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MONTREAL PROTOCOL

The Montreal Protocol (in force since 1987) and its amendments control
the long-lived halogenated source gases. Total chlorine iIn the
stratosphere has been decreasing since the late 1990s due to the
Montreal Protocol.

Hydrofluorocarbons (HFCs) do not
contain chlorine, so they do not

AR B AL BN BN BN LR B
F CFC-12, -11, HCFC-22 and CCl, above Jungfraujoch ]
8 B

[ Pressure normalized monthly means

deplete ozone directly. However they 32 7¢ e P
have been included in the Montreal % s =¥ yerR R
Ico&.p ¢ HCFC-22 )
Protocol because they are powerful g f« » CFC :
greenhouse gases that contribute to s it g PO
climate change. HF is their reservoir r

species.
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Figure. Monthly mean total vertical column abundance time series of CFC- [ M M
12, CFC-11, HCFC-22, and CCI,, derived from the long-term FTIR r ]
monitoring program conducted at the Jungfraujoch station, Switzerland X i
(46.5° N), from 1986 to 2021 (updated from Zander et al., 2008; Gardiner oo Lo o 0 o L 1 Ve s b e ]
et al., 2008; Rinsland et al., 2012; and Prignon et al., 2019). Note the 1990 1995 2000 2005 2010 2015 2020
discontinuity in the vertical scale. Year
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M3 WORK PACKAGE AIM

The aim of this work is to study over recent decades stratospheric chlorine levels
linked to ozone depletion. To this end, we will use a combination of:

 Observational data, mainly ACE-FTS
 Chemical transport model (CTM) data (TOMCAT)
A merged dataset using ML (TCOM)
« Overcomes biases in CTMs (parameterisations) and gaps in ACE sampling

From these datasets we will:

« Determine trends for datasets relevant to the Montreal Protocol for different
atmospheric regions over recent decades: HCI and two source species CFC-11,
CFC-12.

« Estimate, through bespoke model simulation with constant C| at peak values
(the era of peak halogens in the mid-1990s), the changes in HCI trends.
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ACE-FTS, limb instrument onboard the Canadian mission SCISAT:

1. Measuring since February 2004,

Exoatmospheric meas,l.wem/ent’f

over 40 atmospheric trace gases,

particularly the regional ozone

budget, as well as temperature and

Ppressure.

2. Spectral resolution of 0.02 cm™1 in
750-4400 cm~! region.

3. High vertical resolution of typically
3-4 km (vertical sampling of ~ 2- 9

65 P(FT1). 22 .l

4. Main mission aim: monitor and
analyse the chemical processes
that control the ozone distribution in 12
the stratosphere. 10
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Off-line 3-D chemical transport model (www.see.leeds.ac.uk/tomcat)

Vertical coordinate (Hybrid o-p levels). Variable resolution.

Horizontal winds and temperatures specified from analyses (e.g. ERA 5.1).

Vertical winds from analysed divergence.

Advection: Prather [1986] second-order moments

TOMCAT CFC11 trend 2005-2024

N
0o

Physics: Tiedtke [1989] convection scheme.
Holtslag and Boville [1993] or Louis [1979]
PBL schemes.

Chemistry: Stratosphere: O,, NO,, HO,, Cl,, Br,, Fy, CHO,
Source: CH,, N,O, CFCs, HCFCs, HFCs etc.

Aerosols: Specified sulfate surface area.
Polar stratospheric clouds
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http://www.see.leeds.ac.uk/tomcat

TCOM is a gap-free dataset derived from satellite data, e.g. ACE and HALOE, and
TOMCAT CTM simulations using a supervised machine learning (ML) scheme.
« 70% training, 30% testing (2019-2021 - evaluation points). @

XGBoost is a
decision-tree-based
ensemble ML algorithm
that uses a gradient boosting
framework. Evolution of
XGBoost Algorithm from
Decision Trees

Daily
biased
profiles

Grouping
data

training

TCOM CFC11 trend 2005-2024

Group Differences Train XGBoost Biases in daily XGBoost estimated -
measurements between model regression model profiles are biases are added

into 5 latitude and satellite data for each level and estimated using back onto CTM 005
bins (poles, mid- at each 1 km latitude bin XGBoost output é
latitudes and vertical level o R
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i TREND CALCULATIONS

« ACE data have been temporally interpolated using a cubic spline
to fill the gaps

- Deseasonalization of the signals "C'jr"?iﬁ,zalavﬁ@ﬂze@l,r_ngeqs_a:_zzs_sﬁgs_s_m

L L ¥ |

. = = ‘ ‘ 2k el sm sty
using empirical mode PR AR TN w:
decomposition (EMD) £ Ow“l i Il“ II"'”M m il 2_6;_;1
* EMD to decompose the signal L TR TR ,iu.l',i'.,‘i LA T
Into IntrInSIC mode funCtlonS 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Tim
mterpolated HCI 2004 2023 averaged zonal ‘means at 28 5- 48 5 km3

(IMFs)

« Select the IMFs with seasonal
and annual period satisfying 3
months<period<14 months,

w
o

Latitude
HCI [ppb]

2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

IMFSseasonaI Time
 Trends calculated as the linear regression of deseasonalized signal
(original signal-IMFs_...onal) :
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Input r (1) = x(1);
i=Lk=0

k=k+1;
hf(!r—]j (1) =r(1)

Extract Maxima and
Minima of &, ,_, (¢)

Connect Extrema with
Cubic Splines
Determine Mean, m,
of Splines

hy () = hf{k—l] (H)—m

ra () =1(1);
k=0i=i+1

Sifting Process

. identify all extrema of x(t)

. envelope of local minima/maxima e.,,(t)/emax(t)
. compute the mean m(t)=(e, (t)+e . (t))/2

. extract the detail d(t) = x(t) — m(t)

. iterate on the residual m(t)

ga A W N =

Intrinsic Mode Functions (IMFs)

An IMF should satisfy two basic conditions:

Nmax(Nmin) = NO(+1)
- At any point, the mean value of the e, and e, should
be zero

If not satisfied the shifting process (1-4) is repeated
on dq(t).
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HCI [ppb]
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BOUNDARIES

X'=x(t) - X,
Symmetric extension of x’ outside the
boundaries (5 times)

i. Super-Gaussian function for windowing

the extended signal

. Addition of the mean to the result
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MODE MIXING

Complete Ensemble Empirical Mode
Decomposition with Adaptive Noise

Use of Complete Ensemble
Empirical Mode
Decomposition with Adaptive
Noise (CEEMDAN).

« Incorporates noise in an
ensemble framework,
improving stability.

« Utilizes adaptive noise to
refine decomposition
precision.

(CEEMDAN)

Original Signal

v

Additive Noise

v

\

Ensemble Average

Improve
Signal

Residue ]
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- CFC-11 VMR timeseries
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CFC-11 2005-2024 trends
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between 9.5-15.5 km
CFC-12 2005-2024 trends 2nd 30°S-30°N

TCOM TOMCAT
: (Schmidt et al., 2024).
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VMR [ppt] VMR [ppt]

VMR [ppt]

ACE CFC11 averaged ts 2005-2024
I I I

Slope 2005-

Slope 2015-

Slope 2019-

| | el gveraged acets | 2014 2019 2024
 trend 0055014 b1, 75:0.01[pptfyr] | [ppt/yr] [ppt/yr] [ppt/yr]
B —trend 2015-2019 p=-1.41+0.07[ppt/yr]|
i trend 2020-2024 p=-2.34£0.05[ppt/yrl_ ACE v5.2 -1.89 = 0.02 -1.00 £ 0.05 -2.12 £ 0.06
I i (Schmidt
I Nw ] 2024)
- | | | ™ ] NOAA -2.07 + 0.01 -1.03 £ 0.01 -2.74 £ 0.04
Time [Year] ' NH
B TOMCAT CFC11 averaged ts 2004-2024 (Schmidt
- el TOMCAT ts 2024)
——trend 2005-2014 p=-1.93+0.01[ppt/yr]
Timoihaeciiesesd  ACEVS.2 -1.75+0.01  -1.41£0.07  -2.34 +0.05
I TOMCAT -1.93 + 0.01 -1.15 + 0.02 -1.83 + 0.01
- TCOM -1.88 + 0.01 -1.14 + 0.02 -2.05 + 0.02

| | e

2014 2016
Time [Year]
TCOM CFC11 averaged ts 2004-2024
—averaged TCOM t<
——deseasonalized TCOM ts
—trend 2005-2014 p=-1.88+0.01[ppt/yr]

—trend 2015-2019 p=-1.14+0.02[ppt/yr]
trend 2020-2024 p=-2.05+0.02[ppt/yr]

Decrease is expected under MP

regulations
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Slope 2005-2012

Slope 2013-

[ppt/yr] 2024 [ppt/yr]

ACE v5.2 -1.44 + 0.08 -3.16 + 0.04
(Schmidt

2024)

NOAANH -1.47 £ 0.05 -3.20 = 0.02
(Schmidt

2024)

ACEv5.2 -1.94 + 0.06 -3.65 + 0.05
TOMCAT -2.53 + 0.02 -3.59 + 0.01

TCOM [-2.40  0.02

-3.58 % 0.01 |

Decrease is expected under MP

regulations
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ACE CFC12 averaged ts 2005-2024
I I I I

T | |
——interpolated averaged ACE ts
——averaged ACE ts 7
——deseasonalized ACE ts

trend 2005-2012 p=-1.94+0.06[ppt/yr] |
trend 2013-2024 p=-3.65+0.05[ppt/yr] |

2006

Time [Year]
TOMCAT CFC12 averaged ts 2004-2024

——averaged TOMCAT ts
——deseasonalized TOMCAT ts

——trend 2005-2012 p=-2.53+0.02[ppt/yr]
—trend 2013-2024 p=-3.59+0.01[ppt/yr]

2006

Time [Year]
TCOM CFC12 averaged ts 2005-2024

——averaged TCOM ts

——deseasonalized TCOM ts

——trend 2005-2012 p=-2.4+0.02[ppt/yr]
—trend 2013-2024 p=-3.58+0.01[ppt/yr]
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Time [Year]
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HCI averaged ts 2005- 2024

. mterpolated averaged ACE ts
——averaged ACE ts
——deseasonalized ACE ts
——trend 2005-2008 p=-14.64+4.09[ppt/yr]
—trend 2009-2024 p=-8.5+4.09[ppt/yr] |
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Time [Year]
TOMCAT-HCI averaged ts 2005- 2024

- mterpolated averaged TOMCAT ts
——averaged TOMCAT ts -
——deseasonalized TOMCAT ts
——trend 2005-2008 p=-18.82+5.13[ppt/yr]-
—trend 2009-2024 p=-9.57+1.33[ppt/yr]

Time [Year]
TCOM HCI averaged ts 2005 2024
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—-—-averaged TCOM ts —
——deseasonalized TCOM ts
——trend 2005-2008 p=-20.86-+3.14[ppt/yr]-|
—trend 2009-2024 p=-8.9+1.01[ppt/yr]

Time [Year]

Slope 2005-2008
[ppt/yr]

Slope 2009-2024
[ppt/yr]

ACE v5.2
(Schmidt)

ACE v5.2
TOMCAT
TCOM

-20.86 + 2.66

-14.64 £+ 4.09
-18.82 + 5.13

-8.64 = 0.32

-8.50 £ 4.09
-9.57 £ 1.33

|-20.86 + 3.14

-8.90 + 1.01]

Decrease is expected under MP

regulations
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Two configurations were compared:
« a control run reproducing the observed decline in chlorine
source gas concentrations fixed

 a bespoke run with chlorine
to their peak 1995 values.

TOMCAT HCI trend 2005-2021 0.06
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TOMCAT—HCI averaged ts 2005- 2021

VMR [ppt]

- mterpolated averaged TDMCAT ts
——averaged TOMCAT ts
——deseasonalized TOMCAT ts
——trend 2005-2008 p=-16.13+0.98[ppt/yr]

—trend 2009-2021 p=-9.51+2.06[ppt/yr] |

.

Time [Year]
TOMCAT—HCI bespoke averaged ts 2005- 2021

Slope 2005- Slope 2009-

2008 [ppt/yr] 2024 [ppt/yr]
I(\Scth‘l;si.dzt) -20.86 + 2.66 -8.64 % 0.32
ACE v5.2 -14.64 + 4.09 -8.50 * 4.09
TOMCAT -18.82 + 5.13 -9.57 + 1.33
TCOM -20.86 + 3.14 -8.90 + 1.01
BESPOKE 1.04 £ 0.54 4.08 + 1.46
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The increasing HCI
concentrations of the bespoke
model run are linked to
increasing stratospheric ozone
loss.
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SUMMARY

« Defined a new methodology based on the EMD, a technique particularly
effective in analysing non-stationary signals, where the frequency content of
the signal varies over time.

« Used the EMD-based approach to de-seasonalise CFC-11, CFC-12 and HCI
timeseries and calculate significant trends.

« Evaluated trends of CFCs (CFC-11 and CFC-12) HCI over 2005-2024 from
three different data sources against published ACE-FTS trends, and new TCOM
datasets.

« Demonstrated TOMCAT model’s sensitivity of stratospheric chlorine loading to
source gas emissions.

« The comparison between the control and constant-Cl runs confirms that
changes in chlorine source gas concentrations directly influence the modelled
HCI trends with the increasing trend related to ozone loss.

Antonio Giovanni Bruno: agb22@leicester.ac.uk 18
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