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Introduction

Earth System

Open Access

The ozone hole in the Southern Hemisphere (Farman et al.,
Dynamics
1985) and the ozone depletion in the Northern Hemisphere
led to the promulgation of the Montreal Protocol. In accordance with the Montreal Protocol and its Amendments and
Geoscientific
Adjustments (MPA), concentrations
of halogen-containing
gases that deplete the ozone
layer are projected to decrease
Instrumentation
considerably. Extensive model
experiments
Methods
and(WMO, 2011;
SPARC CCMVal, 2010) have shown that the atmospheric
Systems
ozone column will increaseData
reaching
its values typical of the
late 1970s in the middle of 21st century.
There were several attempts to estimate the effectiveness
of the MPA. The first estimates
were made with an arGeoscientific
ray of two-dimensional models (e.g., Prather et al., 1996;
Model Development
World Meteorological Organization (WMO), 1999). Later
on Egorova et al. (2001) exploited atmospheric chemicaltransport model (ACTM) to assess the effect of the MPA.
They carried out two model
simulationsand
with the University
Hydrology
of Illinois at Urbana-Champaign (UIUC) ACTM, one with
Earth System(CFC) concenthe actual values of the chlorofluorocarbon
trations and another with the CFC
concentrations prescribed
Sciences
according to the “No-Protocol” (H1) scenario (WMO, 1999)
wherein there is about a 3 % annual growth of the tropospheric CFC’s emission. They showed that the MPA began
to affect the ozone layer noticeably in 1996/1997. For the
Ocean Science
Northern Hemisphere the influence of the reduced active
chlorine depends on the meteorological situation and is more
conspicuous for colder stratospheric winters. For the Southern Hemisphere, the effect mainly depends on the amount
of chlorine loading. The quantitative results that were obtained in this study are not Solid
accurateEarth
because the temperature and circulation fields were prescribed in the model.
Ever since, the numerical models were greatly developed and
Open Access
Open Access
Open Access
Open Access

Abstract. Ozone depletion is caused by the anthropogenic
increase of halogen-containing species in the atmosphere,
which results in the enhancement of the concentration of reactive chlorine and bromine in the stratosphere. To reduce
the influence of anthropogenic ozone-depleting substances
(ODS), the Montreal Protocol was agreed by Governments
in 1987, with several Amendments and Adjustments adopted
later. In order to assess the benefits of the Montreal Protocol and its Amendments and Adjustments (MPA) on ozone
and UV radiation, two different runs of the chemistry-climate
model (CCM) SOCOL have been carried out. The first run
was driven by the emission of ozone depleting substances
(ODS) prescribed according to the restrictions of the MPA.
For the second run we allow the ODS to grow by 3 % annually. We find that the MPA would have saved up to 80 %
of the global annual total ozone by the end of the 21st century. Our calculations also show substantial changes of the
stratospheric circulation pattern as well as in surface temperature and precipitations that could occur in the world without
MPA implementations. To illustrate the changes in UV radiation at the surface and to emphasise certain features, which
can only be seen for some particular regions if the influence
of the cloud cover changes is accounted for, we calculate geographical distribution of the erythemally weighted irradiance (Eery ). For the no Montreal Protocol simulation Eery
increases by factor of 4 to 16 between the 1970s and 2100.
For the scenario including the Montreal Protocol it is found
that UV radiation starts to decrease in 2000, with continuous
decline of 5 % to 10 % at middle latitudes in the both Northern and Southern Hemispheres.

Open Access

The Cryosphere

Open Access

Published by Copernicus Publications on behalf of the European Geosciences Union.

M

3812

T. Egorova et al.: Montreal Protocol Benefits simulated with CCM SOCOL

presently the studies devoted to this issue exploit chemistryclimate models (CCM), which are able to simulate the interactions between chemistry and thermo-dynamical processes.
Recently two papers were published which explore the effectiveness of MPA using state-of-the art CCMs. Morgenstern et
al. (2008) applied the UK Chemistry and Aerosol (UKCA)
chemistry-climate model to study the effects of high chlorine
loading on ozone and climate. They compare two time slice
simulations with the total chlorine loading of 9 ppbv, which
could have happened by 2030 without MPA limitations, and
3.5 ppbv (year-2000 chlorine loading) according to the scenario of WMO (2007). The analysis of the results is focused
on ozone changes and their climate impact. They concluded
that the MPA has provided an enormous benefit for the stability of the ozone layer and surface climate. Newman et
al. (2009) employed the Goddard Earth Observing System
(GEOS) chemistry-climate model to explore the ozone distribution that might have occurred without ODS regulations.
They carried out transient simulation from 1974 to 2065 using 3 % per year rate of equivalent effective chlorine growth
and IPCC (2001) A1b scenario for other greenhouse gases.
They obtained very large ozone losses by the end of the simulated time interval and a year-round ozone hole in the Southern Hemisphere. Furthermore, they also calculated the spectral changes in surface UV irradiance and showed that the
obtained decreases in stratospheric ozone subsequently led
to increases in erythemal irradiance for a cloud-free atmosphere. In particular they obtained a threefold increase of the
surface erythemal radiation in the summer of northern latitudes by 2065.
While our paper was under revision, two more articles devoted to the MPA issue have appeared. Garcia et al. (2012)
used a coupled AOCCM to study MPA effects and pointed
out that their results with using a coupled deep ocean are consistent with the results obtained with CCM without a deep
ocean by the Egorova et al. (2012). Another paper by Wu et
al. (2012) is now in press and focus specifically on the hydrological impacts of the Montreal Protocol.
The above described research papers have shown that substantial ozone depletion could occur in the absence of the
Montreal Protocol and its Amendments. However WMO
(Ch.5, 2011) pointed out that in Morgenstern et al. (2008)
and Newman et al. (2009) certain processes are absent that
potentially could influence the results. In the GEOSCCM
used by Newman et al. (2009) tropospheric ozone is prescribed, therefore, their model does not have tropospheric
chemistry at all and tropospheric ozone may respond only
to the transport changes caused by the introduced chemical
perturbations. Morgenstern et al. (2008) used fixed photolysis rates in the troposphere, which means that tropospheric
ozone does not react to UV changes caused by stratospheric
ozone depletion. The absence of realistic tropospheric chemistry in the both models does not allow taking into account
neither possible increase of the tropospheric ozone due to the
enhanced level of tropospheric UV irradiance nor its destrucAtmos. Chem. Phys., 13, 3811–3823, 2013

tion by halogens. Moreover, Morgenstern et al. (2008) did
not simulate the evolution of the ozone layer and did not consider the changes in radiative forcing from ODS. Newman et
al. (2009) demonstrated dramatic ozone depletion in the future and substantial alteration of the entire circulation regime
of the stratosphere, which needs to be confirmed using independent models. Therefore, new efforts to assess the MPA
effectiveness were made in the context of the CCM validation campaign CCMVal-2 (SPARC CCMVal, 2011). In the
framework of this campaign the transient simulations with
reference and world avoided scenarios of ODS concentrations similar to Newman et al. (2009) were performed with
several CCMs covering 1960–2100, but so far those simulations have not been analysed. In our simulations we applied
CCM SOCOL which includes basic (without VOCs) tropospheric chemistry and on-line calculations of the photolysis
rates, therefore, the changes of the tropospheric ozone could
be substantially different from Morgenstern et al. (2008) and
Newman et al. (2009). Also our simulations cover the whole
21st century (end of the simulation in 2100) whereas Morgenstern et al. (2008) performed time slice experiments and
Newman et al. (2009) terminated their simulations in 2065.
Here we describe the performed reference (MPA) and scenario (noMPA) experiments, and analyse the results that were
obtained with CCM SOCOL (Schraner et al., 2008) within
the framework of the CCMVal-2 inter-comparison (SPARC
CCMVal, 2011). We estimate the effectiveness of the MPA
on ozone, temperature, stratospheric circulation, surface temperature, precipitation and total ozone. The projection of the
surface UV radiation in the future and the influence of climate change on them are an important issue now (e.g., Hegglin and Shepherd, 2009). We also investigate the influence
of the Montreal Protocol on erythemally weighted UV irradiance (Eery ) for the period 1960–2100 in both cloud-free and
cloudy atmospheres. The total ozone column is the main influencing parameter on the amount of UV radiation, which
reaches the surface of the Earth (e.g., Tourpali et al., 2009).
Other factors are ozone profile (e.g., McKenzie et al., 2003),
albedo, aerosols and clouds. Any trend of these factors will
influence future UV levels. Meehl et al. (2007) suggest a decrease in cloud cover of 4 % by the end of the 21st century in
most of the low and middle latitudes counteracting the recovery of the ozone and leading to higher UV irradiance.
The evolution of the aerosols in the future is highly uncertain and has not been included in our CCM runs. Eery is
used as a metric to characterise future UV levels. As novelty, this UV study evaluates the influence of the Montreal
Protocol on UV radiation reaching the surface of the Earth
compared to the situation if the Montreal Protocol had not
been agreed upon. A similar investigation was performed by
Newman and McKenzie (2011) for clear sky UV irradiances.
They also found significantly enhanced UV levels under the
“No Montreal Protocol Scenario”. However, their study did
not take into account changes in neither albedo nor cloud
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cover, which have important effects on surface UV irradiances.
Section 2 describes the CCM SOCOL and the performed
simulations. Section 3 describes the evolution of the ozone,
temperature, total ozone of the atmosphere as well as circulation of the stratosphere, surface temperature and precipitation. Section 4 provides the estimations of the erythemal
irradiance. Finally, we give some concluding remarks.
2
2.1

Description of the model and numerical experiments
Model description

CCM SOCOL is a three-dimensional global chemistryclimate model. It was developed at the PhysicalMeteorological Observatory (Davos, Switzerland) in
collaboration with ETH (Zürich, Switzerland) and Voeikov
Main Geophysical Observatory (St. Petersburg, Russia)
(Egorova et al., 2005). The CCM SOCOL is a combination of the middle atmosphere version of the European
Centre/Hamburg Model 4 General Circulation Model
(MA-ECHAM4) (Manzini et al., 1997) with a modified
version of the University of Illinois at Urbana-Champaign
three-dimensional CTM Model for the Evaluation of Ozone
Trends (MEZON) (Egorova et al., 2003).
The horizontal resolution of SOCOL is 3.75◦ × 3.75◦ . Vertically, this model is divided into 39 levels in a hybrid
sigma/pressure coordinate system and extends from the surface to 0.01 hPa (∼80 km). The CTM MEZON calculates
the distributions of concentrations of 45 trace gases from
the major atmospheric groups, which are determined by 118
gas phase reactions, 33 photolytic reactions, and 16 heterogeneous reactions. The photolysis rates are calculated
on-line using look-up-table approach described by Rozanov
et al. (1999). The transport of trace gases in the CTM
MEZON is calculated using the advection scheme (Zubov
et al., 1999). The time step for the dynamic core of the MAECHAM4 model is 15 min. Parameters of physical processes
as well as photochemical processes are calculated every 2 h.
The model parts of the CCM SOCOL (MEZON and MAECHAM4) exchange data on the fields of major dynamical variables and radiatively active gases every 2 h. Concentrations of ozone, methane, nitrous oxide, chlorofluorocarbons and stratospheric water vapour are transferred from
MEZON to MA-ECHAM4, and three-dimensional distributions of temperature, water vapour concentration and zonal,
meridional and vertical components of wind velocity are
transferred from MA-ECHAM4 to MEZON. Thus, the interactive character of the CCM SOCOL makes it possible
to correctly include the main feedbacks between dynamical,
advective, photochemical and radiative processes. The original version of SOCOL is described in detail in Egorova et
al. (2005).
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The CCM SOCOL extensively participates in the international Chemistry-Climate Model Validation Activity (CCMVal) of the Stratospheric Processes and Their Role in Climate (SPARC) programme on chemistry-climate model intercomparison and testing (Eyring et al., 2006, 2007, 2010).
A preliminary intercomparison of the results from SOCOL
test runs with analogous results from other models and with
ground-based and satellite observations showed a good overall performance of SOCOL. A number of model deficiencies in describing the global transport of chemical species
and heterogeneous processes in the Polar region have been
found (Eyring et al., 2007). In the improved model version
SOCOL 2.0 (Schraner et al., 2008), the transport of the major families of the chlorine, nitrogen and hydrogen groups
was included in the transport scheme, as result of which,
in particular, the model managed to significantly improve
the characteristics of the numerical transport of odd chlorine in the polar stratosphere. A more adequate scheme of
mass correction in the horizontal semi-Lagrangian part of the
numerical transport scheme was additionally used for calculating ozone transport, which in its formulation is not conservative. An updated thermodynamic parameterisation for
polar stratospheric cloud formation was also included in the
model. The new model version more correctly describes the
distribution, transport and transformation of the atmospheric
halogen-containing species and ozone in the middle and high
latitudes in the stratosphere of both hemispheres (Schraner et
al., 2008). The improved model version (SOCOL 2.0), with
eleven other modern CCMs, has also been tested in the analysis of the simulation of Southern Hemisphere ozone evolution in the last 25 yr of the 20th century (Karpechko et al.,
2010).
2.2

Description of the numerical experiments

To assess the effectiveness of the Montreal Protocol and its
Amendments, we carried out two 140 yr long transient simulations with CCM SOCOL v.2.0 (Schraner et al., 2008) spanning 1960–2100 and driven by the prescribed evolution of
the Sea Surface Temperature (SST), Sea Ice (SI), Greenhouse Gases (GHG), Ozone Depleting Substances (ODS)
and source of CO and NOx.
In the reference simulation GHG (N2 O, CH4 , and CO2 )
are taken from the IPCC (2001) “A1B” scenario. We use simulated SSTs and SIs for the entire period from ECHAM5MPIOM experiments (Roeckner et al., 2003, 2004). Surface
mixing ratios of ODS are based on the halogen scenario
A1 from WMO (2007) and on adjusted HCFCs scenario of
nearly a full phase out in 2030. In the stratosphere background, non-volcanic sulfate aerosol loading is assumed,
while the tropospheric aerosols are not considered. More detailed description of the reference simulation and used anthropogenic forcing can be found in Eyring et al. (2010) and
Morgenstern et al. (2010a).
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Fig. 1. Zonal mean annual mean ozone (a, b, c, d) (in %) and temperature (e, f, g, h) (in K) changes due to absence of the MPA regulations
for decadal averaged time periods 1987–2012, 2025–2035, 2055–2065 and 2090–2100. Hatching represent the areas where the statistical
significance exceed 95 % level.

For the second scenario simulation (noMPA), which was
designed to estimate the role of the Montreal Protocol, we
applied ODS from the so called world avoided scenario proposed by Velders et al. (2007) where ODS is increasing by
∼3 % per year due to the absence of the limitation introduced by the MPA. The scenario starts in 1987 and shows
what would have happened without any further national regulations, international agreements, or public actions. It is
a transient simulation similar to the reference simulation,
but with halogen loading evolution taken from the world
avoided scenario throughout the simulation, whereas GHGs
and SSTs/SIs are the same as in the reference simulation.

Atmos. Chem. Phys., 13, 3811–3823, 2013

3 Results
3.1

Zonal mean ozone and temperature

Figure 1 presents zonal mean distribution of annual mean
ozone mixing ratio (in %) and temperature (in K) as differences between the scenario (noMPA) and reference (MPA)
simulations for decadal averages 1987–2012 (a, e), 2025–
2035 (b, f), 2055–2065 (c, g) and 2090–2100 (d, h). In our
simulation the absence of the MPA leads to the ozone decrease everywhere except at 10–20 km in the tropical area,
where we obtain 5 % ozone increase for the near future
(2025–2035) more than 30 % for the 2055–2065 and more
than 60 %, for the distant future (2090–2100). The latter effect is the result of the downward shift of the ozone net
production caused by strong ozone depletion in the upper
www.atmos-chem-phys.net/13/3811/2013/
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and middle stratosphere followed by an increase of the oxygen photolysis rates in the lower stratosphere and enhanced
level of active halogens. According to our calculations for the
present time without the MPA, we would have 10–20 % less
ozone in the upper stratosphere as we have it currently and
6–8 % less ozone in the lower stratosphere in the polar areas
of the Southern and Northern Hemispheres. In comparison
with simulations by Morgenstern el al. (2008) for 2030, we
have 10 % more ozone decrease in the upper stratosphere and
good agreement in the polar areas of the lower stratosphere.
The area of tropical ozone increase is also in a good quantitative agreement with Morgenstern el al. (2008) results, but the
location is somewhat lower, at 15 km. The ozone decrease in
the troposphere is slightly smaller than it obtained by Morgenstern el al. (2008) due to additional tropospheric ozone
production by the increased level of UV radiation, which was
not included in their model.
As seen from Fig. 1 (e, f, and g, h) the ozone changes lead
to concomitant changes in temperature. The upper stratosphere cools down by 1.5 K in 1987–2012 and up to 40 K in
2090–2100. The comparison with Morgenstern et al. (2008)
results shows that in the upper stratosphere we obtain more
pronounced cooling, which is expected because the sensitivity of their radiation code to the ozone changes is slightly
smaller than in our model (Forster et al., 2011). In the lower
stratosphere our results show −3 K cooling, while Morgenstern et al. (2008) have got only 0.5 K temperature decrease.
Part of this difference can be explained by the cooling from
halogen increase which was not considered by Morgenstern et al. (2008). The cooling patterns in the polar stratosphere also look quite different. Results of CCM SOCOL
do not show a pronounced dipole structure. It means that by
2030, we have not obtained substantial changes of circulation
fields. In comparison with the Newman et al. (2009) results,
we see good agreement in the middle stratosphere, where the
ozone loss reaches 40–60 % and in the upper stratosphere
where both models show 70 % ozone decrease (see Fig. 1e).
In the polar areas of the lower stratosphere, we obtain 70–
80 % ozone decrease, which is only about 10 % less than
obtained by Newman et al. (2009). The most pronounced
disagreements appear in the troposphere and tropical stratosphere, where the simulated ozone increase exceeds 30 % in
our model while Newman et al. (2009) obtained only about
10 %. The disagreement in the tropical stratosphere can be
explained by more intensive heterogeneous halogen activation caused by stratospheric cloud appearance in the model
applied by Newman et al. (2009). In the troposphere the simulated ozone destruction by more than 30 % is almost completely absent in the Newman et al. (2009) results because
their model does not include tropospheric chemistry.
For the temperature changes in 2055–2065 (Fig. 1g) our
simulation results show cooling of about 20 K in the upper
stratosphere, 5 K in the middle stratosphere and 10 K in the
tropical lower stratosphere and slight warming around 35 km
over the southern high latitudes. The obtained temperature
www.atmos-chem-phys.net/13/3811/2013/
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Fig. 2. Zonal wind speed (a, b) and latitude of the jet maxima (c, d)
for the boreal winter in the Northern Hemisphere (a, c) and austral
winter in the Southern Hemisphere (b, d). The results are for the
years 1987–2012 (black lines) and 2090–2100 (blue lines) of the
reference run and for the years 2090–2100 of the noMPA run (red
lines). The shading indicates standard deviations.

response is in a good agreement with the results obtained by
Newman et al. (2009).
3.2

Circulation in the stratosphere

The changes in the temperature described in the previous section affect stratospheric circulation pattern. The changes of
the winter time stratospheric jets in the Northern (NH) and
Southern (SH) Hemispheres are illustrated in Fig. 2 using
the zonal wind speed and latitude of the jet maxima as it was
done in Butchart et al. (2011). The changes of the subtropical
jets in the NH and SH are similar. As it was pointed out previously (e.g., Shepherd and McLandress, 2011), the impact
of the greenhouse gases strengthens the jets and slightly extends their upper flanks in vertical direction. These changes
are more pronounced for the noMPA case due to additional
cooling in the extra-tropical lower stratosphere, however, the
central latitudes and the persistence of the subtropical jets remain practically unchanged. More dramatic changes appear
over the high latitudes. In the NH some deceleration of the
jet is visible between 25 and 45 km, while the latitude of the
jet maxima is shifted by about 20◦ toward the equator. The
Atmos. Chem. Phys., 13, 3811–3823, 2013
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Fig. 4. NAM indices, scaled to unit standard deviation, obtained
from the geopotential field at 50 hPa of the reference (black line)
and noMPA (red line) runs for the DJF season over the Northern
Hemisphere. The indices have been smoothed with 11 yr boxcar filters.

Fig. 3. Annual mean (a) and monthly mean (b) residual vertical
velocities at 50 hPa averaged over 30◦ S–30◦ N. The results are for
the years 1987–2012 (black lines) and 2090–2100 (blue lines) of the
reference run and for the years 2090–2100 of the noMPA run (red
lines). The shading indicates standard deviations.

opposite effects are observed in the SH where the latitude of
the jet core only slightly moves equatorward in the lower and
upper stratosphere, while the jet strength reduces by up to
40 m s−1 . These changes are explained by the strong cooling
in the equatorial stratosphere followed by the decrease of the
equator-to-pole temperature gradient. It is interesting to note
that the interannual variability of the NH polar night jet is
substantially smaller for the noMPA run. The changes of the
wind distribution between the experiments affect the wavedriven Brewer-Dobson circulation (BDC). The residual vertical velocities (w ∗ ) are presented in Fig. 3. The annual mean
w ∗ (Fig. 3a) show significant (almost 100 %) increase in the
tropical area in the noMPA run and consistent increase of the
down welling between 30◦ and 60◦ in the NH and from 50◦
and 70◦ in the SH. The seasonal cycle of the residual vertical velocities in the tropical lower stratosphere (see Fig. 3b)
shows that the intensification of the tropical upwelling occurs during all months, but reaches its maxima during boreal
winter. Similar but less pronounced features are also visible
from the comparison of the future and present day BDC in
the reference run. The changes of the BDC consist of acceleration and vertical shift of the subtropical jets and overall
weakening and displacement of the polar vortices.
Atmos. Chem. Phys., 13, 3811–3823, 2013

It is also of interest to analyse the changes of the Northern and Southern Annular Modes (NAM and SAM) in the
stratosphere because these modes can be influenced by the
changes in the stratosphere induced by substantial ozone depletion in the noMPA run. Their role in connecting the stratosphere and troposphere is known and may help to explain the
changes of the surface temperature discussed in Sect. 3.4. We
calculate seasonal NAM and SAM indices for the reference
and noMPA run from monthly mean geopotential heights at
50 hPa level using the approach described by Morgenstern et
al. (2010b). The evolution of the wintertime NAM index is
illustrated in Fig. 4. It was already shown by Morgenstern
et al. (2010b) that for the CCM SOCOL the long-term variability in the reference run is rather small, therefore, similar
behaviour of the calculated NAM index confirms the correct
application of the applied approach. The NAM index for the
noMPA run is different showing persistent decrease. It means
that during the last 20 yr of the simulation, when the ozone
depletion is the most pronounced the negative NAM phase
dominates. This effect is reflected in overall weakening and
dilution of the Northern polar vortex in agreement with the
above shown changes of the vortices and BDC. Any significant difference of the winter time SAM indices (not shown)
is not observed.
3.3

Total ozone

Figure 5 illustrates the time evolution of the monthly mean
total ozone saved by the MPA in percent from 2000 to 2011
(a) and from 2055 to 2065 (b). It is clearly seen that the Polar Regions are the most sensitive to the reduction in the active halogen burden. We find that the MPA has already saved
10–30 % of the present-day total ozone in the Northern and
www.atmos-chem-phys.net/13/3811/2013/
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Southern Hemispheres. In the tropical and extra tropical latitudes the saved ozone amount exceeds 5 %. In 2055–2065
the MPA prevent about 50 % of total ozone destruction in the
tropical and extra-tropical latitudes and more than 70–80 %
in the high latitudes of the Northern and Southern Hemispheres.
Figure 6 demonstrates that the ozone destruction by increased stratospheric halogen loading is also essential for the
global and annual mean total column ozone. The continuous
increase of stratospheric halogens leads to almost complete
(∼80 %) global ozone loss at the end of 21st century. The
global mean total ozone loss calculated as the difference between noMPA and MPA simulations is already rather dramatic in 2030 reaching ∼80 D.U. The geographical distribution of the annual mean total ozone loss for this particular year is illustrated in Fig. 7. As expected, the most pronounced (30–40 %) total ozone loss occurs over the cold polar areas; however, even in the tropics the ozone loss can exceed 15 %. Over Europe and North America the total ozone
loss is about 20 %, which would lead to an increase of dangerous erythemal irradiance by ∼20–30 %. The obtained results are in reasonable agreement with the total ozone loss
estimates published by Newman et al. (2009).
The geographical distribution of the annual-mean total
ozone destruction prevented by the MPA is presented in
Fig. 8. Model results for 2009 show maximum benefit for
the Northern Hemisphere due to the MPA implementation,
which is more than 25 %. For Northern Europe the benefits
are about 8–15 %. In the Southern Hemisphere the largest
benefit during the last 10 yr was obtained in 2003, which is
reaching more than 30 %.
Figures 5a and 8 also show that for the present-day total ozone the effect of the MPA limitations on man-made
halogen containing species depends not only on the amount
of chlorine loading, but also on the meteorological conditions and is more pronounced for a colder stratospheric winter. These results support previous estimations presented by
Egorova et al. (2001).
3.4

Surface air temperature and precipitation changes

Large ozone loss leads to substantial and statistically significant changes in the surface air temperature over the continents as illustrated in Fig. 9. The model results reveal pronounced surface warming of up to 1 K over the South Pole
and Southern China. Less intensive and not statistically significant warm anomalies of about 0.5 K also appear over
Greenland, Canada, north of Australia, Brazil and Paraguay.
Very pronounced cooling spots (up to −2.5 K) appear over
Europe, Russia, Northern Asia (Kazakhstan and Mongolia)
and Argentina. The geographical distribution of the surface
air temperature changes resembles the pattern typical for the
negative NAM phase in agreement with results presented in
the Sect. 3.2. Over the oceans the surface air temperature
changes are not large because the sea surface temperatures
www.atmos-chem-phys.net/13/3811/2013/
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a)

b)

Fig. 5. Simulated year-to-year evolution of the total ozone destruction prevented by the MPA. The values for isolines in percent are
for (a) 2000–2012: 5, 10, 30; for (b) 2055–2065: 50, 60, 70, 80.

Fig. 6. Time evolution of the global and annual mean total ozone
for the reference (black) and no Montreal protocol (red) simulations. Total ozone saved by the Montreal Protocol limitations (%) is
represented by the blue line.

are the same in both scenario and reference run. In comparison with historical records of surface air temperature evolution, the obtained large anomalies over the land imply that
in the world without the MPA considerable climate impact is
possible.
By the end of the 21st century, our model simulates some
changes in the precipitation intensity shown in Fig. 10. The
precipitation increases by up to 25 % mostly over the middle
latitudes of the both hemispheres with the maximum over the
Central Asia and Tropical Eastern Pacific.
Atmos. Chem. Phys., 13, 3811–3823, 2013
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Fig. 7. The geographical distribution of the annual mean total ozone
loss (%) calculated as the relative deviation of noMPA from MPA
results for the year 2030.

Fig. 9. Difference of the surface temperature between scenario and
reference simulations averaged over the time period 2090–2100 (annual mean in K). Hatching represent the areas where the statistical
significance exceed 95 % level.

from the CCM SOCOL: total column ozone, ozone profile,
temperature profile, surface albedo. In this study, the standard plane-parallel disort algorithm (Stamnes et al., 1988)
has been applied using 4 streams, which give an error of less
than 0.5 % for solar zenith angles (SZA) smaller than 75◦
and less than 1.5 % for larger SZA in comparison with the
calculations using 16 streams. For all calculations the default aerosol profile of UVSPEC was used (Shettle, 1990).
The mean elevation of every grid point as given by SOCOL
has been used to set the surface height. For every grid point
the global, diffuse and direct UV irradiance spectrum have
been calculated for the 15th of each month and local noon,
to obtain an estimate of the maximum UV level. For this
study, only the global irradiances have been used after the
convolution with the erythemal action spectrum to estimate
the impact of the UV levels on the human population; other
weightings could be used depending on the application. The
future changes in cloud cover estimated by the CCM SOCOL
have been converted to Cloud Modification Factors in the UV
range using a formula developed by Den Outer et al. (2005).
These correction factors were then multiplied with the modelled clear-sky UV irradiances to obtain erythemal UV irradiances under cloudy conditions.
Fig. 8. Geographical distribution of the annual-mean total ozone
destruction prevented by the MPA for the Northern Hemisphere in
2009 (upper panel) and for Southern Hemisphere in 2003 (lower
panel). The values for isolines in percent are: 4, 6, 8, 10, 15, 20, 25.

4

Erythemal UV Irradiance estimations

Clear-sky surface UV irradiances have been calculated with
the radiative transfer model UVSpec from libRadtran (Mayer
and Kylling, 2005) using the following output parameters
Atmos. Chem. Phys., 13, 3811–3823, 2013

4.1

No Montreal Protocol scenario

Under the assumption that the Montreal Protocol was not
implemented, the surface UV irradiances undergo dramatic
increases during the 21st century and illustrated in Fig. 11.
Even though the changes are modulated by latitude and season, erythemal UV irradiances increase by factors of 4 to
16 between the 1970s and 2100. As discussed in Newman
and McKenzie (2011), the impact of these high UV levels on the whole biosphere would have significant negative
www.atmos-chem-phys.net/13/3811/2013/
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Fig. 10. Precipitation difference (mm s−1 ) between scenario and
reference simulations averaged over time period 2090–2100 (annual mean). Hatching represent the areas where the statistical significance exceed 95 % level.

consequences, with UV indices in the summer season exceeding the current maximal UV levels of 25 in the most
populated areas.
Figure 12 displays the relative changes of Eery in September for five latitudinal bands relative to the 1970–1979 average. The changes are largest over the southern high latitudes,
with increases of more than a factor 16 by the end of this
century due to the dramatic ozone losses over the Antarctic Peninsula. The relative increases over the middle and low
latitudes are between 4 and 8 times the values found in the
pre-Montreal Protocol era, leading to UV Index values in excess of 50, which are more than double the highest values
found currently on Earth.
These UV increases can be mainly attributed to the corresponding decrease in atmospheric ozone due to the continuous emission of ozone depleting substances in the atmosphere, as described in the previous sections. Changes in the
other parameters, such as surface albedo or clouds have a
negligible influence.
4.2

Fig. 11. Maximal UV indices calculated in the years 2010, 2050 and
2090 in noMPA case. The colour scale was limited to a UV Index
of 25 to reflect the current (2010) maximum UV levels observed in
the South American Andes. The contour lines have no upper limit
and extend from UV index 0 to 40 in steps of 10.

Montreal Protocol scenario

The CCM SOCOL reference run, implementing the Montreal Protocol limitations and the following amendments,
was used to infer the most plausible future UV changes to
be expected in the 21st century. Figure 13 shows the expected changes of erythemal UV irradiances for five latitudinal bands, relative to the reference years. UV radiation increases slightly in the last decades of the previous century
corresponding to the observed ozone decreases. In line with
the implementation of the Montreal Protocol, UV radiation
starts to decrease around 2000, with continuous decreases of
5 % to 10 % at middle latitudes in the Northern and Southern Hemispheres. UV radiation actually decreases to lower
www.atmos-chem-phys.net/13/3811/2013/

Fig. 12. Changes of erythemal weighted UV irradiances for five
latitudinal bands 90◦ N–60◦ N (blue), 60◦ N–30◦ N (green), 30◦ N–
30◦ S (red), 30◦ S–60◦ S (light blue) and 60◦ S–90◦ S (violet) in
September relative to the 1970–1979 average for the noMPA scenario.
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Fig. 13. Changes of erythemal weighted UV irradiances for five latitudinal bands 90◦ N–60◦ N (blue), 60N-30N (green), 30◦ N–30◦ S
(red), 30◦ S–60◦ S (light blue) and 60◦ S–90◦ S (violet) in September relative to the 1970–1979 average for the MPA scenario.

Fig. 14. Cloud modification factor (CMF) changes relative to the
1970–1979 average. A decrease in CMF corresponds to a decreased
cloud transmission, i.e., a decrease in transmitted solar radiation to
the surface.

values than found in the pre-ozone-hole period, but only by
5 % to 10 %. Larger decreases are observed at higher latitudes: in the Northern Hemisphere, UV radiation decreases
by more than 20 %, while in the Southern Hemisphere, UV
radiation decreases by nearly 50 % due to the disappearance
of the ozone hole over the Antarctic. While ozone changes
have a well documented influence on the future evolution of
the UV radiation, cloud changes need to be taken into account in this scenario as well so that the parameters affecting
future UV changes can be quantified.
As shown by Bais et al. (2011), cloud effects in CCMs
are responsible for 2–3 % of the reduction in surface erythemal solar irradiance at high latitudes and up to 1 % at
mid-latitudes. In CCM SOCOL, cloud transmission changes
show an overall decreasing trend, as evidenced in Fig. 14
for the five latitudinal bands. The largest changes are seen in
the high northern latitudes with a relative decrease in cloud
modification factor of 10 %, while at lower latitudes and in
Atmos. Chem. Phys., 13, 3811–3823, 2013

the Southern Hemisphere CMFs remain more or less constant with changes of less than 4 % between the 1960s and
2100. Thus, CCM SOCOL predicts an overall slight increase
in cloud cover or cloud thickness, which is in opposition to
currently observed cloud trends (Gröbner and Wacker, 2011;
Maugeri et al., 2001; Trenberth et al., 2007; Smedley et al.,
2012). Seeing that the future UV trends will significantly
depend on the changes in cloud cover, increased efforts to
model cloud changes in CCM models will be required to better predict future UV levels.
Since future aerosol scenarios were not taken into account
in this model-run, modelled changes in UV radiation are,
therefore, dominated by changes in the total column ozone
and cloud cover.

5

Conclusions

In this article, we evaluate the usefulness of international
agreements such as the Montreal Protocol on the basis of numerical experiments carried out with the modern chemistryclimate model SOCOL in the framework of the CCMVal
campaign. Analysis of the simulated data allows the following conclusions. In the absence of the MPA by 2100, the
mesosphere and stratosphere cool down by 40 K and 20 K,
respectively, as a consequence of dramatic ozone depletion,
which by the end of the 21st century could exceed 80 %. For
the total ozone the simulated benefits of the MPA reaches
50 % in the tropical latitudes and 70–80 % in high latitudes
of both hemispheres. For the global annual ozone benefits
of the MPA reach 50 % by the 2050 and 80 % by the 2100.
The tropospheric ozone depletion by additional halogens and
less ozone influx from the stratosphere reaches 60–80 %. The
comparison with the results of Newman et al. (2009) demonstrates that the absence of tropospheric chemistry would lead
to substantial underestimation of this effect, while a good
agreement with the results of Morgenstern et al. (2008) allows to conclude that the additional ozone production due
to increased UV does not play substantial role. Pronounced
ozone depletion leads to substantial alteration of the strength
by up to 40 m s−1 and latitudinal location by up to 20◦ of the
polar vortices, increase of the BDC intensity by up to 100 %
and shift of the NAM to negative phase. In the absence of the
MPA, we model substantial changes in surface temperature
over Europe and Russian Federation, and Poles as well as
some changes in precipitation. The obtained changes of the
circulation and climate should be taken with caution because
the absence of an interactive ocean in our model and these
issues require further investigations with more sophisticated
models. When the Montreal Protocol limitations are not implemented, UV radiation undergoes a dramatic increase in
the 21st century, with 5-fold increases in populated areas,
corresponding to UV Index values in excess of 50 in the summer months. In contrast, UV levels tend to decrease in the
21st century under the Montreal Protocol scenario, by 5 %
www.atmos-chem-phys.net/13/3811/2013/
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to 10 % at middle latitudes with respect to the “pre-ozone
hole” period. This decrease is partly due to an increase in
total column ozone in excess of the ozone levels found in
the 1960s, but also due to an increase in overall cloud cover,
as estimated by CCM SOCOL. We find that expected ozone
increases and changes in clouds have quantitatively similar
influences on future surface UV radiation levels. Therefore,
cloud processes and their radiative impacts need to be further
studied in CCM model validation studies to better constrain
this important parameter. All our results confirm the important role of the Montreal Protocol in protecting the ozone
layer and the Earth climate. The estimation of the MPA benefits for the future climate changes can not be fully addressed
in this paper and requires new experiments using Earth System models.
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P., Krüger, K., Kushner, P., Newman, P., Osprey, S., Perlwitz,
J., Sigmond, M., Wang, L., Akiyoshi, H., Austin, J., Bekki, S.,
Baumgaertner, A., Braesicke, P., Brühl, C., Chipperfield, M.,
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