCO and the ozone valley over the TP and explores
whether the CMIP6 models successfully simulate the dynam-
ical relationship between the summertime ozone valley over
the  TP  and  the  South  Asian  High.  In  comparison  to  the
MSR2 dataset, the 14 CMIP6 models examined here all cap-
tured  the  negative  TCO  anomaly  corresponding  to  the
ozone valley over the TP (Fig. 1). In addition, most CMIP6
models  can  reproduce  the  spatial  pattern  of  the  ozone  val-
ley, with all spatial correlation coefficients greater than 0.8
(Fig.  5).  The  models  also  reproduce  the  seasonal  cycles  of
TCO and the ozone valley over the TP well, although there
are discrepancies between the CMIP6 models and observa-
tions in the timing of minimum values (Fig. 3). The summer-
time ozone valley derived from the MSR2 dataset  shows a
statistically insignificant  decline for  the period 1984–2014,
while the CMIP6 multi-model mean shows a clear positive
trend,  corresponding  to  a  weakening  of  the  summertime
ozone valley (Fig.  4).  The physical  mechanism responsible
for  this  phenomenon  deserves  more  research.  In  addition,
most CMIP6 models have a higher bias in the interannual vari-
ance  compared  with  that  derived  from  the  MSR2  dataset
(Fig. 5).

It has previously been reported that compared with the
zonal  mean,  there  are  two  low  ozone  centers,  one  in  the
UTLS  and  the  other  in  the  middle  and  upper  stratosphere.

The low ozone center in the UTLS has a close relationship
with  the  strength  of  the  South  Asian  High.  The  CESM2-
WACCM,  CNRM-CM6-1,  CNRM-ESM2-1,  E3SM-1-0,
GFDL-ESM4,  MRI-ESM2-0,  and  UKESM1-0-LL  all  cap-
ture  the  anticorrelation  between  the  intensities  of  the  TP
ozone  valley  and  South  Asian  High,  while  two  models
(CESM2  and  SAM0-UNICON)  simulate  unrealistic  posit-
ive  correlations  (Fig.  6).  An  interesting  feature  is  that  the
five  fully  coupled  and online  stratospheric  chemistry  mod-
els  (CESM2-WACCM,  CNRM-ESM2-1,  GFDL-ESM4,
MRI-ESM2-0, and UKESM1-0-LL) simulate the anticorrela-
tion better than the models without an interactive chemistry
scheme,  suggesting  that  chemical-radiative-dynamical  pro-
cesses play a key role in the simulation of the TP ozone val-
ley.

Most CMIP6 models underestimate the low ozone anom-
aly in the upper stratosphere, as noted in Guo et al.  (2015)
(Figs.  7 and 10).  However,  the  low  ozone  anomaly  in  the
upper  stratosphere  makes  a  minor  contribution  to  the  TP
ozone  valley.  For  example,  while  two  models  (CNRM-
ESM2-1  and  E3SM-1-0)  simulate  larger  ozone  concentra-
tions  in  the  upper  stratosphere  over  the  TP  than  in  other
regions at the same latitude, they still have higher scores in
the simulation of the spatial pattern of the TP ozone valley
than average, as shown in the Taylor diagram (Fig. 5).

Finally, this study explores future TCO projections for
the remaining 81 years of the 21st century under the SSP2-
4.5 and SSP5-8.5 scenarios (Fig. 11). TCO over the TP for

 

 

Fig. 11. Time series of JJA mean (a−b) TCO (units: DU) and (c−d) zonal TCO anomalies (units: DU) over the TP under the
(a, c) SSP2-4.5 and (b, d) SSP5-8.5 scenarios.
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the  2020−2100  period  in  the  case  of  SSP2-4.5  shows  a
slightly  negative  trend,  while  in  the  case  of  SSP5-8.5,  it
shows  an  insignificant  positive  trend.  The  different  TCO
trends  between the  future  emission scenarios  are  related  to
the  offsetting  effects  of  ozone  increases  induced  by  strato-
spheric cooling and ozone reductions caused by accelerated
tropical upwelling in the future. In contrast, both the SSP2-
4.5 and SSP5-8.5 scenarios show a deepening of the summer-
time ozone valley over the TP in the future, which may be
caused  by  the  elevated  geopotential  height  over  the  TP
under a global warming scenario (Fig. 12).
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