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Chapter 2

STRATOSPHERIC OZONE AND SURFACE ULTRAVIOLET RADIATION
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SCIENTIFIC SUMMARY

Global Ozone Observations and Interpretation

 As a result of the Montreal Protocol, ozone is expected to recover from the effect of ozone-depleting substances 
(ODSs) as their abundances decline in the coming decades.  The 2006 Assessment showed that globally averaged column 
ozone ceased to decline around 1996, meeting the criterion for the first stage of recovery.  Ozone is expected to increase 
as a result of continued decrease in ODSs (second stage of recovery).  This chapter discusses recent observations of ozone 
and ultraviolet radiation in the context of their historical records.  Natural variability, observational uncertainty, and 
stratospheric cooling necessitate a long record in order to attribute an ozone increase to decreases in ODSs.  Table S2-1 
summarizes ozone changes since 1980.

 The primary tools used in this Assessment for prediction of ozone are chemistry-climate models (CCMs).  These 
CCMs are designed to represent the processes determining the amount of stratospheric ozone and its response to changes 
in ODSs and greenhouse gases.  Eighteen CCMs have been recently evaluated using a variety of process-based compari-
sons to measurements.  The CCMs are further evaluated here by comparison of trends calculated from measurements with 
trends calculated from simulations designed to reproduce ozone behavior during an observing period.

Total Column Ozone

•	 Average	 total	ozone	values	 in	2006–2009	have	remained	at	 the	 same	 level	 for	 the	past	decade,	about	3.5%	
and	2.5%	below	the	1964–1980	averages	respectively	for	90°S–90°N	and	60°S–60°N.		Average total ozone from 
CCM simulations behaves in a manner similar to observations between 1980 and 2009.  The average column ozone 
for 1964–1980 is chosen as a reference for observed changes for two reasons:  1) reliable ground-based observa-
tions sufficient to produce a global average are available in this period; 2) a significant trend is not discernible in the 
observations during this period.

•	 Southern	Hemisphere midlatitude (35°S–60°S)	 annual	mean	 total	 column	 ozone	 amounts	 over	 the	 period	
2006–2009	 have	 remained	 at	 the	 same	 level	 as	 observed	 during	 1996–2005,	 approximately	 6%	 below	 the	
1964–1980	average.  Simulations by CCMs also show declines of the same magnitude between 1980 and 1996, and 
minimal change after 1996, thus both observations and simulations are consistent with the expectations of the impact 
of ODSs on southern midlatitude ozone.

•	 Northern	Hemisphere	midlatitude	 (35°N–60°N)	 annual	mean	 total	 column	 ozone	 amounts	 over	 the	 period	
2006–2009	 have	 remained	 at	 the	 same	 level	 as	 observed	 during	 1998–2005,	 approximately	 3.5%	 below	
the	1964–1980	average.  A minimum about 5.5% below the 1964–1980 average was reached in the mid-1990s.  
Simulations by CCMs agree with these measurements, again showing the consistency of data with the expected 
impact of ODSs.  The simulations also indicate that the minimum in the mid-1990s was primarily caused by the ozone 
response to effects of volcanic aerosols from the 1991 eruption of Mt. Pinatubo.

•	 The	 latitude	 dependence	 of	 simulated	 total	 column	 ozone	 trends	 generally	 agrees	 with	 that	 derived	 from	
measurements,	showing	large	negative	trends	at	Southern	Hemisphere	mid	and	high	latitudes	and	Northern	
Hemisphere	midlatitudes	 for	 the	period	of	ODS	 increase.  However, in the tropics the statistically significant 
range of trends produced by CCMs (−1.5 to −4 Dobson units per decade (DU/decade)) does not agree with the trend 
obtained from measurements (+0.3 ± 1 DU/decade).

Ozone Profiles

•	 Northern	Hemisphere	midlatitude	 (35°N–60°N)	ozone	between	12	and	15	km	decreased	between	1979	and	
1995,	and	increased	between	1996	and	2009.  The increase since the mid-1990s is larger than the changes expected 
from the decline in ODS abundances.
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•	 Northern	Hemisphere	midlatitude	(35°N–60°N)	ozone	between	20	and	25	km	declined	during	1979–1995	and	has	
since	ceased	to	decline.  Observed increases between 1996 and 2008 are statistically significant at some locations but 
not globally.

•	 Northern	Hemisphere	midlatitude	(35°N–60°N)	ozone	between	35	and	45	km	measured	using	a	broad	range	of	
ground-based	and	satellite	instruments	ceased	to	decline	after	the	mid-1990s,	consistent	with	the	leveling	off	
of	ODS	abundances.		All data sets show a small ozone increase since that time, with varying degrees of statistical 
significance but this increase cannot presently be attributed to ODS decrease because of observational uncertainty, 
natural ozone variability, and stratospheric cooling.  CCMs simulate the ozone response to changes in ODSs and 
increases in greenhouse gases; analysis of CCM results suggests that longer observational records are required to 
separate these effects from each other and from natural variability.

•	 In	the	midlatitude	upper	stratosphere	(35–45	km)	of	both	hemispheres,	the	profile	ozone	trends	derived	from	
most	CCMs	from	1980	to	1996	agree	well	with	trends	deduced	from	measurements.  The agreement in both mag-
nitude and shape of the ozone trends provides evidence that increases in ODSs between 1980 and 1996 are primarily 
responsible for the observed behavior.

•	 In	 the	 tropical	 lower	 stratosphere,	 all	 simulations	 show	a	 negative	 ozone	 trend	 just	 above	 the	 tropopause,	
centered	at	about	18–19	km	(70–80	hectoPascals,	hPa),	due	to	an	increase	in	upwelling.  The simulated trends in 
the lower tropical stratosphere are consistent with trends deduced for 1985–2005 from Stratospheric Aerosol and Gas 
Experiment (SAGE II) satellite data, although uncertainties in the SAGE II trends are large.  The near-zero trend in 
tropical total ozone measurements is inconsistent with the negative trend found in the integrated SAGE I + SAGE II 
stratospheric profiles.  The tropospheric ozone column does not increase enough to resolve this discrepancy.

Table S2-1.  Summary of ozone changes estimated from observations.

Column	Ozone 12–15	km 20–25	km 35–45	km Comment

Data	Sources Ground-based, 
satellite Ozonesondes Ozonesondes,

satellites, FTIR
Satellites, 
Umkehrs, FTIR 

Northern	
midlatitudes	
1980–1996

Declined by about 
6%

Declined by 
about 9%

Declined by 
about 7%

Declined by 
about 10%

1992–1996 
column and lower 
stratosphere data 
affected by Mt. 
Pinatubo

Northern	
midlatitudes	
1996–2009

Increased from 
the minimum 
values by about 
2% by 1998 
and remained at 
the same level 
thereafter 

Increased by 
about 6%

Increased by
about 2.5%

Increased by 
1 to 2%, but 
uncertainties are 
large

Southern	
midlatitudes	
1980–1996

Declined by 6% No information Declined by 
about 7%

Declined by 
about 10%

Southern	
midlatitudes	
1996–2009

Remained at 
approximately the 
same level 

No statistically 
significant 
changes

No statistically 
significant 
changes

Increased by 
1 to 3%, but 
uncertainties are 
large
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Polar Ozone Observations and Interpretation

•	 The	Antarctic	ozone	hole	continued	to	appear	each	spring	from	2006	to	2009.  This is expected because decreases 
in stratospheric chlorine and bromine have been moderate over the last few years.  Analysis shows that since 1979 
the abundance of total column ozone in the Antarctic ozone hole has evolved in a manner consistent with the time 
evolution of ODSs.  Since about 1997 the ODS amounts have been nearly constant and the depth and magnitude of 
the ozone hole have been controlled by variations in temperature and dynamics.  The October mean column ozone 
within the vortex has been about 40% below 1980 values for the past fifteen years.

•	 Arctic	winter	and	spring	ozone	loss	has	varied	between	2007	and	2010,	but	remained	in	a	range	comparable	
to	the	values	that	have	prevailed	since	the	early	1990s.		Chemical loss of about 80% of the losses observed in the 
record cold winters of 1999/2000 and 2004/2005 has occurred in recent cold winters.

•	 Recent	 laboratory	measurements	 of	 the	 chlorine	monoxide	 dimer	 (ClOOCl)	 dissociation	 cross	 section	 and	
analyses	 of	 observations	 from	 aircraft	 and	 satellites	 have	 reaffirmed	 the	 fundamental	 understanding	 that	
polar	springtime	ozone	depletion	is	caused	primarily	by	the	ClO	+	ClO	catalytic	ozone	destruction	cycle,	with	
significant	contributions	from	the	BrO	+	ClO	cycle.

•	 Polar	stratospheric	clouds	(PSCs)	over	Antarctica occur	more	frequently	in	early	June	and	less	frequently	in	
September	than	expected	based	on	the	previous	satellite	PSC	climatology.		This result is obtained from measure-
ments by a new class of satellite instruments that provide daily vortex-wide information concerning PSC composition 
and occurrence in both hemispheres.  The previous satellite PSC climatology was developed from solar occultation 
instruments that have limited daily coverage.

•	 Calculations	constrained	to	match	observed	temperatures	and	halogen	levels produce	Antarctic	ozone	losses	
that	 are	 close	 to	 those	derived	 from	data.  Without constraints, CCMs simulate many aspects of the Antarctic 
ozone hole, however they do not simultaneously produce the cold temperatures, isolation from middle latitudes, deep 
descent, and high amounts of halogens in the polar vortex.  Furthermore, most CCMs underestimate the Arctic ozone 
loss that is derived from observations, primarily because the simulated northern winter vortices are too warm.

Ultraviolet Radiation

 Ground-based measurements of solar ultraviolet (UV) radiation (wavelength 280–400 nanometers) remain limited 
both spatially and in duration.		However, there have been advances both in reconstructing longer-term UV records from 
other types of ground-based measurements and in satellite UV retrievals.  Where these UV data sets coincide, long-term 
changes agree, even though there may be differences in instantaneous, absolute levels of UV.

•	 Ground-based	UV	reconstructions	and	satellite	UV	retrievals,	supported	in	the	later	years	by	direct	ground-
based	UV	measurements,	 show	 that	 erythemal	 (“sunburning”)	 irradiance	 over	midlatitudes	 has	 increased	
since	 the	 late	1970s,	 in	qualitative	agreement	with	 the	observed	decrease	 in	 column	ozone.	 	The increase in 
satellite-derived erythemal irradiance over midlatitudes during 1979–2008 is statistically significant, while there are 
no significant changes in the tropics.  Satellite estimates of UV are difficult to interpret over the polar regions.

•	 In	the	Antarctic,	large	ozone	losses	produce	a	clear	increase	in	surface	UV	radiation.		Ground-based measure-
ments show that the average spring erythemal irradiance for 1990–2006 is up to 85% greater than the modeled 
irradiance for 1963–1980, depending on site.  The Antarctic spring erythemal irradiance is approximately twice that 
measured in the Arctic for the same season.

•	 Clear-sky	UV	observations	from	unpolluted	sites	in	midlatitudes	show	that	since	the	late	1990s,	UV	irradiance	
levels	have	been	approximately	constant,	consistent	with	ozone	column	observations	over	this	period.
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•	 Surface	UV	levels	and	trends	have	also	been	significantly	 influenced	by	clouds	and	aerosols,	 in	addition	to	
stratospheric	ozone.		Daily measurements under all atmospheric conditions at sites in Europe and Japan show that 
erythemal irradiance has continued to increase in recent years due to net reductions in the effects of clouds and aero-
sols.  In contrast, in southern midlatitudes, zonal and annual average erythemal irradiance increases due to ozone 
decreases since 1979 have been offset by almost a half due to net increases in the effects of clouds and aerosols. 
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INTRODUCTION

This chapter presents information on several topics 
but is conceptually organized around a single question: is 
the Montreal Protocol working?  This chapter is focused 
on the observational record and interpretation thereof up 
to the present, and consolidates information found in three 
separate chapters in the previous Assessment (WMO, 
2007): Chapter 3 (“Global Ozone: Past and Present,” 
Chipperfield and Fioletov et al., 2007), Chapter 4 (“Polar 
Ozone: Past and Present,” Newman and Rex et al., 2007), 
and Chapter 7 (“Surface Ultraviolet Radiation: Past, Pres-
ent and Future,” Bais and Lubin et al., 2007).  There are 
four sections in this chapter: Ozone Observations, Polar 
Ozone, Surface Ultraviolet Radiation, and Interpretation 
of Observed Ozone Changes.  Each section begins with a 
summary of WMO (2007) followed by a combination of 
updates to the observational records and longer discussion 
of new discoveries and observations.

2.1 OZONE OBSERVATIONS

2.1.1 State of Science in 2006

The long-term changes in global ozone were re-
viewed in Chapter 3 of WMO (2007).  From the analysis 
of data from multiple sources, it was shown that the global 
mean total column ozone values for the period 2002–2005 
had stabilized to values similar to those observed in 1998–
2001, at approximately 3.5% below the 1964–1980 average 
values.  Differences between the Northern and Southern 
Hemispheres (NH and SH) were noted, with ozone aver-
age values respectively 3% and 5.5% below their pre-1980 
average values.  The time series behavior of total ozone 
column was also shown to be different in both hemispheres 
during the 1990s.  Ozone showed a minimum in the NH 
around 1993 followed by an increase, while it decreased 
through the late 1990s in the SH and leveled off in about 
2000.  Seasonal differences between ozone changes over 
midlatitude regions in both hemispheres were also noticed.  
The changes with respect to the pre-1980 values were larg-
er in spring in the NH, while no seasonal dependence was 
found in the SH.  Over the tropics, no change in column 
ozone values was found, which was consistent with the 
findings of WMO (2003).

Because total ozone column was no longer decreas-
ing in most observations, several methods were discussed 
in WMO (2003) and WMO (2007) for the evaluation of 
ozone trends.  Previous Assessments had described long-
term ozone changes due to chemical destruction by ozone-
depleting substances (ODSs) in terms of linear trends 
 estimated using multiple regression analysis.  Because the 
change in ODSs after the mid-1990s was no longer linear 

with time, other methods were proposed, e.g., the piece-
wise linear trend model in which different linear fits are 
used before and after a turning point, and the fit to the 
equivalent effective stratospheric chlorine (EESC) func-
tion (see Chapter 1 of this Assessment).  Such methods 
have been used in most recent studies on ozone trends and 
are also discussed in the present Assessment.

Regarding changes in the vertical ozone distribu-
tion, satellite and ground-based measurements showed 
that in the upper stratosphere, the ozone decrease had 
stopped and ozone values were relatively constant since 
1995.  Similar stabilization was found in the lower strato-
sphere between 20 and 25 kilometers (km) altitude.  In the 
lowermost stratosphere below 15 km altitude in the NH, a 
significant increase was found from 1996, after the strong 
decrease observed between 1979 and 1995.  This change 
in the lowermost stratosphere had a substantial impact on 
the total ozone column.  Such an ozone increase was not 
observed in the SH.  The lowermost stratosphere is de-
fined and discussed in more detail in Section 2.4 below.

All studies in WMO (2007) pointed out the stabi-
lization of ozone both in total column and in the vertical 
distribution at various levels, various locations, and at the 
global scale.  They concurred that the first stage of recov-
ery (i.e., slowing of ozone decline attributable to ODS 
changes) had already occurred and that the second stage 
(i.e., onset of ozone increase) was expected to become evi-
dent within the next two decades.

2.1.2 Update on Methods Used to Evaluate 
the Effect of ODSs on Ozone

As discussed in previous Assessments, the long-
term and short-term variability of ozone in the strato-
sphere is generally estimated using multi-regression statis-
tical models that quantify the relationship between ozone 
and different explanatory variables describing natural or 
anthropogenic forcings (e.g., SPARC, 1998).  The long-
term trend components representing the effect of ODSs 
are extracted simultaneously with other regression terms 
and autocorrelated noise.

To describe the long-term trend in ozone that is 
 related to ODSs, the equivalent effective stratospheric 
chlorine (EESC) (see Section 1.4.4 of Chapter 1) is com-
monly used as a proxy in statistical models (Stolarski 
et al., 2006; Dhomse et al., 2006; Brunner et al., 2006; 
Randel and Wu, 2007; Wohltmann et al., 2007; Mäder 
et al., 2007; Vyushin et al., 2007; Harris et al., 2008).  
Statistical methods are used to quantify the relationship 
between ozone changes and EESC, and verify whether the 
EESC-related term is statistically significant.  Analysis 
of the residuals, for example, by the Cumulative Sum 
of Residuals (CUSUM) technique (Reinsel et al., 2002; 
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Newchurch et al., 2003) then can be used to check that a 
statistical model with the EESC term adequately describes 
the  observed ozone changes.

The EESC depends on latitude and altitude.  More-
over, the present estimates of EESC are different from 
those used, for example, in WMO (2003), as discussed in 
Section 1.4.4 of Chapter 1.  As a result, all of the ozone 
trend studies mentioned above did not use the same EESC 
function.  While a particular shape of the EESC curve has 
little effect on the EESC-based trend estimates in the past 
(they all represent a linear decline during the 1980s and 
early 1990s with leveling off thereafter), the shape of an 
EESC function will have more impact on the estimated 
trend value as time moves from the EESC turning point.  
The shape of the EESC curve is particularly important for 
the detectability of future trends (Vyushin et al., 2010).  
On the other hand, once the EESC shape is specified, the 
sensitivity of ozone to EESC obtained from this type of 
statistical analysis varies little as a result of small differ-
ences in the length of record.

A statistically significant EESC-related term can be 
used as evidence of the ODS-related destruction of ozone.  
The EESC was a linear function of time in the 1980s and 
thus the EESC fit to ozone can be expressed in terms of 
linear changes at that time, with results reported in ozone 
changes (% or Dobson units (DU)) per decade.  WMO 
(2007, Section 3.2.1) discussed ozone trends in terms of 
EESC.  Adding four more years to 25-year-long observa-
tion records discussed in WMO (2007) does not change 
the trend estimates for that period significantly.  Simi-
larly, the EESC is nearly a linear function in the 2000s 
and therefore the expected rate of ozone increase during 
the declining phase of the EESC can be expressed in % or 
DU per decade.

WMO (2007) concluded that the first stage of the 
ozone recovery, i.e., the slowing of ozone decline, identi-
fied as the occurrence of a statistically significant reduc-
tion in the rate of decline in ozone due to changing EESC, 
had already occurred.  The second stage of the ozone re-
covery or the onset of ozone increases (turnaround) is 
identified as the occurrence of statistically significant 
 increases in ozone above previous minimum values due to 
declining EESC.

The ozone increase after the minimum can be 
 estimated by fitting the data with a linear function or by 
calculating a piecewise linear trend (PWLT) with a turn-
ing point near the EESC maximum (Reinsel et al., 2005; 
Miller et al., 2006; Vyushin et al., 2007; S.-K. Yang et 
al., 2009).  The slope estimated from ozone data during 
the declining phase of EESC should agree with the slope 
expected from the EESC fit if the ozone increase is indeed 
related to the EESC decline.

As discussed by WMO (2007, Section 3.4.2) a siz-
able fraction of the long-term ozone changes, particularly 

over northern mid and high latitudes, can be related to 
dynamical processes.  Estimation of ozone trends requires 
a proper accounting for the effect of these processes on 
ozone.  One approach is to add more terms to the sta-
tistical model used for trend calculations using a purely 
statistical approach and letting the regression model find 
the best proxies (e.g., Mäder et al., 2007) or by adding 
proxies based on possible physical processes that cause 
the ozone changes (e.g., Wohltmann et al., 2007).  How-
ever the physical mechanisms underlying these additional 
terms are often not well understood, and therefore it is dif-
ficult to account for them properly in a statistical model.  
This issue is addressed in detail in Section 2.4.  Another 
approach is to consider the contribution from dynamical 
processes as noise.  This results in a larger uncertainty in 
the trend estimates and also requires an additional analysis 
of the autocorrelation function of the residuals (Vyushin 
et al., 2007).  In both approaches, the eleven-year solar 
activity cycle and the quasi-biennial oscillation (QBO) are 
typically included in the statistical model because these 
oscillations are located in a narrow frequency range.

2.1.3 Update on Total Ozone Changes

2.1.3.1 MeasureMents

Ground-Based Measurements

Dobson, Brewer, and filter instruments provide 
long-term ground-based total ozone time series.  The 
instrumental precision of well maintained Dobson and 
Brewer instruments was recently estimated by Scarnato et 
al. (2010) to be respectively 0.5% and 0.15% (1-sigma).  
When comparing ground-based total ozone measurements 
with satellite overpass data, the standard deviation of 
monthly differences was on average about 1.5% and within 
0.6–2.6% for 90% of Dobson and Brewer network stations 
and on average about 2% and within 1.5–3.5% for 90% of 
stations equipped with filter instruments M-124 (Fioletov 
et al., 2008).  The agreement between various instruments 
can be further improved as new ozone absorption cross 
sections are adopted (Scarnato et al., 2009).  A recently 
established committee is presently addressing the issue of 
ozone cross sections used in ground-based and satellite 
measurements (see http://igaco-o3.fmi.fi/ACSO/).  Since 
the end of the 1980s, other instruments have been imple-
mented for the monitoring of total ozone.  Long-term and 
regular ground-based Fourier transform infrared (FTIR) 
measurements are performed at many stations around the 
world and these data were used to assess ozone trends 
over Western Europe from 79°N to 28°N (Vigouroux et 
al., 2008).  The precision of FTIR ozone total columns 
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is about 4%, but it has been demonstrated that it can 
reach 1 DU in some conditions (Schneider et al., 2008).  
No calibration is needed, but the instrumental line shape 
must be known in order to avoid introducing a bias in the 
ozone retrievals.  UV-Visible spectrophotometers such as 
the System d’ Analyse par Observation Zenitale (SAOZ) 
instruments (Pommereau and Goutail, 1988) retrieve total 
ozone as well as nitrogen dioxide (NO2) column amounts 
from zenith sky measurements using Differential Optical 
Absorption Spectroscopy (DOAS).  A new version of the 
zenith-sky retrieval algorithm using improved air mass 
factors was recently introduced.  SAOZ observations were 
used here in addition to Dobson, Brewer, and filter instru-
ment data to form the ground-based zonal mean data set as 
described by Fioletov et al. (2002).  This data set with the 
list of contributed stations is available from http://woudc.
org/data_e.html.

Satellite Measurements

Satellite instruments have observed the total ozone 
distributions at the global scale since 1970, when the 
Nimbus 4 satellite was launched with the Backscatter 
 Ultraviolet (BUV) instrument onboard.  To date, the long-
est total ozone records are provided by the series of Total 
Ozone Mapping Spectrometer (TOMS) and Solar Back-
scatter Ultraviolet 2 (SBUV/2) instruments.  Since 2004, 
the TOMS total ozone record has been taken over by the 
Ozone Monitoring Instrument (OMI), an instrument on 
the Aura satellite.  TOMS, BUV, and SBUV/2 data pre-
sented here are retrieved with the version 8 algorithm 
(Bhartia et al., 2004; Flynn, 2007).  There are two opera-
tionally available OMI satellite total ozone column data 
products, based on the OMI-TOMS and the OMI-DOAS 
retrieval algorithms, but outputs of the OMI-TOMS algo-
rithm agree better with the most accurate ground-based 
measurements than those for the OMI-DOAS algorithm 
(Balis et al., 2007).  The TOMS algorithm uses only two 
wavelengths (317.5 and 331.2 nanometers (nm)) to derive 
total ozone (four other wavelengths are used for diagnos-
tics and error correction).  The version 8.5 OMI algorithm 
is similar to the TOMS version 8 algorithm and is used to 
process OMI data presented here.

In order to obtain long-term total ozone records, 
several data sets merging various satellite ozone records 
have been constructed.  The TOMS+OMI+SBUV(/2) 
merged ozone data set (MOD) (Stolarski and Frith, 2006), 
used in WMO (2007), has been updated through Decem-
ber of 2009.  The input now includes version 8.5 data from 
OMI and version 8.0 data from NOAA-17 SBUV/2.  Data 
from 1970 through 1972 have also been added from the 
Nimbus 4 BUV experiment in 1970–1977.  The merged 

ozone data set (MOD) can be obtained at http://acdb-ext.
gsfc.nasa.gov/Data_services/merged/.

Version 8 ozone retrievals from Nimbus 7 SBUV, 
and NOAA-9, -11, -14, -16, -17, and -18 SBUV/2 instru-
ments were used in a NOAA cohesive SBUV(/2) total 
ozone data set (S.K. Yang et al., 2009) available at ftp://
ftp.cpc.ncep.noaa.gov/long/SBUV_v8_Cohesive.

The European instruments Global Ozone Monitoring 
Experiment (GOME) on the European Remote Sensing Sat-
ellite (ERS-2) (1995–2003, global coverage), Scanning Im-
aging Absorption Spectrometer for Atmospheric Cartogra-
phy (SCIAMACHY) on the Environmental Satellite 
(Envisat; 2002–present), and GOME-2 on Meteorological 
Operational satellite (MetOp)-A (2006–present) apply the 
DOAS algorithm technique in the continuous 325–335 nm 
wavelength range (Burrows et al., 1999) to retrieve total 
ozone estimates.  Different types of DOAS algorithms have 
been developed: WFDOAS (Coldewey-Egbers et al., 2005), 
TOGOMI/TOSOMI (Eskes et al., 2005), and SDOAS/
GDOAS/GDP (Van Roozendael et al., 2006).  By compar-
ing to Brewer/Dobsons and other satellite data, all algo-
rithms applied to GOME were shown to be in good agree-
ment (Weber et al., 2005; Balis et al., 2007; Fioletov et al., 
2008).  Overall good agreement was also found in the com-
parison of SCIAMACHY total ozone to ground data and 
other satellite data over more than six years (Lerot et al., 
2009).  However, a downward drift of total ozone from 
SCIAMACHY with respect to GOME and other correlative 
data has been identified that is independent of the algorithm 
used (Lerot et al., 2009; Loyola et al., 2009a).  GOME-2 has 
almost three years of total ozone data.  First validation 
 results have been reported (Antón et al., 2009).  A merged 
data set from GOME, SCIAMACHY, and GOME-2 by suc-
cessive scaling of SCIAMACHY and GOME-2 monthly-
mean zonal mean data to GOME is described in Loyola et 
al. (2009a).  They report that a scaling of +2 to +3% was 
required to match GOME-2 to the GOME data record.

The GOME-SCIAMACHY data is based on com-
bined GOME, SCIAMACHY, and GOME-2 records, 
with SCIAMACHY and GOME-2 records adjusted using 
a stable record of the GOME instrument (although with a 
limited coverage after 2003).  While multiple versions of 
the data processing algorithm and merged data sets exist 
( Weber et al., 2007; Loyola et al., 2009a), they produce 
nearly identical records of zonal monthly-mean ozone values.

Measurements from four TOMS instruments, 
GOME, four SBUV(/2) instruments, and OMI are used 
to produce the New Zealand National Institute of  Water 
and Atmospheric Research (NIWA) combined total 
ozone data set (Bodeker et al., 2005; Müller et al., 2008).  
Offsets and drifts between all of the satellite-based data 
sets are removed through intercomparisons with the 
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Dobson and Brewer ground-based network.  The NIWA 
data set is available from http://www.bodekerscientific.
com/data/ozone.

2.1.3.2 total ozone Changes and trends

The quasi-global (60°S–60°N) ozone record from 
the MOD is shown in Figure 2-1.  The annual variation 
and an 11-year periodical component are evident from the 
plot and are discussed in detail in WMO, 2007 (Chipper-
field and Fioletov et al., 2007).  The total ozone deviations 
for the 60°S–60°N, 90°S–90°N, 25°S–25°N, 35°N–60°N, 
and 35°S–60°S latitude belts are shown in Figure 2-2.  The 
approach used in Fioletov et al. (2002) and WMO (2007) 
is again used here.  Five data sets of 5°-wide zonal av-
erages of total ozone values are analyzed in this Assess-
ment.  Area-weighted annual averages are calculated for 
different latitude belts and for the globe.  All panels of 
Figure 2-2 indicate that average total ozone deviations in 
2006–2009 display very little change as compared to the 
2002–2005 values reported in WMO (2007).  The global 
and 60°S–60°N averages were about 3.5% and 2.5% be-
low the 1964–1980 average values, respectively.  The total 
column ozone for 1964–1980 is chosen as a reference for 
observed changes for two reasons:  (1) reliable ground-
based observations sufficient to produce a global average 
are available in this period; and (2) a significant trend is 
not discernible in the observations during this period.  In 
midlatitude regions of both hemispheres, ozone values in 
the NH and SH stabilized at respectively about 3.5% and 
6% lower than the 1964–1980 average, with little sign of 
increase in recent years.

Several authors have examined the zonally aver-
aged total ozone data and find statistically significant pos-
itive trends since the second half of the 1990s.  S.-K. Yang 
et al. (2009) find a positive trend of about 1.2 ± 0.8%/ decade 
for the period 1996–2007 in the averaged 50°S–50°N 
SBUV(/2) satellite data using the PWLT model.  Using 
Dobson total ozone measurements, Angell and Free (2009) 
find positive trends in the same regions after application of 
5-year running linear trends to the smoothed individual 
station ground-based data.  They used 11-year running 
means to minimize the 11-year solar and QBO effects in 
the ozone time series.  It should be mentioned however, 
that the positive trend in 50°S–50°N region is largely as-
sociated with an ozone increase in the tropical belt related 
to relatively low ozone values there in the mid-1990s and 
relatively high values during the recent solar activity min-
imum.  Loyola et al. (2009b) analyzed the merged 
GOME(/2)+SCIAMACHY data set as well the MOD set 
for the period from June 1995 to April 2009.  They report 
a statistically significant positive linear trend between 5°S 
and 30°N for both satellite data sets.  All these findings 
seem to contradict previous estimates of the number of 

years required to detect statistically significant ozone 
trend expected from the decline of ODSs (Weatherhead et 
al., 2000; Vyushin et al., 2007).  These studies predicted 
that statistically significant ozone trends will be detect-
able first at southern midlatitudes but that this will not be 
 possible earlier than 2015–2020.

Comparison of the PWLT (or linear trend) esti-
mates with results based on the EESC fit, shows that these 
recent positive ozone trends are larger than those expected 
from the decline in ODSs.  As mentioned above, knowing 
the EESC decreasing rate after the turning point in the late 
1990s, the corresponding linear term in total ozone regres-
sion can be compared to positive trends in PWLT models.  
Figure 2-3	 (updated Figures 8 and 9 of Vyushin et al., 
2007) illustrates the ozone zonal trends by PWLT and 
EESC models with the solar and QBO terms applied to the 
MOD set for the periods 1979–2008, with the turning 
point for the PWLT in 1996.  Figure 2-3	shows	the rate of 
ozone increase based on the EESC fit for the period cor-
responding to the declining phase of EESC and the esti-
mates for the linear trend after the turning point of the 
PWLT.  The gray areas indicate 95% confidence intervals 
for the PWLT estimate.  The two trends are fairly similar 
in southern middle and high latitudes, although the uncer-
tainties on the observed trends encompass zero.  In north-
ern middle and high latitudes, however, the observed 
 linear trend is roughly four times the EESC-predicted 
trend and is actually statistically significant over northern 
middle and low latitudes according to the PWLT estimate 
of the noise.  In these regions, the ODS decrease induces a 
positive trend but it is overwhelmed by large dynamically 
driven variations.  This result is confirmed by several 
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Figure 2-1. Quasi-global (60°N–60°S) average of 
 total ozone distribution (Dobson units) for the period 
1970–2009 from the BUV/TOMS/SBUV(/2) merged 
ozone data set.
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 authors, who indicate that the EESC decrease since the 
mid-1990s is not a major contributor to the recent in-
crease in ozone (Reinsel et al., 2005; Dhomse et al., 
2006; Wohltmann et al., 2007; Harris et al., 2008).

On a regional scale, Krzyścin and Borkowski 
(2008) evaluate the ozone trend variability over Europe 
using 10-year blocks of reconstructed total ozone time 

series since 1950.  Statistically significant negative trends 
of 1 to 5%/decade are found almost over the whole of 
Europe only in the period 1985–1994.  Trends up to −3%/
decade appeared over small areas in earlier periods when 
the anthropogenic forcing on the ozone layer was weak.  
Vigouroux et al. (2008) provide total ozone trends from 
homogenized FTIR measurements in European stations, 

VERY SHORT-LIVED SUBSTANCES

Ground-based dataset
NASA TOMS/OMI/SBUV merged dataset
GOME/SCIAMACHY merged dataset
NOAA SBUV merged dataset
NIWA Assimilated dataset

Figure 2-2.  Annual mean area-weighted total ozone deviations from the 1964–1980 means for the latitude 
bands 90°S–90°N, 60°S–60°N, 25°S–25°N, 35°N–60°N, and 35°S–60°S, estimated from different global data 
sets: ground-based (black), NASA TOMS/OMI/SBUV(/2) merged satellite data set (red), National Institute of 
Water and Atmospheric Research (NIWA) assimilated data set (magenta), NOAA SBUV(/2) (blue), and GOME/
SCIAMACHY merged total ozone data (green).  Each data set was deseasonalized with respect to the period 
1979–1987.  The average of the monthly-mean anomalies for 1964–1980 estimated from ground-based data 
was then subtracted from each anomaly time series.  Deviations are expressed as percentages of the ground-
based time average for the period 1964–1980.  Figure updated from Chapter 3 of WMO, 2007.
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over the 1995–2004 period.  These trends have been up-
dated for the 1995–2009 period for the present Assess-
ment and are summarized in Table 2-1.  Because the time 
series are too short to employ the multi-regression models 
described in Section 2.1.2, a bootstrap resampling method 
was used, which allows for non-normally distributed data 
and gives an independent evaluation of the uncertainty in 
the trend value (Gardiner et al., 2008).  The total column 
trends are close to zero and not significant at all stations 
except at Kiruna, where the trend is significantly positive.

2.1.4 Update on Ozone Profile Changes

2.1.4.1 MeasureMents

Ground-Based Measurements

Ozonesondes, Dobson and Brewer spectrometers 
using the Umkehr method, lidars, and microwave instru-
ments provide long-term measurements of ozone vertical 
distribution.  Various recent studies have focused on 

 assessing the quality and stability of ozonesonde data.  Dif-
ferences ranging from 5 to 10% were found between data 
obtained with sondes produced from different manufactur-
ers or with different sensing solutions (Thompson et al., 
2007; Smit et al., 2007; Kivi et al., 2007; Deshler et al., 
2008; Stübi et al., 2008).  The Umkehr method retrieves 
ozone profiles from Dobson and Brewer measurements 
with a vertical resolution of about 5 km in the stratosphere.  
Current Umkehr data are retrieved using the UMK04 algo-
rithm already released for the previous Assessment 
( Petropavlovskikh et al., 2005a, 2005b).  Lidars and micro-
wave spectrometers provide range-resolved measurements 
from the lower stratosphere to about 50 km for the lidar and 
higher for the microwave.  Lidar measurements are charac-
terized by a higher vertical resolution than microwave 
measurements, but they require clear skies so fewer mea-
surements are obtained.  A detailed description of the char-
acteristics of ozonesondes, Umkehr, lidar, and microwave 
measurements in terms of accuracy and vertical resolution 
can be found in WMO (2007) and SPARC (1998).

A new ozone profile data source has been intro-
duced for this Assessment, based on the inversion of FTIR 
measurements (Hase, 2000; Pougatchev et al., 1995).  The 
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Figure 2-3.  (top) The EESC-based 
linear trend in ozone (Dobson units/
year) calculated for the increasing 
part of EESC (yellow solid circles 
connected by the yellow line) is com-
pared to the first (declining) slope of 
the PWLT fit for the period 1979–1995 
(blue diamonds connected by the solid 
blue line) with 95% confidence inter-
vals (gray shading) for the PWLT fit.  
(middle) The EESC-based linear trend 
in ozone (DU/year) calculated for the 
declining part of EESC (yellow solid 
circles connected by the yellow line) 
is compared to the second (increas-
ing) slope of the PWLT fit for the pe-
riod 1996–2008 (blue diamonds con-
nected by the solid blue line) with 95% 
confidence intervals (gray shading) for 
the PWLT fit.  (bottom) Monthly and 
zonal mean total ozone anomalies 
for the 40°S–45°S and 40°N–45°N 
latitude bands obtained by filtering out 
the seasonal cycle, QBO, and solar 
flux, together with the EESC (yellow) 
and PWLT (blue) fits.  Updated from 
Vyushin et al. (2007).  The MOD set 
was used.
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inversion is based on the optimal estimation method (Rod-
gers, 2000) and leads to 4–5   degrees of freedom in the 
whole column (Barret et al., 2002).  Therefore, in addi-
tion to total column ozone, FTIR measurements can pro-
vide ozone profile data in 4 vertical layers (approximately 
ground–10 km; 10–18 km; 18–27 km; and 27–42 km).  
The precision of these four ozone partial columns is about 
9.5%, 6.5%, 8.5%, and 6.0%, respectively (Vigouroux et 
al., 2008).

Satellite Measurements and Merged Data Sets

The second Stratospheric Aerosol and Gas Ex-
periment (SAGE II) and Halogen Occultation Experiment 
(HALOE) satellite instruments that provided long and sta-
ble global observations of the ozone vertical distribution 
using the solar occultation technique ceased operation in 
2005.  Their long observational records, which were used 
in the previous Assessments, cover the periods 1984–2005 
and 1991–2005 respectively.  The longest ozone profile 
record based on a single instrument type still in opera-
tion is now provided by the series of SBUV and SBUV/2 
instruments in operation since 1978.  Retrieved profiles 
however have much lower vertical resolution than SAGE 
II or HALOE.  The data are retrieved with the version 8 
algorithm also used for total ozone retrieval (Bhartia et al., 
2004; Flynn, 2007).

Data availability and quality remain the key issues 
in assessing changes in ozone profiles from satellite data.  
Jones et al. (2009) estimated that the smallest detectable 
linear trend in the midlatitude upper stratosphere from 
 accurate but sparse SAGE occultation data was 
~2.9%/ decade (for the 1979–1997 period), while a trend 
of 1.5%/decade could be detected if the SAGE time series 
are combined with HALOE and much more frequent 
SBUV(/2) nadir observations.  The SBUV(/2) record is 
comprised of data from multiple instruments.  Biases 
 between some of these instruments are comparable with 

long-term ozone changes (e.g., Terao and Logan, 2007; 
Fioletov, 2009) that make the combined record difficult 
to use for the trend estimates.

In the last decade, several satellite instruments pro-
viding ozone profile measurements according to various 
measuring techniques have been launched onboard various 
satellite platforms, e.g., Odin (launched in 2001),  Envisat 
(2002), SCISAT (2003), Aura (2004), and  MetOp-A 
(2006), but their records are too short to contribute to this 
analysis on their own.  Evaluation of the impact of the 
stabilization and subsequent decrease of ODS abundances 
in the stratosphere thus requires the merging of multiple 
data sets.

Merging the various satellite ozone profile data sets 
into a single, homogeneous data record suitable for trend 
studies is a challenge since each record is subject to its 
own instrument effects (noise, systematic errors, degrada-
tion, aging) and sampling issues (vertical and horizontal 
sampling, resolution, repeat time).  Several such data sets 
have been introduced, based on single instrument type, 
such as SBUV and SBUV(/2) (Frith et al., 2004) or mul-
tiple instruments, e.g., sondes and solar occultation instru-
ments (Randel and Wu, 2007; Hassler et al., 2008), or sat-
ellite instruments using different measurement techniques 
(Jones et al., 2009).  McLinden et al. (2009) provide 
 another data set based on SAGE and SBUV(/2) data span-
ning 1979–2005 where drifts in individual SBUV instru-
ments and inter-SBUV biases are corrected using SAGE I 
and II by calculating differences between coincident 
SAGE-SBUV(/2) measurements.  In this way the daily, 
near-global coverage of SBUV(/2) is combined with the 
stability and precision of SAGE to provide a homoge-
neous ozone record.  Another approach is used by Jones et 
al. (2009): in order to remove biases between individual 
instrument records, ozone anomalies (deviations from the 
annual cycle) in overlapping periods are compared and 
then corrected for the difference.  The data quality issue 
for trend estimates has become particularly important after 

Table 2-1.  Annual ozone trends and uncertainties (95% confidence limits), in %/decade, for partial and 
total columns.  The measurements at Ny-Ålesund and Kiruna are restricted to the March–September and 
January–November period, respectively.  Updated from Vigouroux et al. (2008).

Ozone	Trend	(%/decade)------------------

FTIR	Station Latitude Period 10–18	km 18–27	km 27–42	km Total
Column

Ny-Ålesund 79°N 1995–2009 0.0 ± 5.4 −0.8 ± 2.8 5.7 ± 2.7 0.0 ± 2.6
Kiruna 68°N 1996–2009 −1.0 ± 3.9 4.2 ± 2.3 11.4 ± 2.5 2.8 ± 2.2
Harestua 60°N 1995–2009 −11.4 ± 6.2 4.9 ± 2.3 7.2 ± 2.6 0.3 ± 2.7
Jungfraujoch 47°N 1995–2009 −1.9 ± 3.6 0.4 ± 0.9 0.8 ± 0.9 −0.1 ± 1.1
Izaña 28°N 1999–2009 −3.6 ± 4.2 1.8 ± 1.1 1.0 ± 1.2 0.5 ± 1.1
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August 2005, when the SAGE II instrument stopped its 
operation, ending its long and stable data record.  Because 
both SAGE II and HALOE ceased operations in 2005, few 
trend analyses using satellite ozone profile data were per-
formed since the WMO (2007) report.

2.1.4.2 ozone Profile Changes

Profile Trends in Altitude and Pressure Coordinates

As discussed in the previous Ozone Assessments, 
care must be taken when comparing trends in ozone de-
rived from data in different geophysical units and/or dif-
ferent vertical coordinate systems (WMO, 2007).  This is 
due to simultaneous trends in temperature that impact the 
air density directly and the altitude of a pressure surface 
indirectly.  Rosenfield et al. (2005) demonstrated using a 
two-dimensional model that trends in upper stratospheric 
ozone may differ by 1 to 2%/decade depending on the 
units and vertical coordinate of the time series.  Terao and 
Logan (2007) show differences up to 4%/decade between 
SAGE trends in altitude and pressure coordinates if 
 National Centers for Environmental Prediction (NCEP) 
temperature reanalysis data are used for the conversion.  
An analysis of SBUV(/2) and SAGE ozone time series 
suggests that this difference can be as much as 4% in the 
upper stratosphere if SAGE trends calculated in number 
density versus altitude are compared to SBUV(/2) partial 
pressure versus pressure trends (Figure 2-4).  However, if 
SAGE data are converted to the same units as SBUV(/2) 
using temperature data with proper temperature trends 
(Randel et al., 2009) and are adjusted to match SBUV(/2) 
vertical resolution as was done in the SAGE-corrected 
SBUV data set (McLinden et al., 2009), the ozone trends 
derived from SAGE and SBUV(/2) are consistent at the 
1–2%/decade level, roughly that of the trend uncertainties.

Ozone Changes in the Upper Stratosphere

The upper stratosphere (35–45 km) is the region 
where the effects of ODSs are expected to be the easi-
est to quantify, since the destruction of ozone there is 
mainly due to processes linked to homogeneous chemis-
try (WMO, 1999).  Most studies performed in that region 
show a strong and statistically significant decline (6–8% 
per decade) for the period up to the mid-1990s and a near-
zero or slightly positive trend thereafter (e.g., Randel and 
Wu, 2007; Steinbrecht et al., 2009; Jones et al., 2009; 
McLinden et al., 2009).

The ozone variability in the upper stratosphere 
(35–45 km) was examined by Steinbrecht et al. (2009) 
from various satellites and five ground-based lidar stations 
located in northern midlatitudes, tropical latitudes, and 

southern midlatitudes (Figure 2-5).  This study extends 
results mentioned in WMO (2007) and includes an evalu-
ation of temperature variability over the same locations.  
The new analysis confirms that the upper stratospheric 
ozone decline apparent from 1979 until the mid-1990s has 
stopped and ozone has stabilized since 1995–1996, de-
pending on the latitude.  Tatarov et al. (2009) analyzed 20 
years (1988–2008) of stratospheric ozone and temperature 
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Figure 2-4.  Stratospheric ozone trends as functions 
of latitude and altitude or pressure altitude from vari-
ous data sources.  The trends were estimated using 
regression to an EESC curve and converted to % 
per decade using the variation of EESC with time in 
the 1980s.  The plots display trend estimates from 
various published data sets: (a) SAGE I+II (adapted 
from Randel and Wu, 2007), (b) the NASA merged 
SBUV(/2) data set, (c) SAGE-corrected SBUV(/2) 
(McLinden et al., 2009).  For panel (c) SAGE I+II data 
are converted onto a pressure using a temperature 
trend from Randel et al. (2009) and then vertically 
smoothed to match the SBUV vertical resolution.  
Shading indicates the trends are significant at the 2σ 
level.  Panel (a) is plotted in altitude, the remaining 
panels in pressure-altitude.  Pressure-altitude is de-
fined as z∗ = −16 log10(p/1000), where p is in hPa and 
z∗ is km.  Trend contours are every 2% per decade.
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profiles measured by differential absorption lidar (DIAL) 
data at the National Institute for Environmental Studies 
in Tsukuba (36°N, 140°E), Japan.  Ozone data in the up-
per stratosphere exhibit a strong negative trend from 1988 
to 1997 and a statistically insignificant trend after 1998.  

Similar results were obtained for SAGE II coincident data 
over the station.

The lack of a significant ozone trend during the re-he lack of a significant ozone trend during the re-
cent period (since 1996) in the upper stratosphere has also 
been found in the Arosa Umkehr data (Zanis et al., 2006).  

Figure 2-5.  Ozone anomalies over 
the 1979 to early 2010 period from 
different data sets at five NDACC 
stations.  Anomalies are averaged 
over the 35–45 km range.  Light 
blue: SBUV(/2)-MOD version 8.  
Dark blue: SAGE I and II version 
6.20.  Green: HALOE version 19.0.  
Red: Lidar.  Magenta: Microwave.  
Yellow: SCIAMACHY IUP–Bre-
men version 2.0.  Violet: GOMOS 
ESA IPF 5.00.  Black: Average of 
all available instruments.  Gray 
underlay: CCMVal model simula-
tions, 24-month running average 
±2 standard deviations.  Observed 
data are smoothed by a five-month 
running mean.  Lidar and micro-
wave data are station means; all 
other data are zonal means.  The 
thin black lines at the top and bot-
tom show negative 10 hPa zonal 
wind at the equator as a proxy for 
the QBO, and 10.7 cm solar flux as 
a proxy for the 11-year solar cycle, 
respectively.  The thin magenta line 
near the bottom shows inverted 
effective stratospheric chlorine as 
a proxy for ozone destruction by 
chlorine (ESC, 4 years mean age, 
2 years spectral width, no bromine; 
see Newman et al., 2006).  Updat-
ed from Steinbrecht et al. (2009).
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In contrast, analyses of the homogenized Umkehr record 
for Belsk yielded a statistically significant upward trend in 
the upper stratosphere in the period 1996–2007 but not a 
decisive trend at other altitudes (Krzyścin and Rajewska-
Wiech, 2009).  From FTIR measurements, trends in the 
upper stratospheric layer of the ozone profile retrieval 
(27–42 km) range from an unsignificant 0.8% per decade 
trend at Jungfraujoch (47°N) to a significant positive trend 
of up to 11% per decade at high latitude stations  (see Ta-
ble 2-1).  Trend results from relatively short time series 
in the Arctic should be considered with caution due to the 
high variability of ozone in this region, especially during 
wintertime.

Jones et al. (2009) provide a global estimate of 
ozone trends from the average of various satellite ozone 
anomaly records.  Using the PWLT statistical model with a 
turning point in 1997, they find that the largest statistically 
significant ozone declines in 1979–1997 are found in the 
midlatitude regions between 35 and 45 km altitude in both 
hemispheres, with trend values of approximately −7%/   
decade.  For the period 1997 to 2008, they derive trends of 
1.4 and 0.8%/decade in the NH and SH respectively, but 
these are not statistically significant (see Table 2-2).

Ozone Changes in the Lower Stratosphere

The lower stratosphere between 20 and 25 km over 
middle latitudes is another region where a statistically sig-
nificant decline of about 4 to 5%/decade (or 7–8% total de-
cline) occurred between 1979 and the mid-1990s, followed 
by stabilization or a slight (2–3%) ozone increase thereafter.

Angell and Free (2009) analyzed long-term ozone 
profile time series from four Northern Hemisphere  Dobson 
Umkehr and 9 ozonesonde stations for trend analysis be-
tween 1970 and 2007.  The 5-year trends were derived 

from the 11-year running mean of the time series to mini-
mize the impact of the 11-year solar cycle and QBO sig-
nals in the data.  Both Umkehr and sonde data showed that 
nearly half of the increase in north temperate total-ozone 
trend between 1989 and 2000 was due to an increase in the 
10–19 km layer in the lower stratosphere, with the tropo-
sphere contributing only about 5% of the change.  Nonsig-
nificant positive ozone trends at the end of the record in 
2000 were found at four Umkehr layers in the middle and 
high stratosphere, as well as between 10 and 32 km  altitude 
in sonde data.

Murata et al. (2009) could not detect any trend from 
a 14-year data set of ozone profiles measured with a bal-
loonborne optical ozone sensor beginning in 1994 at 
 Sanriku, Japan.  This lack of trend was attributed to the 
leveling off of ODSs in the stratosphere.  The extension of 
the FTIR trend analysis up to 2009 shows no significant 
trend at the midlatitudes station for the 18–27 km layer 
(Table 2-1).  Similarly, the global trend analysis of Jones 
et al. (2009) shows no significant trend for the 20–25 km 
altitude range in the NH and SH midlatitudes for the  period 
1997–2008.

Figures 2-6a and 2-6b show the temporal evolution 
of deseasonalized ozone monthly means in three pressure 
ranges (upper, lower, and lowermost stratosphere) based 
on ozonesondes, Umkehr, and SBUV(/2) observations 
over Europe and Lauder in the SH, respectively (adapted 
from Terao and Logan, 2007).  The various time series 
show very similar interannual variation, although some 
biases are apparent between the measurements.  In the up-
per and lower stratosphere, ozone levels have stabilized 
after a decrease from the early 1980s to the mid-1990s.  In 
the lower stratosphere, the decrease was more pronounced 
over  Europe than in the SH.  In the lowermost strato-
sphere, no significant long-term variation is observed at 

Table 2-2.  Average ozone trends and uncertainties (95% confidence limits) in %/decade in the lower 
and upper stratosphere in the NH and SH midlatitudes, from various data sources for the period 1996–
2008.  The ozonesondes and Umkehr results correspond to the PWLT trends in Figure 2-7.  The FTIR results 
are for the Jungfraujoch station only, for the 1995–2009 period, and correspond to respectively the 18–27 km 
and the 27–42 km altitude ranges for the lower and upper stratosphere.

Ozone	Trend
30°S–60°S
(%/decade)

Ozone	Trend
30°N–60°N
(%/decade)

Data	Source 20–25	km 35–45	km 20–25	km 35–45	km
Satellite (from Jones et al., 2009) −1.0 ± 2.0 0.8 ± 2.1 0.2 ± 1.9 1.4 ± 2.3
Umkehr 0.2 ± 2.6 2.0 ± 1.5 3.2 ± 2.1 1.5 ± 1.3
Ozonesondes 1.5 ± 0.6
FTIR (updated from Vigouroux et al., 
2008) 0.4 ± 0.9 0.8 ± 0.9
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Figure 2-6.  (a) Monthly ozone anoma-
lies in Dobson units for Europe as mea-
sured by ozonesondes (black line), 
SBUV(/2) (red line), and Umkehr (blue 
line) at three pressure layers.  The 
monthly anomalies were computed as 
the difference between a given monthly 
mean and the average of monthly 
means for 1979–1987 for each data 
set.  The average of the monthly-mean 
anomalies for 1979–1981 was then 
subtracted from each anomaly time se-
ries to set the zero level in each panel.  
A three-month running mean was ap-
plied to the anomalies.  The SBUV(/2) 
data were selected within a grid box of 
45°N–55°N and 10°W–30°E.  The 
ozonesonde data are the average of 
measurements at three European sta-
tions: Hohenpeissenberg, Payerne, 
and Uccle.  The Umkehr data are from 
Arosa, Belsk, and Haute-Provence 
 Observatory.  The sonde and SBUV(/2) 
analysis is updated from Terao and 
Logan (2007).  (b) Same as for (a) but 
for the Southern Hemisphere.  The 
sonde data are from Lauder, New 
Zealand.  The SBUV(/2) data were se-
lected within a grid box of 40°S–50°S 
and 150°E–170°W.  The monthly ano-
malies were computed using the 
monthly means for 1987–1991.
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either  location over the whole period, but higher short-
term  variability was seen during the nineties in Europe.

The vertical profile of ozone trends computed from 
SBUV(/2), Umkehr, and ozonesonde data over Northern 
midlatitudes stations is displayed in Figure 2-7	for both the 
increasing and decreasing periods of EESC (e.g., 1979–
1995 and 1996–2008).  The trends were derived using 
EESC as a regression term accounting for the variation of 
mean age of air as a function of altitude (see Waugh and 
Hall (2000) for a discussion of age of air and its spatial 
dependence).  In the case of ozonesondes, trends were 
computed as the average of trends derived for nine northern 
midlatitude stations, as in the previous Ozone Assessment 
(Chapter 3).  For Umkehr, the trend was derived from the 
average of ozone anomalies at four northern midlatitude 
stations and for SBUV(/2), the 40°N–50°N zonal mean 
data were used.  Piecewise linear trends with inflection 

point in January 1996 derived from ozonesonde and 
 Umekhr data are also represented in the figure.  As shown 
in WMO (2007), ozone trends during the first increasing 
period of EESC display two maxima in the upper and  lower 
stratosphere, reaching −5 to −7%/decade and −4 to −5%/
decade respectively (total decline of about 10% and 7% 
respectively), with generally good agreement between the 
various observations, except for Umkehr in the lower 
stratosphere.  In both cases, the EESC and PWLT trend 
models give similar results for this period.  For the decreas-
ing EESC period, positive ozone trends are derived.  In the 
upper and lower stratosphere, EESC and PWLT models 
provide similar trends of about 2%/decade.  The PWLT 
trends are significant in the lower stratosphere and barely 
significant in the upper stratosphere.  These results indicate 
that while the decrease of ODSs is indeed causing an 
 increase of ozone over these midlatitude stations, this in-
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Figure 2-7.  Vertical profile of ozone trends over Northern midlatitudes estimated from ozonesondes, Umkehr, 
and SBUV(/2) measurements for the period 1979–2008.  The trends were estimated using regression to an 
EESC curve and converted to % per decade using the variation of EESC with time from 1979 to 1995 in panel 
(a) and from 1996 to 2008 in panel (b).  Piecewise linear trends with inflection point in January 1996 derived from 
ozonesonde and Umkehr data are also shown.  The trend models also include QBO and solar cycle terms.  The 
sonde results are an average of trends for Churchill, Goose Bay, Boulder, Wallops Island, Hohenpeissenberg, 
Payerne, Uccle, Sapporo, and Tateno, along with two standard errors of the nine trends.  The Umkehr trends 
were derived from averaged ozone anomalies at Belsk, Arosa, OHP, and Boulder.  For SBUV(/2), the 40°N–
50°N zonal mean data were used.  The altitude scale is from the standard atmosphere.  The error bars corres-
pond to 95% confidence interval.
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crease is still barely significant, especially in the upper 
stratosphere where trends derived from PWLT and EESC 
models are expected to show the best agreement.  In con-
trast, in the lowermost stratosphere, EESC and PWLT 
trends derived from sondes data differ significantly, with 
large positive trend values in the latter case, suggesting that 
the ozone increase is due to factors other than chlorine de-
cline, for example dynamical processes (see Section 2.4).

Table 2-2 summarizes the average trends found 
from various data sources using the PWLT model in the 
NH and SH midlatitudes in the lower (20–25 km) and 
 upper (35–45 km) stratosphere.  Most results show posi-
tive ozone trends (1–3% increase) since 1996 in the vari-
ous regions.  These trends are significant at some locations 
(e.g., over Northern midlatitudes) but the results from 
global satellite data are still not significant at the 95% 
 confidence level (Jones et al., 2009).

Northern Hemisphere midlatitude (35°N–60°N) 
ozone between 12 and 15 km decreased by about 9% be-
tween 1979 and 1995, and increased by about 6% between 
1996 and 2009 (Figure 2-7).  The increase since the mid-
1990s is larger than the changes expected from the decline 
in ODS abundances.

2.2 POLAR OZONE

Chapter 4 of WMO (2007) (“Polar Ozone: Past and 
Present”, Newman and Rex et al., 2007) builds upon the 
sequence of polar ozone chapters in the WMO Assessment 
series.  The present discussion updates WMO (2007), 
highlighting changes over the past four years.  Discussion 
of polar ozone recovery is found in Chapter 3 of this 
 Assessment, and interactions of polar chemistry and 
 climate are found in Chapter 4.

2.2.1 State of Science in 2006

The discovery of the Antarctic ozone hole by 
Farman et al. (1985) prompted considerable effort to de-
velop the scientific basis necessary to model and predict 
polar ozone loss.  As noted in the previous chapter, the 
stratospheric chlorine burden reached its peak in the late 
1990s and has since begun to decrease.  During the  period 
of increasing chlorine concentrations, the springtime po-
lar ozone values decreased in both hemispheres.  Consis-
tently low values in springtime ozone have been observed 
since the mid-1980s in the Southern Hemisphere.  A 
unique dynamical situation, the first major sudden strato-
spheric warming in the Southern Hemisphere, led to the 
anomalously high ozone levels in 2002; this situation is 
discussed in detail in Chapter 4 of WMO (2007).  The 
Arctic polar ozone loss is much more variable, depend-
ing not just on the stratospheric chlorine level but also on 
whether or not the winter is cold enough and of sufficient 

length for  chlorine-catalyzed ozone loss to occur.  Because 
chlorofluorocarbons are long-lived, atmospheric chlorine 
 loading is declining slowly.

The springtime averages of total ozone poleward of 
63° latitude in the Arctic and Antarctic are shown in Fig-
ure 2-8	(an update of Figure 4-7 from WMO, 2007).  Inter-
annual variability in polar stratospheric ozone abundance 
and chemistry is driven by variability in temperature and 
transport due to year-to-year differences in dynamics.  
The horizontal gray lines in Figure 2-8 are the averages 
of ozone values obtained between 1970 and 1982, and the 
shading emphasizes the differences between these aver-
ages and subsequent years.

WMO (2007) outlined the processes important 
to polar ozone loss.  The rate-limiting step of the domi-
nant cycle for polar ozone destruction is the photolysis of 
chlorine peroxide (ClOOCl, also known as the chlorine 
monoxide dimer).  Since the previous Assessment, a labo-
ratory study suggesting a much lower photolysis rate of 
ClOOCl than previously recommended (Pope et al., 2007) 
prompted a number of subsequent laboratory studies on 
the subject.  The implications of the laboratory studies 
since WMO (2007) for the interpretation of the observa-
tions of chlorine monoxide (ClO) and ClOOCl and for the 
assessment of the uncertainty in computation of ozone loss 
rates are discussed below along with other updates to the 
photochemical data in Section 2.2.2.

WMO (2007) concluded that Antarctic ozone loss 
had stabilized over the time period 1995–2005, with high-
er ozone levels in 2002 and 2004 that were dynamically 
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Figure 2-8.  Total ozone average (Dobson units) of 
63°–90° latitude in March (NH) and October (SH).  
Symbols indicate the satellite data that have been 
used in different years.  The horizontal gray lines rep-
resent the average total ozone for the years prior to 
1983 in March for the NH and in October in the SH.  
Updated from Figure 4-7, WMO (2007).
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driven and not related to reductions in the stratospheric 
halogen load.  For the Arctic it was concluded that for the 
coldest Arctic winters, the volume of air cold enough to 
support polar stratospheric clouds (PSCs) had increased 
significantly since the late 1960s.  Arctic spring total 
ozone was reported to be lower than in the 1980s and was 
also noted to be highly variable from year to year depend-
ing on dynamical conditions.  This is discussed further in 
Sections 2.2.4 and 2.2.5.

Transport and mixing both affect high-latitude win-
ter ozone, making it challenging to diagnose the chemi-
cal loss rate from observations.  WMO (2003) presented 
an overview of various methods that have been used to 
separate these effects, mainly for the Arctic winter.  WMO 
(2007) included a comparison of the methods, focusing on 
the 2002/2003 winter.  This colder-than-average winter 
was chosen because aircraft and ground field campaigns 
provided the data needed to assess our understanding of 
polar ozone loss, particularly for the large solar zenith 
angle-conditions of early winter.  WMO (2007) noted that 
the various methods had been refined since WMO (2003) 
and produced consistent results.

WMO (2007) included evidence that nitric acid tri-
hydrate (NAT) polar stratospheric cloud particles nucleate 
above the ice frost point and are widespread.  Improved 
NAT mechanisms in chemistry-transport models (CTMs) 
produce more realistic denitrification, but fail to capture 
observed interannual variability for the northern winters.  
Issues concerning polar stratospheric clouds and their 
 representation in models are discussed in Section 2.2.3.  
This section emphasizes new measurements from the 
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
 Observation (CALIPSO) satellite launched in 2006.

2.2.2 Polar Ozone Chemistry

Chemical loss of polar ozone during winter and 
spring occurs primarily by two gas-phase catalytic cycles 
that involve chlorine oxide radicals (Molina and Molina, 
1987) and bromine and chlorine oxides (McElroy et al., 
1986).

Cycle 1

ClO + ClO + M → ClOOCl + M (1a)

ClOOCl + hν → Cl + ClOO (1b)

ClOO + M → Cl + O2 + M (1c)

2 [Cl + O3 → ClO + O2] (1d)

Net: 2O3 → 3O2 

Cycle 2

BrO + ClO + hν → Br + Cl + O2 (2a)

Br + O3 → BrO + O2 (2b)

Cl + O3 → ClO + O2 (2c)

Net: 2O3 → 3O2 

Loss of ClOOCl by thermal decomposition

ClOOCl + M → ClO + ClO + M (1e)

or chemical processes that recycle ClO without the forma-
tion of O2 do not cause ozone depletion.  Production of 
Br + OClO by BrO + ClO also leads to a null cycle.  Small 
contributions to polar ozone loss occur due to cycles in-
volving the reactions ClO + O and ClO + HO2.

Since WMO (2007), attention has focused on re-
solving uncertainties in the photolysis cross sections and 
quantum yields for the ClO dimer, ClOOCl.  Pope et al. 
(2007) reported a ClOOCl absorption spectrum with cross 
sections at wavelengths between 300 and 350 nm much 
lower than recommended and than reported in prior studies 
(e.g., Sander et al., 2006 (referred to in this chapter as JPL 
06-2) and references therein), challenging the fundamental 
understanding of polar ozone depletion (i.e., Schiermeier, 
2007; von Hobe, 2007).  Photochemical models using 
the cross sections reported in Pope et al. (2007), with all 
other kinetic parameters from JPL 06-2, underestimate the 
ozone loss rate (von Hobe et al., 2007) as well as observed 
abundances of ClO (von Hobe et al., 2007; Santee et al., 
2008; Schofield et al., 2008).  A workshop entitled “The 
Role of Halogen Chemistry in Polar Stratospheric Ozone 
Depletion” was convened in summer 2008 to assess the 
fundamental understanding of polar ozone depletion in 
light of the Pope et al. (2007) measurements.  The fol-
lowing material incorporates findings from this workshop 
(SPARC, 2009).

The small ClOOCl cross sections reported by Pope 
et al. (2007) have been contradicted by all subsequent lab-
oratory studies, as detailed below.  There is now consensus 
in the community that photolysis of ClOOCl occurs much 
faster than implied by Pope et al. (2007).  Further, no cred-
ible “missing chemical process” has been proposed that 
can be included in models that use the Pope et al. (2007) 
cross section values to adequately account for observed 
levels of [ClO] (or in some cases [ClO] and [ClOOCl]; 
brackets denote concentration of the species) as well as 
ozone loss derived from observations.  The fundamental 
understanding that polar ozone depletion is caused primar-
ily by reactions involving ClO + ClO, with significant con-
tribution from reactions involving BrO + ClO, has been 
strengthened since WMO (2007), based on new laboratory 
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studies and analyses of field observations.  The renewed 
focus on ClOOCl photolysis has improved knowledge of 
the UV absorption spectrum and cross sections such that a 
better quantitative understanding of polar ozone depletion 
and the relation to halogens has been achieved in the past 
few years.  Present uncertainties in the ClOOCl absorption 
cross section, as recommended in Sander et al., 2009 (re-
ferred to in this chapter as JPL 09-31), are consistent with 
our fundamental understanding that halogens cause deple-
tion of polar ozone.  The following discussion supports the 
statements given above.

2.2.2.1 laboratory studies of the ClooCl uV 
absorPtion sPeCtruM

Figure 2-9 shows the ClOOCl ultraviolet-visible 
(UV/vis) absorption spectrum, σClOOCl(λ), reported in the 
laboratory studies of Burkholder et al. (1990) and Pope 
et al. (2007) combined with the spectra recommended 
by Atkinson et al., 2007 (hereafter referenced as IUPAC, 
2007) (based on Huder and DeMore, 1995) and JPL 06-2 
(Sander et al., 2006) (based on Cox and Hayman, 1988; 
DeMore and Tschuikow-Roux, 1990; Permien et al., 1988; 
and Burkholder et al., 1990), which represents the state of 
knowledge in 2007.  The laboratory measurements pub-
lished after 2007 and the recent NASA JPL Panel for Data 
Evaluation recommendation (JPL 09-31, Sander et al., 
2009) are also shown in Figure 2-9.  The JPL Panel revised 
the recommendations for a number of kinetic parameters 
for processes important in modeling stratospheric ozone 
depletion.  The recommended ClOOCl cross sections in 
JPL 09-31 were unchanged from JPL 06-2, since the rec-
ommendation was formulated prior to the appearance of 
several more recent studies, but the recommended uncer-
tainty limits were decreased.  The estimated uncertainty 
limits from JPL 06-2 and JPL 09-31 are included in Figure 
2-9, which also illustrates the most critical wavelength re-
gion for the calculated photolysis rate constant of ClOOCl 
(J1b) in polar regions.  The uncertainty in the calculated 
photolysis rate constant stems primarily from the uncer-
tainty in the absorption cross sections and increases con-
siderably for wavelengths (λ) greater than 350 nm, where 
there is more limited experimental data.  At the time of 
WMO (2007), only Burkholder et al. (1990) and DeMore 
and Tschiukow-Roux (1990) had reported measured cross 
section data for λ > 360 nm, while several other studies 
provided extrapolated values.  The recent studies of von 
Hobe et al. (2009) and Papanastasiou et al. (2009) confirm 
substantial contributions to J1b from this spectral region.  
The uncertainty in the calculated photolysis rate constant 
is much less using the JPL 09-31 recommendation than 
using the JPL 06-2 recommendation.

Pope et al. (2007) reported a ClOOCl absorption 
spectrum at 195 K that was normalized at 245 nm to the 

absolute cross section value recommended in JPL 06-2.  
The ClOOCl spectrum was obtained using a fitting pro-
cedure of measured spectra, which contained significant 
contributions from molecular chlorine (Cl2).  For the pho-
tolytically active region λ > 300 nm, their inferred cross 
sections are significantly lower than reported in all ear-
lier studies, prompting investigations of the impact of the 
cross sections reported by Pope et al. (2007) on observa-
tions of stratospheric ClO and polar ozone loss (von Hobe 
et al., 2007; Santee et al., 2008; Schofield et al., 2008; see 
also Section 2.2.2.2).

Laboratory studies of σClOOCl(λ) (Papanastasiou et 
al., 2009), the relative absorption spectrum (von Hobe et 
al., 2009), and the product of the cross section and quan-
tum yield, σClOOCl(λ)Φ(λ) (Chen et al., 2009; Lien et al., 
2009; Jin et al., 2010; Wilmouth et al., 2009) have been 
published subsequent to Pope et al. (2007).  These studies 
used complementary experimental techniques designed to 
reduce the uncertainty in the photochemistry of ClOOCl 
and to address the discrepancy between Pope et al. (2007) 
and earlier studies.  The more recent laboratory studies 
 either included a method for quantification of Cl2 (von 
Hobe et al., 2009; Papanastasiou et al., 2009; Wilmouth 
et al., 2009) or used a mass-selected detection method 
independent of interference from Cl2 and other impuri-
ties (Chen et al., 2009; Lien et al., 2009; Jin et al., 2010).  
Indeed, one of the salient points from the Stratospheric 
 Processes and their Role in Climate (SPARC) initiative 
was the need for laboratory studies to address the sensitiv-
ity of σClOOCl(λ) to the presence of Cl2 (e.g., Figure 2.2 of 
SPARC, 2009).  All of these studies indicate that ClOOCl 
photolyzes much more rapidly than suggested by Pope et 
al. (2007).  These studies have led to a reduction in the 
overall uncertainty in σClOOCl(λ) relative to the state of 
knowledge at the time of WMO (2007).  However, only 
one of the new gas-phase studies (Papanastasiou et al., 
2009) extended cross section measurements to λ > 352 
nm and, thus, a higher level of uncertainty remains for the 
longer wavelengths.

von Hobe et al. (2009) measured a ClOOCl UV 
absorption spectrum, for λ between 220 and 400 nm, in 
a neon (Ne) matrix at ~10 K.  Absolute cross sections 
were not measured, but cross sections were determined by 
scaling the measured spectrum to the peak value of the 
gas-phase cross section reported by JPL 06-2.  When in-
terpreting the von Hobe et al. (2009) spectrum it needs to 
be considered that a spectrum measured in a Ne matrix at 
10 K is not directly comparable to a gas-phase spectrum 
at  atmospheric temperatures (>190 K).  For the photolyti-
cally active region (λ > 300 nm), the matrix cross sections 
are significantly greater than the Pope et al. (2007) cross 
sections when both spectra are normalized to the same 
peak cross section.  The cross sections reported by von 
Hobe et al. (2009) are somewhat less than the JPL 06-2 
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recommendation in the range 300–350 nm (Figure 2-9).  
However, significantly greater cross sections would result 
by scaling the von Hobe et al. (2009) absorption spectrum 
to a larger value of the peak cross section, as suggested by 
new observations (see below).

Chen et al. (2009) (308 and 351 nm), Lien et al. 
(2009) (248 and 266 nm), Jin et al. (2010) (330 nm), and 
Wilmouth et al. (2009) (248, 308, and 352 nm) have re-

ported values of σClOOCl(λ)Φ(λ) at the wavelengths given 
in parentheses (Figure 2-9).  The first three of these stud-
ies measured the loss of ClOOCl following photolysis in 
an effusive molecular beam.  Assuming Φ(λ) = 1, the de-
rived cross sections are greater than those given in JPL 
09-31 and agree most closely with those of Burkholder 
et al. (1990) and Papanastasiou et al. (2009).  These three 
studies also report a weak temperature dependence to the 
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Figure 2-9.  The left column summarizes the ClOOCl photochemical state of knowledge (UV/vis absorption 
spectra, σ(λ), and representative photolysis rates, J(λ), for the polar region) in 2007 and the right column gives 
the advancements since 2007 (as indicated in the legends).  The cross sections for Chen et al. (2009), Lien 
et al. (2009), and Jin et al. (2010) at 200 K and Wilmouth et al. (2009) at 240 K were calculated from their re-
ported values of σ(λ)Φ(λ) assuming Φ(λ) = 1.  The Pope et al. (2007) and Papanastasiou et al. (2009) spectra 
were recorded at ~200 K.  Included for comparison is the von Hobe et al. (2009) spectrum recorded in a Ne 
matrix at ~10 K.  The dashed lines represent wavelength regions where extrapolated cross section data rather 
than measured values were reported.  The error bars shown were taken from the individual studies.  The gray 
shaded regions in the upper panels are the error limits in σ(λ) reported in JPL 06-2 and JPL 09-31.  J(λ) values 
were obtained for a solar zenith angle of 86 degrees at 20 km and the gray shaded regions are derived from 
the estimated uncertainties in σ(λ) from JPL 06-2 and JPL 09-31.  The hashed region was derived from the 
reported 2σ uncertainty in the Papanastasiou et al. (2009) absorption cross section data.  Inset in the top right 
panel shows the absorption spectrum of ClOOCl in the wavelength region 220–280 nm.  The choice of a linear 
y-axis allows a better visual assessment of the uncertainties in the peak absorption.
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cross sections at 308, 330, and 352 nm.  Wilmouth et al. 
(2009) used a discharge flow apparatus combined with Cl 
atom resonance fluorescence detection of photolysis prod-
ucts.  Their reported values of σClOOCl(352 nm) at 240 K, 
assuming Φ(352 nm) = 1, are in good agreement with JPL 
09-31.  These values are a factor of 12 greater than Pope et 
al. (2007), a factor of 2.3 greater than the IUPAC (2007) 
recommendation, and ~30% lower than the value reported 
by Chen et al. (2009).  The cross section measurements at 
several wavelengths from the effusive beam studies (e.g., 
Figure 5 of Lien et al., 2009) are in agreement with the 
spectrum reported by von Hobe et al. (2009).

Papanastasiou et al. (2009) reported σClOOCl(λ) from 
200 to 420 nm at ~200 K.  The ClOOCl cross sections ob-
tained at λ > 300 nm are in agreement with values reported 
by Burkholder et al. (1990).  Their measurements agree 
with the results of Lin and co-workers and Wilmouth et al. 
(2009), assuming Φ(λ) = 1, within the combined estimated 
measurement uncertainties (Figure 2-9).  Their σClOOCl(λ > 
300 nm) values are significantly greater than those of Pope 
et al. (2007) and are also somewhat greater than the values 
recommended in JPL 09-31.

The studies of Papanastasiou et al. (2009) and 
Lien et al. (2009) report ClOOCl absorption cross sec-
tions near the peak of the spectrum of 7.6+

−
0
0

.

.
8
5 × 10−18 cm2 

molecule−1 at 244.25 nm and (8.85 ± 0.42) × 10−18 cm2 
molecule−1 at 248.4 nm, respectively.  These are greater 
than the JPL 09-31 recommended cross section of 6.4 × 
10−18 cm2 molecule−1 at 244 nm.  Wilmouth et al. (2009) 
report a value of (6.6 ± 1.0) × 10−18 cm2 molecule−1 at 
248 nm, in close agreement with JPL 09-31.  The spread 
in recent measurements of the peak absorption cross 
section is greater than the estimated uncertainty given 
by JPL 06-2 and many prior evaluations.  Furthermore, 
the uncertainty limit of the Lien et al. (2009) peak cross 
section does not overlap with the uncertainty limits re-
ported by Wilmouth et al. (2009) and Papanastasiou et 
al. (2009) (Figure 2-9).  Scaling the absorption spec-
trum for ClOOCl to the peak cross section reported by 
Lien et al. (2009) would result in larger values for the 
ClOOCl cross section, leading to greater photolysis rates 
for ClOOCl as reported by various prior studies.  How-
ever, even if the Pope et al. (2007) spectrum was scaled 
to the maximum cross section compatible with current 
measurements and the reported error bars, the resulting 
cross sections for λ > 300 nm would still be significantly 
less than reported in all other studies.

Papanastasiou et al. (2009) also reported estimated 
2σ uncertainties in the photolysis rate constant of ClOOCl, 
J1b, based on their cross section data (Figure 2-9).  The 
uncertainty is a function of solar zenith angle (SZA) (i.e., 
the wavelength dependence of the ClOOCl spectrum) 
and was estimated to be +40%/−15%, +50%/−20%, and 
+80%/−25% at SZAs of 80°, 86°, and 90°, respectively.  

Better quantification of σClOOCl for λ > 350 nm would re-
duce this level of uncertainty.

There is a consensus in the community that pho-
tolysis of ClOOCl occurs much faster than implied by the 
measured spectrum and the determined cross sections re-
ported by Pope et al. (2007).  The weight of new laborato-
ry evidence suggests that values of the ClOOCl absorption 
cross section (σClOOCl) in the atmospherically important re-
gion of wavelengths greater than 300 nm reported by Pope 
et al. (2007) are erroneous due to overcorrection of their 
measured spectra for the contribution of a Cl2 impurity.  
The study by von Hobe et al. (2009) showed that ClOOCl 
exhibits an absorption feature similar to the spectral shape 
of the Cl2.  Papanastasiou et al. (2009) demonstrated that 
the spectral interference by Cl2 in the Pope et al. (2007) 
experiment led to an underestimate of σClOOCl at λ > 300 
nm.  The JPL 09-31 recommended value of Φ (λ > 308 
nm) is 0.9, although only limited experimental studies are 
available (Moore et al., 1999; Plenge et al., 2004).  The 
understanding that polar ozone depletion is caused by 
reactions involving halogens has been reaffirmed by the 
numerous laboratory studies conducted since the publica-
tion of the paper by Pope et al. (2007).

2.2.2.2 field obserVations of Chlorine 
Partitioning

A large number of field studies over the past several 
decades have focused on the quantitative understanding of 
the partitioning of ClO and ClOOCl.  The chemistry link-
ing ClO and ClOOCl is thought to be especially simple.  
During daytime when temperatures are low enough that 
loss of ClOOCl occurs mainly by photolysis, the ratio 
[ClO]2/[ClOOCl] essentially equals J1b/k1a (e.g., Stimpfle 
et al., 2004) (brackets denote concentration of the spe-
cies).  During night after hours of darkness, when loss of 
ClOOCl occurs exclusively by thermal decomposition, 
this ratio equals k1e/k1a, which is the equilibrium constant 
(KEQ) between ClO and ClOOCl.  Since the rate of ozone 
loss by Cycle 1 is controlled by the parameters J1b and k1a, 
comparisons of measured and modeled daytime values of 
[ClO] and [ClOOCl] provide a quantitative measure of the 
speed of this cycle in the atmosphere.  Thermal decompo-
sition of ClOOCl completes a null cycle.  Precise knowl-
edge of KEQ and an accurate measurement of nighttime 
[ClO] enable [ClOx] ([ClOx] = [ClO] + 2×[ClOOCl]) to be 
estimated in a manner that is independent of σClOOCl.

Stimpfle et al. (2004) introduced a quantitative 
 basis for comparison of modeled [ClO]2/[ClOOCl] to the 
measured value of this quantity at various SZAs during 
daytime, termed β, to quantify how well models represent 
the true value of J1b/k1a.  The notion that β represents the 
value of J1b/k1a assumes that the partitioning of ClO and 
ClOOCl is dominated by the self-reaction of ClO and the 
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photolysis of ClOOCl (i.e., the temperature is low enough 
that thermal dissociation of ClOOCl is much slower than 
photolysis of ClOOCl).  The Stimpfle et al. (2004) data 
were obtained at sufficiently low temperature that this 
 assumption is valid given known chemistry.  This data set 
is also notable for having achieved quantitative closure of 
the chlorine budget (Wilmouth et al., 2006).

Figure 2-10 (left) shows β, as a function of SZA, for 
the laboratory studies and recommendations of σClOOCl(λ) 

that existed in 2007 and provided enough spectral infor-
mation for calculation of J1b.  The black dotted lines in-
dicate the 1σ uncertainty in β based on measured [ClO] 
and [ClOOCl], whereas the error bars indicate the uncer-
tainty in the modeled value of β (see caption).  The β ratio 
indicates that the partitioning of ClO and ClOOCl is not 
consistent with J1b/k1a based on the Pope et al. (2007) mea-
surement of σClOOCl(λ).  The slight change in k1a in JPL 
09-31 does not affect this or any other conclusion of this 

Figure 2-10.  Analysis of β versus SZA, for all daytime measurements obtained during the SAGE III Ozone Loss 
and Validation Experiment (SOLVE), where β = {([ClO]2 / [ClOOCl])MODEL} / {([ClO]2 / [ClOOCl])OBSERVATION}.  The 
left panel shows results for J1b using values of σClOOCl(λ) available as of 2007 (same colors and studies as used 
in Figure 2-9).  The right-hand side shows results for J1b using values of σClOOCl(λ) available after 2007.  The 
black dotted lines depict the ±25% uncertainty (1σ) in β attributable to uncertainties in observations of [ClO] and 
[ClOOCl].  The thick colored error bars denote the standard deviation about the mean for all of the individual 
determinations of β within a particular SZA bin.  The thin error bar represents total uncertainty in the modeled 
component of β, found by combining the JPL 06-2 (left panel) or JPL 09-31 (right panel) uncertainty in k1a in a 
root-sum-square fashion with the standard deviations.  If the thin error bar falls within the range of the dotted 
lines, this is agreement of model and measurements to within combined 1σ uncertainties.  The black dashed line 
on the right hand side depicts results of an illustrative calculation, the scaling of the JPL 09-31 value of σClOOCl(λ), 
which minimizes the distance between the scaled cross section and determinations of the peak cross section 
near 244 nm reported by Lien et al. (2009), Papanastasiou et al. (2009), and Wilmouth et al. (2009).  The bottom 
panel compares J1b as a function of SZA, for the altitude and surface albedo of the observations, for the various 
values of σClOOCl(λ) shown in the upper panels.  After Stimpfle et al. (2004) and Figure 4-15 of WMO (2007).
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section.  As noted by Stimpfle et al. (2004), the cross sec-
tion recommended by IUPAC (2007), based solely on the 
laboratory study of Huder and DeMore (1995), also yields 
a value of β inconsistent with field observations.  The JPL 
06-2 cross section is consistent with the field observations 
(overlap of error bars) and the Burkholder et al. (1990) 
value is most consistent (β near unity).

Figure 2-10 (right) shows a similar comparison for 
the laboratory measurements of σClOOCl(λ) published since 
2007.  Here, the JPL 09-31 value of k1a is used.  As noted 
above, von Hobe et al. (2009) normalized their spectrum 
to the JPL 06-2 peak cross section.  Use of this cross sec-
tion leads to values of β that are outside of the 1σ uncer-
tainty on the measured value of [ClO]2/[ClOOCl].  Clear-
ly, if the von Hobe et al. (2009) spectrum were normalized 
to a higher peak, as perhaps is warranted by more recent 
measurements of the peak cross section, then β would lie 
closer to unity (β scales in an approximately linear fashion 
with the peak cross section).  The JPL 09-31 spectrum and 
cross sections (unchanged since JPL 06-2, except for the 
uncertainty limits) is consistent with the field observations 
(overlap of error bars).  The Papanastasiou et al. (2009) 
spectrum and cross sections results in the best agreement 
(value of β close to unity).

Many of the ClOOCl laboratory studies to date re-
port the wavelength dependence of the ClOOCl spectrum 
normalized to an absolute value of the cross section near 
the peak.  Typically, the JPL 09-31 peak value of 6.4 × 
10−18 cm2 at 244 nm has been used (e.g., Huder and 
 DeMore, 1995; Pope et al., 2007; von Hobe et al., 2009).  
The analysis presented in Figure 2-10 is complicated by 
the fact that three laboratory studies published in 2009 
report peak absolute cross sections greater than the JPL 
09-31 value (see Figure 2-9).  To illustrate the importance 
of this scaling, the black dashed line in Figure 2-10 (right) 
shows the result of a calculation where the JPL 09-31 
cross section has been multiplied by a factor of 1.21, 
which scales the peak cross section of JPL 09-31 to the 
mean of the cross section values near 244 nm reported by 
Lien et al. (2009), Papanastasiou et al. (2009), and Wil-
mouth et al. (2009).  The JPL 09-31 cross section, scaled 
in this manner, provides a better representation of field 
data than found using the recommended cross section. 
We highlight this sensitivity to illustrate the importance 
of this laboratory parameter for quantitative understand-
ing of halogen photochemistry in the polar vortex.  The 
Pope et al. (2007) absorption spectrum for ClOOCl is en-
tirely inconsistent with field data, for any reasonable 
amount of scaling.

The bottom panels of Figure 2-10 show the photoly-
sis first-order rate constant (J1b) as a function of SZA, for 
various cross section data sets.  The shaded region shows 
propagation of the JPL 06-2 uncertainty (left) and the JPL 
09-31 uncertainty (right).  This figure reveals consistency 

between laboratory studies of σClOOCl(λ) published after 
2007 and the uncertainty given by JPL 09-31, which was 
not based on these studies.  Absorption cross sections de-
rived from the measurements of Lin and co-workers and 
Wilmouth et al. (2009) at specific wavelengths in the pho-
tolytically active region are, as shown in Figure 2-9, gener-
ally consistent with the values reported by Papanastasiou  
et al. (2009).  Therefore, all new laboratory studies of 
σClOOCl(λ) conducted since 2007 lead to a consistent picture 
of good understanding of polar ozone chemistry, in con-
trast to the state of knowledge that existed upon the 2007 
publication of the Pope et al. results.

Figure 2-11 extends Figure 2-10 by summariz-
ing the high level findings for J1b/k1a from Stimpfle et al. 
(2004) as well as seven other studies, relative to the value 
of J1b/k1a recommended by JPL 06-2.  Similar to the con-
clusions noted above, the seven other studies also suggest 
the value of J1b/k1a is as large as, or larger than, the value 
found using σClOOCl(λ) from JPL 06-2 and JPL 09-31.  The 
field observations are most consistent with values of J1b/
k1a found using the cross sections from Burkholder et al. 
(1990) and Papanastasiou et al. (2009) (the central por-
tion of most of the blue bars lies closest to the arrow de-
noting J1b/k1a from these two laboratory studies).  Both of 
these laboratory studies measured absolute values of the 
ClOOCl cross section.

Figure 2-11 shows that field data are not consistent 
with J1b/k1a found using the recommendation for σClOOCl(λ) 
from IUPAC (2007) (based on Huder and DeMore, 1995) 
or von Hobe et al. (2009) (both spectra scaled to JPL  06-2).  
As described above, three 2009 studies report values of the 
peak absolute cross section greater than given in JPL 06-2.  
The value of J1b/k1a found using the spectra reported by 
von Hobe et al. (2009) and Huder and DeMore (1995) will 
exhibit closer agreement with the field data if these spectra 
are scaled to peak cross section values reported in the new 
laboratory measurements, as was illustrated by scaling the 
JPL 09-31 recommended spectrum in Figure 2-10.  At 
present the peak cross section and thus scaling factor has 
an uncertainty in the 20 to 30% range.  Most of the litera-
ture is based on the JPL 06-2 estimate (identical to the JPL 
09-31 value), which is at the low end of this range.  If the 
peak cross section is revised by future evaluations, these 
revisions will likely indicate a greater role for ClO in polar 
ozone loss, since dO3/dt is roughly proportional to J1b.

Finally, Figure 2-11 shows that the field data are not 
consistent with J1b/k1a found using σClOOCl(λ) from Pope et 
al. (2007).  The range of uncertainty in k1a (red bar) does 
not come close to encompassing the value of J1b/k1a found 
using σClOOCl(λ) from Pope et al. (2007) and the slight re-
vision in k1a in JPL 09-31 is inconsequential.  No reason-
able scaling of the Pope et al. (2007) spectrum will resolve 
the inconsistency with field data.  An	analysis of satellite 
observations reported by Santee et al. (2008)  supports the 
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Figure 2-11.  The ratio J1b/k1a inferred from analysis of daytime measurements of [ClO] or 
[ClO] and [ClOOCl] divided by the value of J1b/k1a from JPL 06-2, from various studies (blue 
bars; length of each bar represents range of uncertainty, generally 1σ).  Horizontal black ar-
rows denote lower limits for the ratio determined by two of the studies.  The red bar shows the 
1σ uncertainty in k1a from JPL 06-2, evaluated at 190 K.  The gray bar shows the value of 
J1b/k1a needed to match observed ozone loss in the Arctic and Antarctic vortices.  The value 
of J1b/k1a using absorption cross sections of ClOOCl from various laboratory studies and data 
evaluations, relative to the JPL 06-2 value, is indicated by downward pointing arrows.  The 
JPL 06-2 value of k1a was used throughout the analysis because most of the cited papers 
relied on k1a from JPL 06-2.  The slight change in the high-pressure limit of this rate constant 
recommended by JPL 09-31 has a barely discernable effect on the appearance of this plot.  
Schofield et al. (2008) analyzed airborne in situ observations of [ClO] during the “self Match 
flight” of the European Polar Stratospheric Cloud and Lee Wave Experiment (EUPLEX) in the 
Arctic; von Hobe et al. (2007) examined airborne in situ observations of [ClO] and [ClOOCl] in 
the Arctic obtained during the SOLVE, EUPLEX, and Envisat Validation campaigns; Stimpfle 
et al. (2004) analyzed airborne in situ observations of [ClO] and [ClOOCl] in the Arctic obtained 
during the SOLVE campaign; Vogel et al. (2003) examined balloonborne in situ observations 
of [ClO] obtained in the Arctic during the Third European Stratospheric Experiment on Ozone 
 (THESEO) 2000; Solomon et al. (2002) and Shindell and de Zafra (1996) analyzed ground-
based observations of [ClO] over Antarctica; and Avallone and Toohey (2001) examined air-
borne in situ observations of [ClO] obtained in the Arctic during Airborne Arctic Stratospheric 
Expedition (AASE) I and II.  Figure first published as Figure 3.1 of SPARC (2009).
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conclusion that the Pope et al. (2007) spectrum cannot be 
reconciled with atmospheric measurements of [ClO].

Section 4.2.1.3 of WMO (2007) examined our un-
derstanding of calculated and observed polar ozone loss 
rates.  A major advance is recognition that calculated polar 
ozone loss rates using values for σClOOCl(λ) from Pope et 
al. (2007) are not consistent with ozone loss rates derived 
from observations (von Hobe et al., 2007; Santee et al., 
2008; Schofield et al., 2008; Kawa et al., 2009; SPARC, 
2009).  A detailed summary is given in SPARC (2009).  
The gray bar in Figure 2-11 summarizes the understanding 
articulated in these studies: ozone loss rates derived from 
observations are consistent with values of J1b/k1a ranging 
from slightly less than that obtained using the JPL 06-2 
recommended cross sections to about a factor of 2 larger 
than that found using JPL 06-2, with best agreement found 
for the Burkholder et al. (1990) and Papanastasiou et al. 
(2009) spectrum and cross sections.

2.2.2.3 other issues related to Polar ozone 
CheMistry

Kawa et al. (2009) used Monte Carlo model calcu-
lations to evaluate the impact and significance of the esti-
mated uncertainties in the kinetic parameters given in JPL 
06-2 on polar stratospheric ozone loss.  The simulations 
indicate that the most of the uncertainty in the calculated 
ozone loss and the rate of ozone loss is due to the uncer-
tainty in the ClOOCl photolysis reaction.  Uncertainties 
in the BrO + ClO reaction rate coefficient and its product 
branching ratio were also found to be important.  Canty et 
al. (2005) note an inconsistency between theory and ob-
servation of nighttime chlorine dioxide (OClO) that could 
be resolved by higher yields of the branches of BrO + ClO 
that lead to ozone loss.  Uncertainties in the rate coeffi-
cients for the reactions ClO + OH → HCl + O2 and Br + 
H2CO → HBr + HCO were found to be significant, but 
to have a smaller overall impact on the calculated polar 
ozone loss.  The uncertainties in these processes were re-
evaluated by the NASA JPL Data Panel and reductions in 
the uncertainties were made in JPL 09-31.

Theoretical calculations by Matus et al. (2008) 
found the ClClO2 isomer was more stable than ClOOCl by 
3.1 kcal mol−1 at 298 K.  However, as described in SPARC 
(2009), observational evidence suggests ClClO2 is not 
present in appreciable quantities during times of chlorine 
activation in the Arctic vortex.  SPARC (2009) concluded 
that if unknown chemistry plays a role for the polar ozone 
loss mechanism, it can only be a minor modification of 
known mechanisms.

Analyses of field observations by von Hobe et al. 
(2007), Wetzel et al. (2010), and Santee et al. (2010) are 
somewhat more consistent with the revised JPL 09-31 
recommendation for KEQ at temperatures below ~210 K 

than with the JPL 06-2 recommendation.  Observations 
obtained during nighttime conditions when photolysis 
is negligible all point to higher abundances of ClO and 
lower abundances of ClOOCl than found in models using 
JPL 06-2 kinetics.  However, uncertainty in KEQ, which is 
believed to drive nighttime chemistry, has no bearing on 
the rate of polar ozone depletion (e.g., Kawa et al. (2009) 
and references therein).  Nevertheless, there is interest in 
reducing the uncertainty in KEQ because accurate knowl-
edge of this quantity will improve estimates of [ClOx] 
from nighttime observations of [ClO].  Such improve-
ment is needed, for example, because representation of 
polar ozone chemistry in chemistry and transport models 
(CTMs) and chemistry-climate models (CCMs) is better 
evaluated by comparing modeled and measured [ClOx] 
rather than comparing modeled and measured [ClO].  If 
[ClO] is used, one must factor in SZA and temperature, 
which greatly complicates the comparison (Chapter 6 of 
SPARC CCMVal, 2010).

2.2.3 Polar Stratospheric Cloud Processes

As discussed in previous WMO reports, heteroge-
neous reactions on the surfaces of stratospheric particles at 
cold temperatures convert chlorine reservoir species that 
do not react with ozone, such as hydrogen chloride (HCl) 
and chlorine nitrate (ClONO2), to chlorine radical species 
that lead to catalytic ozone destruction (Solomon et al., 
1986).  Liquid-phase binary sulfuric acid/water (H2SO4/
H2O) droplets, commonly known as background strato-
spheric aerosols, are ubiquitous throughout the strato-
sphere.  Under cold conditions, these background aerosols 
take up nitric acid (HNO3) and H2O (Carslaw et al., 1994; 
Tabazadeh et al., 1994) and evolve into ternary HNO3/
H2SO4/H2O droplets, commonly referred to as supercooled 
ternary solution (STS) polar stratospheric clouds (PSCs).  
PSC particles may also take the form of H2O ice and solid 
hydrates of nitric acid, likely nitric acid trihydrate, or NAT 
(Voigt et al., 2000).  Particle ensembles in the polar win-
ter stratosphere are primarily mixtures of liquid (binary 
or ternary) droplets and solid particles (NAT and H2O 
ice) in varying sizes and number densities (e.g., Toon et 
al., 2000; Biele et al., 2001; Drdla et al., 2003).  Chlorine 
activation rates on stratospheric particles are dependent 
on the uptake coefficient of the particle and the particu-
late surface area density (SAD) (Lowe and MacKenzie, 
2008).  Both the uptake coefficients and the available sur-
face area of the liquid particles are generally much higher 
than that of NAT PSC particles, making liquid particles 
much more efficient in chlorine activation (Portmann et 
al., 1996; Lowe and MacKenzie, 2008).  Liquid particles 
also increase ozone loss by extending both the height 
range (Hofmann and Oltmans, 1993) and the season over 
which heterogeneous chemistry can occur (Portmann et 
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al., 1996).  Solid particles play an important indirect role 
in ozone depletion by their influence on the abundance of 
gas-phase nitrogen.  Formation and sedimentation of large 
NAT particles (Waibel et al., 1999; Fahey et al., 2001) 
can irreversibly redistribute HNO3 (denitrify) in the polar 
stratosphere, allowing the ozone depletion process to con-
tinue for a longer period by delaying the reformation of the 
chlorine reservoir ClONO2.

2.2.3.1 new obserVational data sets

Since the previous Assessment, the PSC observa-
tional database has been greatly expanded by measure-
ments from the Cloud-Aerosol Lidar and Infrared Path-
finder Satellite Observation (CALIPSO) satellite that was 
launched in 2006.  Measurements from the polarization-
sensitive lidar on CALIPSO (Pitts et al., 2007; Noel et al., 
2008) provide comprehensive daily information on the oc-
currence of PSCs in both the Arctic and Antarctic over the 

entire polar region, including the polar night that cannot be 
sampled by solar occultation instruments.  The general cli-
matology of PSCs included in previous Ozone Assess-
ments (e.g., WMO, 1995; WMO, 1999) was established 
from long-term solar occultation data records (e.g., Poole 
and Pitts, 1994; Fromm et al., 2003), which were the only 
available data source at that time.  Pitts et al. (2007) com-
pared the PSC frequency observed by CALIPSO in 2006 
over the entire Antarctic region (50°S–82°S) with the PSC 
frequency derived by subsampling the CALIPSO database 
only at the time-varying latitudes observed by the SAM II 
(Stratospheric Aerosol Measurement II) solar occultation 
sensor, which ranged from 65°S in June to 80°S in Sep-
tember.  As shown in Figure 2-12, the temporal distribu-
tion of PSCs derived from solar occultation data is not 
representative of the polar region as a whole.  For exam-
ple, in early June the solar occultation sensor samples only 
near the edge of the vortex (~65°S) and underestimates the 
PSC frequency of the vortex as a whole.  In September the 
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occultation sensor samples only near the core of the vortex 
(80°S) and hence overestimates the PSC frequency of the 
vortex as a whole.  CALIPSO provides a more accurate 
representation of PSC occurrence on a day-by-day basis 
over the entire polar region than the historical solar 
 occultation-based observations.  But on a season-long ba-
sis, both CALIPSO and the historical solar occultation 
data show that PSCs occur much more frequently and over 
a longer time period in the Antarctic than in the Arctic.

Optical modeling results (Pitts et al., 2009) sug-
gest that from an ensemble point of view, CALIPSO PSC 
detection limits are as good as or better than those of his-
toric solar occultation sensors.  The ensemble detection 
limits are also comparable to those of ground-based and 
airborne lidars, except that CALIPSO cannot resolve very 
tenuous PSCs with the optical characteristics of a mix-
ture of binary liquid aerosols and very low number densi-
ties (<3–5 × 10−4 cm-3) of NAT particles.  For reference, 
NAT particle surface areas in these PSCs are <0.1 μm2 
cm−3, which is about 10% of the surface area of the liquid 
binary aerosols and <1% of the surface area of a fully 
 developed STS PSC.

2.2.3.2 PsC CoMPosition

A more complete picture of PSC occurrence and 
composition has emerged since the previous Assessment.  
Pitts et al. (2009) examined the seasonal evolution of PSC 
composition utilizing CALIPSO lidar observations and 
found that the vast majority of PSC observations over 
the Antarctic from mid-June until mid-September con-
sisted of liquid/NAT mixtures, while liquid STS clouds 
were predominant in the Antarctic in late May through 
early June and again in late September and October.  Ice 
PSCs were much more episodic in nature and accounted 
for only about 10% of all CALIPSO PSC observations in 
the Antarctic.  Pitts et al. (2009) found that mixtures con-
taining NAT particles in higher number densities/volumes 
(similar to the so-called type 1a enhanced PSCs) are much 
more common in the Antarctic than in the Arctic, while 
the relative frequency of liquid STS clouds is higher in 
the Arctic than in the Antarctic.  These results are gener-
ally consistent with the climatologies from ground-based 
lidars (Adriani et al., 2004; Maturilli et al., 2005; Blum et 
al., 2005; Massoli et al., 2006).

The spaceborne Michelson Interferometer for Pas-
sive Atmospheric Sounding (MIPAS) on Envisat, a limb-
sounding infrared spectrometer with full coverage of the 
Arctic and Antarctic regions, also provides information 
on PSC composition.  Höpfner et al. (2006a) analyzed        
MIPAS measurements of mid-IR emissions by PSCs dur-
ing the 2003 Antarctic winter and found evidence of NAT, 
STS, and water ice clouds.  Information on PSC compo-
sition is derived from CALIPSO and MIPAS data using 

fundamentally different approaches, yet the results are 
consistent (Höpfner et al., 2009).

2.2.3.3 PsC forCing MeChanisMs

Several studies have examined formation mecha-
nisms for PSCs.  In the NH, Felton et al. (2007) showed 
that wave-induced temperature perturbations account for 
about 11% of PSC detections in the Arctic during the 
SOLVE-THESEO campaign.  In the Antarctic, recent 
studies provide evidence that mountain wave PSCs may 
be a significant source of NAT particles that can be trans-
ported throughout the Antarctic polar vortex.  Höpfner 
et al. (2006b) attribute the large-scale outbreak of NAT 
particles observed by MIPAS during June 2003 to hetero-
geneous nucleation on ice in the cooling-phases of large-
amplitude mountain waves over the Antarctic Peninsula 
and Ellsworth Mountains.  Eckermann et al. (2009) cor-
roborate this hypothesis, showing that a small region of 
mountain wave activity over the Antarctic Peninsula on 
10–14 June likely served as the source of this circum-
polar NAT outbreak.  Eckermann et al. (2009) conclude 
that this is observational evidence of the “mother cloud” 
theory, which posits that vortex-wide NAT formation and 
growth are driven by ice formed in mountain wave activ-
ity.  Noel et al. (2009) used CALIPSO data to examine 
wave-induced PSCs with near-unity optical depths, con-
cluding that this relatively rare class of PSC can lead to 
widespread NAT and ice particles downstream from the 
mountain wave.  Based on a combination of Polar Ozone 
and Aerosol Measurement (POAM) III aerosol extinc-
tion measurements and Challenging Minisatellite Payload 
GPS Radio Occultation (CHAMP GPS/RO) temperature 
measurements, McDonald et al. (2009) found that grav-
ity wave-induced temperature perturbations may explain 
enhanced PSC incidence over the Antarctic Peninsula in 
June, while they contribute to only about 15% of the PSC 
observations later in the winter at higher latitudes.   Innis 
and Klekociuk (2006), using lidar observations over  Davis, 
Antarctica, also found that gravity wave perturbations in-
fluence PSC formation about 15% of the time.  Wang et 
al. (2008) propose a different Antarctic PSC formation 
mechanism based on their analysis of observations by the 
NASA A-train satellites that showed two thirds of PSCs 
over west Antarctica and one half of PSCs over east Ant-
arctica can be related to deep tropospheric cloud  systems.

PSCs both influence and are influenced by climate 
change.  Randel et al. (2009) report large trends in tem-
perature in the lower stratosphere in spring.  David et al. 
(2010) show that trends in the mean temperature and also 
trends in extreme temperatures are important for predic-
tion of PSC occurrence.  The long-term trend in global-
mean lower stratospheric temperatures reported by Randel 
et al. (2009) is strongly driven by changes in stratospheric 
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ozone.  Thus, both stratospheric cooling and the increase 
in PSC occurrence may reverse substantially as ozone will 
recover in the future.  This conclusion is supported by 
model predictions by Hitchcock et al. (2009).

2.2.3.4 use of Proxies to rePresent PsC 
ProCesses

PSC occurrence is often represented in model-
ing and diagnostic studies of polar ozone loss by simple 
thermodynamic proxies.  A proxy used frequently in the 
past is that PSCs are present if the ambient temperature 
is below TNAT, the theoretical threshold temperature for 
NAT existence.  CALIPSO provides the first observation-
al estimates of vortex-wide PSC areal coverage that can 
be used to directly assess the validity of simple thermo-

dynamic proxies for PSC occurrence.  Pitts et al. (2007) 
showed that the use of TNAT alone is a poor quantitative 
proxy for PSC occurrence and significantly overestimates 
the PSC areal extent; Figure 2-13 illustrates this point for 
the 2007 Antarctic season.  The observation that TNAT 
is not an accurate proxy for PSC occurrence is not sur-
prising since analyses of CALIPSO and MIPAS data, as 
well as earlier studies, suggest that PSCs are primarily 
mixtures of liquid droplets and solid particles.  However, 
as discussed below in Section 2.2.4, the empirical rela-
tionship between ozone loss and the volume of vortex air 
below TNAT indicates that TNAT is a useful gauge of low 
stratospheric temperatures that trigger chlorine activation 
and ozone loss, even though the activation is primarily 
occurring on liquid particles.
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Figure 2-13.  Daily time series of CALIPSO PSC area (km2) versus area with T < TNAT for the 2007 Antarctic sea-
son (adapted from Pitts et al., 2007, and Pitts et al., 2009).  Note that very tenuous PSCs containing a mixture of 
binary liquid aerosols and very low number densities (<3–5 × 10−4 cm−3) of NAT particles are below the CALIPSO 
ensemble detection threshold.  NAT particle surface areas in these PSCs are < 0.1 μm2 cm−3, or about 10% of 
the surface area of the liquid binary aerosols and <1% of the surface area of a fully developed STS PSC.
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2.2.4 Arctic Polar Temperatures and 
Ozone

The annual cycle and variability for the minimum 
temperature poleward of 50° latitude in the Northern 
Hemisphere for 1979–2004 was shown in WMO (2007) 
(Newman and Rex et al., 2007, their Figure 4-1, top pan-
el).  The temperatures at 50 hPa for recent years fall within 
this range of variability.  Temperatures in the Arctic win-
ter stratosphere exhibit a high degree of natural variability.  
The winters 2006/2007 and 2007/2008 were among the 
ten coldest winters from 1965 to present.  The 2008/2009 
winter was very cold in midwinter but PSC conditions 
were terminated by a strong warming in late January.

Polar ozone during recent Arctic winters remains 
low compared with values observed during the 1980s and 
continues to strongly vary interannually (Figure 2-14, top 
panel).  The figure shows the minimum total ozone over 
the polar cap for March (calculated as the minimum of 
the daily average column ozone poleward of 63° equiva-
lent latitude).  This is an indicator of polar ozone loss that 
shows a reasonable correlation with observed chemical 
ozone depletion (Müller et al., 2008).  In the years since 
WMO (2007), the minimum spring ozone values over the 
Arctic polar cap remained in a range comparable with val-
ues prevailing since the early 1990s (Figure 2-14, top pan-
el).  This indicates that substantial chemical loss continues 
to occur in cold Arctic winters.

Arctic winter and spring ozone loss has varied 
between 2007 and 2010, but remained in a range com-
parable to the values that have prevailed since the early 

1990s.  Chemical ozone destruction on the order of 100 
DU (about 80% of the values derived for the record cold 
winters of 1999/2000 and 2004/2005) is deduced for 
both Arctic winters 2006/2007 and 2007/2008 (derived 
from ozonesonde measurements following the approach 
described by Rex et al., 2006).  A strong reduction in 
column ozone during these winters is in accordance with 
strong chemical destruction at 475 K in mid-March re-
ported for 2006/2007 based on Odin data (Rösevall et 
al., 2007) and 2007/2008 based on Microwave Limb 
Sounder (MLS) data (Kuttippurath et al., 2009).  Reli-
able ozone loss estimates are not possible for the Arctic 
winter 2008/2009 because a strong midwinter warming 
in late January led to extensive mixing of air from low 
latitudes with the polar vortex air.

Tegtmeier et al. (2008) showed that the variabil-
ity of (1) chemical loss of ozone in the Arctic and (2) the 
amount of ozone transported into the Arctic during winter 
each contribute about half of the observed variability of 
high latitude total ozone during spring (Figure 2-15).  The 
supply of ozone due to transport has so far usually been 
larger than the chemical loss (with possibly very small 
net loss only in 1995, 1996, and 2000) such that the to-
tal ozone column has not declined in the course of Arctic 
winters and the extreme ozone anomalies associated with 
the Antarctic ozone hole are not observed in any long-
term Arctic record (Solomon et al., 2007).  Tegtmeier et 
al. (2008) also showed that these terms are correlated and 
variability in both is driven by variability in wave driv-
ing from the troposphere, making both terms sensitive to 
potential changes in wave driving due to climate change.

Minimum of daily mean polar ozone (Φe > 63o)
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Figure 2-14.  Time series of 
minimum total ozone (Dob-
son units) over the polar 
cap, for March in the Arctic 
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the Antarctic (bottom pan-
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mum of daily average col-
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Several diagnostics use volume of vortex air be-
low TNAT, the theoretical threshold temperature for NAT 
existence for typical values of stratospheric water and ni-
tric acid mixing ratios (Rex et al., 2004; Rex et al., 2006; 
Tilmes et al., 2004).  This volume has commonly been 
referred to as VPSC.  Because VPSC calculated in this way 
is not a good proxy for the existence of NAT particles (see 
Section 2.2.3.4 above), other proxies for the onset of polar 
heterogeneous chlorine activation have been considered 
that involve also the surface area density of binary sul-
fate aerosol particles, e.g., Tilmes et al. (2008a) consider 
the potential for activation of chlorine (PACl).  However, 
observations show that TNAT may still be a useful proxy 
because the onset of chlorine activation does not necessar-
ily occur on NAT particles (Toohey et al., 1993; SPARC, 
2009).  Therefore, it is meaningful to consider a relation 
between ozone loss and such calculated values of VPSC.  
The ozone loss observed in Arctic winters since the previ-
ous Assessment falls along the relation between chemical 
ozone loss and VPSC that was discussed in the previous 
Assessment (WMO 2007, Figure 4-13).

Rex et al. (2006) noted a tendency toward higher 
extreme values in the overall volume of air at temperatures 
below the PSC threshold (VPSC) over the past four decades, 
i.e., a cooling of the “cold” Arctic winters.  An update of 
this relation is shown in Figure 2-16.  Values of VPSC since 
WMO (2007) were all less than that computed for NH 
winter 2004/05, but on a statistical basis established over 
the past four decades, a new maximum occurs about only 
once in five-year intervals.  Therefore, it is not possible to 
draw a conclusion about the continuation of the changes 
in the severity of extreme values based on  absence of a 
new record VPSC in the past four years.  It is notable that 

three of the past four winters had VPSC values in the upper 
25% of the long-term distribution even though a midwin-
ter major warming occurred in all of the winters since the 
previous Assessment.

2.2.5 Antarctic Polar Temperatures 
and Ozone

Winters remain very cold in the Antarctic, and the 
seasonal cycles for the minimum temperatures poleward 
of 50°S for recent years fall within the range of variability 
for 1979–2005 that is shown in the bottom panel of Figure 
4-1 of WMO (2007).  Exceptional dynamical activity and 
associated warming, like that in Antarctic winters 2002 
and 2004, has not occurred since the previous Assessment, 
but in 2006 the springtime increase in the minimum tem-
perature took place slightly later than usual.

The minimum of total ozone over the polar cap 
for October (calculated as the minimum of the daily av-
erage column ozone poleward of 63° equivalent latitude) 
has remained approximately at the low levels observed 
in the mid-1990s until 2009 (Figure 2-14 bottom panel).  
Chemical ozone loss in the Antarctic since the previous 
Assessment remained stable at the level of the mid-1990s.  
Ozonesonde observations at South Pole (Hofmann et al., 
2009a) consistently indicate that, with the exception of the 
years 2002 and 2004, more than 90% of the ozone is re-
moved each year since the mid-1990s, at about 18 km (~70 
hPa).  Maximum ozone losses at this altitude reach 99% 
(Solomon et al., 2005; Solomon et al., 2007).  The lowest 
ozone partial column (2 DU) in the altitude range 14–21 
km observed at South Pole (in the time period 1986–2007) 
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Figure 2-15.  Interannual variability of 
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port modeling).
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occurred in 2006 (Hofmann et al., 2009a).  The chemi-
cal ozone loss in the Antarctic vortex core for the altitude 
range 350–550 K deduced from satellite data for the 
period 1992–2005 is ~ 130 DU, more than found for even 
the coldest Arctic winters (Tilmes et al., 2006).

In summary, ozone loss during Antarctic winters 
remained stable with little year-to-year variability since 
the previous Assessment.  This is expected since moderate 
changes in EESC are not expected to have a detectable 
effect on measures of Antarctic ozone loss (WMO 2007; 
Newman et al., 2006; see also Section 2.4.5 for further dis-
cussion).  Since about 1997 the ODS amounts have been 
nearly constant and the depth and magnitude of the ozone 
hole have been controlled by variations in temperature and 
dynamics.  The October mean column ozone within the 
vortex has been about 40% below 1980 values for the past 
fifteen years.

2.2.6 The Onset of Antarctic Ozone 
Depletion

The average total ozone poleward of 63° latitude 
in March (NH) and October (SH) is compared to an aver-
age of the observations between 1970 and 1982 to pro-
vide an indication of the amount of ozone lost each year 
due to polar processes (Figure 2-8).  This choice of ref-
erence level is somewhat arbitrary.  The 1970–1982 av-
erage  includes observations from 1970–1972 and 1979–
1982 in the SH and from 1971–1972 and 1979–1982 in 
the NH.  These observations and data from ground-based 
instruments at several locations suggest that ozone de-

creased between the early 1970s and the early 1980s in 
both hemispheres, but computing a trend from the satel-
lite observations is not meaningful because of the data 
gaps.  The ground-based data records have smaller gaps 
but exhibit year-to-year variations and are not repre-
sentative of the entire polar region.  A near-continuous, 
near-global record of satellite observations of total ozone 
has been available only since the Nimbus 7 Total Ozone 
Mapping Spectrometer (TOMS) instrument began taking 
data late in 1978.

2.3 SURFACE ULTRAVIOLET RADIATION

2.3.1 State of Science in 2006

Chapter 7 of the 2006 Assessment (Bais and  Lubin 
et al., 2007) explored factors that affect surface UV irradi-
ance, examined the methods of assessing this irradiance 
(ground-based measurements, satellite retrievals, and ra-
diative transfer modeling), and reviewed measurement 
series, reconstructions, and numerical models of future 
scenarios to identify past and potential future changes in 
surface UV irradiance.  Much of our understanding of UV 
radiative transfer remains valid today, while updates since 
2006 follow later in the section.

The influence of stratospheric ozone on the trans-
mission of short wavelength UV radiation through the 
atmosphere is well understood.  Since the ozone-related 
change in UV radiation is wavelength dependent (becom-
ing negligible at wavelengths greater than 340 nm), the 
way in which UV radiation is defined or measured (e.g., 
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for the Arctic over the past four de-
cades obtained from European 
Centre for Medium-Range Weather 
Forecasts (ECMWF) and Free Uni-
versity of Berlin (FUB) data.  The 
blue dots represent the maximum 
values of VPSC during five-year inter-
vals.  The dotted line is based on ra-
diosonde analyses of the FUB, and 
the solid line is ECMWF ERA-15 
data extended by operational analy-
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the uncertainty of VPSC assuming a 
1-K uncertainty of the long-term sta-
bility of radiosonde temperatures.  
Updated from Figure 4-3 of WMO 
(2007) and Rex et al. (2004).
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spectral, UV-B (280–315 nm) waveband, UV-B + UV-A 
(315–400 nm), or biologically weighted UV) determines 
its sensitivity to ozone.  Broadband erythemal radiometers 
are the most widespread instruments for measuring surface 
UV irradiance, but they cannot identify the contribution 
of individual wavelengths to the observed change in ery-
themal irradiance and so cannot separate ozone-induced 
changes from other influences on UV radiation.

For UV effects for which there is a known action 
spectrum, e.g., erythemally weighted UV, the sensitivity 

to ozone changes is often expressed as a radiation amplifi-
cation factor (RAF) (see Box 2-1), which differs from the 
monochromatic RAF.

Clouds, aerosol, surface albedo, and ozone all af-
fect surface UV radiation.  For many locations, the ob-
served changes in UV radiation are influenced by changes 
in all of these.  The importance of each varies with lati-
tude, climate, and the amount of atmospheric pollution 
at each site.  Cloud transmission is the greatest and most 
changeable atmospheric determinant of UV variability at 

Box 2-1.  Radiation Amplification Factor for Erythemal Irradiance

The relationship between change in total column ozone (O3) and change in biologically effective radiation, e.g., 
erythemal irradiance (E), can be quantified using the radiation amplification factor (RAF) (Booth and Madronich, 1994). 
For example, RAF = 1.5 means that a 1% decrease in ozone will lead to a 1.5% increase in the biologically effective 
radiation. For small fractional changes in ozone (of the order of 10%) the RAF for erythema can be defined as

     

where ΔE and ΔO3 are the respective changes of erythemal irradiance and column ozone.

As the relationship between ozone and erythemal irradiance is nonlinear, the RAF is not a constant in all condi-
tions but depends on factors that change the shape of the solar spectrum, primarily solar zenith angle and ozone column, 
as illustrated in Figure 1. While for solar zenith angles (SZAs) from 0° to 50° and typical midlatitude ozone the RAF for 
erythema is 1.1 ± 0.1, for larger SZAs and large total ozone values the RAF gradually decreases.
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the  surface.  Although UV radiation is reduced slightly 
less than visible radiation by clouds, heavily overcast 
conditions can still reduce surface UV irradiance by 90%.  
Broken-cloud conditions can produce short-term enhance-
ments in UV irradiance up to 25% over clear-sky condi-
tions.  Clouds vary on many timescales and thus hinder 
attempts to identify small ozone-induced changes in UV 
irradiance from ground-based measurements at locations 
where ozone depletion has been modest.

Pollutants in the lower troposphere, notably ozone, 
nitrogen dioxide, and sulfur dioxide, are strong attenuators 
of UV radiation.  Ozone and sulfur dioxide (SO2) attenu-
ate at UV-B wavelengths, while nitrogen dioxide (NO2) 
attenuates most strongly in the range from 330 to 400 nm, 
with a smaller influence in the UV-B waveband.  The UV 
response to changes in these gaseous pollutants, and UV-
absorbing aerosols such as organic carbon from motor 
vehicles or biomass burning, may be larger than the UV 
response to changes in stratospheric ozone.  In some loca-
tions increased pollution and aerosols may have masked 
an increase in UV irradiance due to ozone decrease in the 
1980s and 1990s, and present cleaner air policies may hide 
the effect of ozone recovery on UV irradiance.

High surface albedo (reflectivity) greatly enhanc-
es surface UV irradiance where there is extensive snow 
and/or ice cover.  Enhancements of erythemal irradiance 
of ~20% have been reported in regions with snow cover; 
even greater enhancements are seen in Antarctica due to 
very clean, high-albedo snow over a large area.

In the previous Assessment, ground-based UV mea-
surement records that began in the 1990s covered a period 
with no significant ozone trends except at high latitudes, 
and reducing the uncertainties in quantifying surface UV 
irradiance remained a challenging task.  Ozone-related 
changes in UV irradiance were apparent in unpolluted re-
gions of the SH where previous increases in surface UV 
irradiance had ceased or reversed along with observed in-
creases in ozone.  At polluted midlatitudes in the NH, UV 
surface irradiance was generally still increasing by small 
amounts (a few percent per decade) at the time of the pre-
vious Assessment, but at unpolluted sites any increase had 
ceased.  Short events with low column ozone and high UV 
irradiance had also been recorded at a variety of locations.

Satellite-derived erythemal irradiance estimates 
from 1979, based on ozone, aerosol, and cloud measure-
ments, were being evaluated against ground-based data at 
the time of WMO (2007).  Satellite data have the advan-
tage of providing global coverage, but the retrieved prod-
ucts must be validated.  TOMS (Total Ozone Mapping 
Spectrometer) data, and since July 2004 data from Ozone 
Monitoring Instrument (OMI) on the Aura spacecraft, had 
been analyzed.  Satellite-estimated UV irradiance com-
pares well with ground-based measurements in clean con-
ditions, but at polluted sites the satellite retrievals failed to 

adequately account for tropospheric pollution, leading to 
overestimates of about 10% and up to 40%.

Both ground-based measured and satellite- estimated 
UV radiation data have increased in availability since 
WMO (2007).  In addition to improved and reanalyzed 
ground-based data, there has been substantial progress in 
development of both satellite-derived UV products and 
ground-based reconstructed UV time series, and the clima-
tologies and trend estimates derived from them.  The fol-
lowing sections detail the advances in our knowledge and 
understanding since WMO (2007).

2.3.2 Update on Factors Affecting 
UV Radiation

The main factors affecting UV radiation are well es-
tablished and recent studies were mostly focused on quan-
tification of the effect of different factors on UV irradiance.  
In particular, better estimates of the effects of air pollution 
on UV irradiance, including their magnitude and wave-
length dependence, were the subject of many recent studies.

2.3.2.1 ozone effeCts

Where ozone changes are large, e.g., in the Ant-
arctic, they produce a clear signature in the surface UV 
radiation.  Measurements from Summit Station, Green-
land (72°N, established in 2004), show that for compa-
rable solar zenith angles, the spring erythemal irradiance 
at the South Pole is 50–130% larger than at Summit Sta-
tion, despite the similar location of the two sites on vast 
high-altitude ice sheets (Bernhard et al., 2008).  Bernhard 
et al. (2008) also show that these differences are almost 
entirely caused by the difference in spring total ozone at 
South Pole and Summit.

Due to the ozone decline, the average erythemal ir-
radiance measured at the Pole between 1991 and 2006 was 
up to 85% larger than the estimate for the years 1963–1980 
(Bernhard et al., 2010).  At McMurdo, the average erythe-
mal irradiance for October and November is estimated to 
be about 30–60% higher than historically.

The ozone-related influence on UV radiation can 
be identified from the spectral dependence of the changes, 
because ozone absorption increases strongly toward the 
shorter wavelengths in the UV-B region.  Seckmeyer et al. 
(2008a) demonstrated that the ratio between UV values at 
Garmisch, Germany, and Lauder, New Zealand, as a func-
tion of wavelength clearly shows features related to the 
ozone absorption spectrum.  Monthly erythemal UV radia-
tion is up to 50% lower in the European summer compared 
to sites with comparable latitudes in New Zealand.  These 
large differences are caused mainly by differences in to-
tal ozone (~15%), cloudiness, aerosol loading, and Sun–



2.34

Chapter 2

Earth separation.  At similar SZAs, the ratio between UV 
irradiance values at Garmisch and Lauder as a function 
of wavelength clearly shows features related to the ozone 
absorption spectrum.

2.3.2.2 other influenCes on uV

Since ozone is not the only influence on surface 
UV, and may not be the only parameter to change in the 
future, or to have done so in recent years, we update and 
further quantify our knowledge of these other influences.

Clouds can cause large and rapid changes (increas-can cause large and rapid changes (increas-
es as well as decreases) in surface UV radiation and in to-
tal radiation (i.e., radiation integrated over the entire spec-
trum from about 300 nm to 3000 nm).  On average, clouds 
have an attenuating effect of 15–32% in the UV waveband 
(Seckmeyer et al., 2008a; den Outer et al., 2005), but for 
any given situation the cloud effect will depend on the 
cloud type, depth, and distribution across the sky.  Thus, 
cloud transmission of UV irradiance is difficult to quan-
tify in sufficient detail to provide an exact determination 
of its effect at a given time and place (Thiel et al., 2008).  
This latter statement becomes important when considering 
satellite UV retrievals, detailed in Section 2.3.3.3, where 
cloud effects are averaged over a large field of view.

Another localized influence on surface UV radia-
tion is air pollution, i.e., scattering and absorption by aero-
sols (black and organic carbon, hydrocarbons, dust, and 
smoke) as well as absorption by tropospheric O3, NO2, and 
other gases.  Such pollution can reduce UV radiation by up 
to 15% at polluted sites, with reductions greater than 25% 
in highly polluted cities, e.g., occasionally in Los Angeles 
and frequently in Beijing.  McKenzie et al. (2008) show 
that tropospheric extinctions in Tokyo account for much 
of the 40% reduction in UV-B radiation when compared 
to the clean atmosphere of New Zealand, and that UV-A 
radiation could occasionally be affected by high levels of 
tropospheric NO2.

Black carbon is the main absorbing component 
present in atmospheric aerosols.  In addition, soil dust 
absorbs radiation in the UV and visible wavebands, and 
some organic materials absorb at UV wavelengths.  Re-
cently there have been several studies including measure-
ments of enhanced UV absorption due to organic carbon.  
The sources and formation of these compounds and their 
temporal variability, however, are currently not well 
 understood (Andreae and Gelencsér, 2006; Bergstrom et 
al., 2007).

The wavelength dependence of aerosol absorption 
optical depth is often expressed as an Absorption Ang-
strom Exponent (AAE).  The theoretical AAE value for 
black carbon, assuming spectrally constant refractive in-
dex, is one.  The higher values (spectrally steeper absorp-
tion) are usually attributed to dust and absorbing organic 

components.  Recent studies that include UV wavelengths 
show large values of AAE for organic species (Bergstrom 
et al., 2010; Barnard et al., 2008; Martins et al., 2009; M. 
Yang et al., 2009).

Corr et al. (2009) analyzed measurements at UV 
wavelengths from Mexico City and found that there is no 
significant single scattering albedo (SSA, i.e., the ratio of 
scattering optical depth to the total optical depth (scatter-
ing + extinction) of the atmosphere) variability between 
332 and 368 nm.  Barnard et al. (2008) analyzed data from 
the same Megacity Initiative: Local and Global Research 
Observations (MILAGRO) campaigns and also conclud-
ed there was little SSA wavelength dependence between 
about 300 and 400 nm for aerosols in the Mexico City 
area.  However, Barnard et al. (2008) found a steep in-
crease in SSA between ~400 and 500 nm and attributed 
the enhanced absorption at UV wavelengths to organic 
matter.  Marley et al. (2009) also concluded that enhanced 
UV absorption was due to organic aerosols.

Surface reflectivity in the UV is usually less than 
0.1, unless the surface is snow covered.  The albedo for 
snow-covered surfaces varies with snow type and age, and 
can approach unity for fresh, pure snow (Wuttke et al., 
2006a; Meinander et al., 2008).  The UV irradiance over a 
high-albedo surface is greater than that above a snow-free 
surface, and this effect can be further enhanced by cloudi-
ness and the multiple reflections between snow and cloud 
surfaces (Wuttke et al., 2006a).  Changes in the extent and 
seasonality of snow cover due to climate change could 
thus change surface UV.

Surface UV radiation is a response to the combina-
tion of all influences on UV radiative transfer.  Thus, while 
latitudinal and seasonal variations for UV radiation are 
firstly determined by the solar zenith angle, instantaneous 
UV irradiance values at high-latitude sites may sometimes 
significantly exceed those at lower latitudes due to the 
effect of clouds, aerosols, or ozone, particularly at sites 
affected by the ozone hole (Diaz et al., 2006; Vernet et 
al., 2009).  Under similar solar zenith angles, there can 
still be large differences in UV irradiance between urban 
and rural locations, or between sites in the NH and gener-
ally cleaner sites in the SH.  McKenzie et al. (2006), using 
measurements from the United States Department of Ag-
riculture UV network, show that peak UV Index values at 
45°S in New Zealand are approximately 40% greater than 
those at 45°N in North America.  Subsequently, it has been 
shown that cloud effects are also less severe at SH sites in 
the South Pacific region compared with similar latitudes in 
Europe (Seckmeyer et al., 2008a).

Seasonal differences in surface UV irradiance are 
highly dependent on latitude, moderated by local cloud 
and aerosol climatologies.  They also depend on the UV 
wavelength/waveband, or biological weighting, of the ir-
radiance being considered or measured.  For erythemally 
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weighted UV, the ratio between summer and winter mean 
noon erythemal irradiance is in the range 17–24 around 
55°N (24 in Moscow at 57°N (Chubarova, 2008), and 17 
at 53°N, representative of, e.g., Liverpool, U.K., or Berlin, 
Germany (Seckmeyer et al., 2008b)), while it is 5 at 35°N.  
These seasonal contrasts tend to be greater, latitude for 
latitude, in the SH (McKenzie et al., 2009).

2.3.3 Ground-Based and Satellite UV Data

The majority of sites making direct measurements 
of UV radiation became active in the 1990s.  With rare 
exceptions, ground-based data prior to this are reconstruc-
tions.  To estimate the long-term evolution of UV radi-
ation at the surface they use proxy data.  While the ap-
proach is not new, recent studies used it for the first time 
to reconstruct UV over a large area (Europe) and study 
regional effects of ozone and clouds on UV irradiance.  
Satellite retrievals of UV irradiance have the advantage of 
a nearly global coverage and are available since 1979, the 
beginning of the almost continuous record of total column 
ozone and surface reflectivity from satellite instruments.  
While total ozone data merged from several satellite in-
struments have long been available (see Section 2.1.3.1), 
it is only recently that satellite reflectivity measurements 
have been merged together into a uniform data set (Her-
man et al., 2009), making it possible to study long-term 
trends in satellite-derived erythemal irradiance over a long 
period.

2.3.3.1 ground-based uV MeasureMents

The main classes of instruments presently in use for 
measuring solar UV irradiance reaching the ground have 
been described in previous Assessments (WMO 2003; 
WMO, 2007).  Broadband instruments provide a mea-
surement across a specified waveband, most commonly 
designed to mimic the erythemal action spectrum (Hülsen 
et al., 2008; Webb et al., 2006).  Multispectral filter in-
struments measure several narrow wavelength bands (usu-
ally less than 10 bands from 1 nm to 10 nm wide) at the 
same time or sequentially (e.g., Petkov et al., 2006), thus 
providing some spectral information.  Spectroradiometer 
systems measure the spectrally resolved solar irradiance, 
ideally at a resolution of 1 nm or better.  No instrument is 
perfect, with uncertainties in the data coming from a vari-
ety of instrument-dependent sources (see, e.g., Johnsen et 
al., 2008; Cordero et al., 2008a; Cordero et al., 2008b).  It 
follows that instruments must be carefully characterized 
and regularly calibrated (Webb et al., 1998; Wuttke et al., 
2006b).  Since standards of spectral irradiance have un-
certainties in the UV-B of ~3%, Cordero et al. (2008a) 
estimate uncertainties between 4 and 6% in the absolute 
calibration of double monochromator-based spectroradi-

ometers.  Additional uncertainties (e.g., imperfect cosine 
response) result in an overall uncertainty for solar mea-
surements of 7–9%.  This accords well with the work of 
Gröbner et al. (2006), who show results of an intercom-
parison of 25 European spectroradiometers relative to a 
transportable reference spectroradiometer.  Almost half of 
the instruments had absolute agreement with the reference 
spectroradiometer to within ±4% for UV-B and UV-A 
wavelengths.  Broadband instruments, usually calibrated 
by a spectroradiometer, have uncertainties in the range 
7–16% (Gröbner et al., 2007), with imperfections in the 
cosine response being a major source of error.

While absolute calibration is important for compar-
ing measurements at different locations, or between dif-
ferent techniques (e.g., ground versus satellite), the most 
important requirement for trend detection is good long-
term stability in instrument sensitivity.  Stability can be 
determined by repeated checks against standard lamps in 
the laboratory or by various techniques applied to the data 
obtained in the field, i.e., the Langley method (Slusser et 
al., 2000).  Some instruments are known to be very stable 
against standard lamps and can produce radiance stability 
near 1% (Cede et al., 2006).

Despite the need for geographical comparison be-
tween traceable quality-controlled UV measurements, 
ground-based monitoring stations provide sparse cover-
age.  Most UV measuring stations are located in the NH 
in Europe and North America, with gradually increasing 
numbers in Asia.  There are a few stations in South Amer-
ica, New Zealand, Australia, and Africa.  A well calibrated 
polar network of seven stations has been maintained by the 
U.S. National Science Foundation, while the international 
Network for the Detection of Atmospheric Composition 
Change (NDACC) also maintains a long-term database of 
quality-assured UV data from a small number of observa-
tion sites.  The World Ozone and Ultraviolet Data Center 
(WOUDC), the repository for Global Atmospheric Watch 
(GAW) and GAW-related station data, holds both spectral 
and broadband data.

Given the limited time series of UV measure-
ments at most ground-based sites, there have been recent 
 attempts to extend some of the data sets back in time using 
other data sets available for the sites, as detailed in the 
next section.

2.3.3.2 ground-based uV reConstruCtion

Consistent records of reliable UV data covering 
more than 15–20 years are generally not available.  Recent 
studies show the possibility of calculating the surface UV 
irradiance using variables directly affecting UV radiation, 
e.g., total ozone and cloud characteristics from standard 
weather station observations.  The reconstructed data sets, 
which can extend backward to the beginning of the UV 
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proxy observations, are valuable for examining the UV 
variability in periods without UV measurements.

Radiative transfer calculations and statistical mod-
els are additional tools used to reconstruct the UV irradi-
ance reaching the Earth’s surface for data-poor periods.  
These calculations provide hypothetical irradiance that 
would be measured if input parameters (ozone, aerosols, 
and ground albedo) were known for selected measuring 
sites.  However, uncertainties in the model input param-
eters yield uncertainties in the model outputs of about 6% 
for clean sites, and up to 20% for sites with very large 
aerosol load (Cordero et al., 2007; Badosa et al., 2007).

The most common hybrid algorithm calculates all-
sky UV irradiance by multiplying the radiative transfer 
model output for clear-sky conditions by an empirical 
cloud modification factor (CMF) to account for cloud 
attenuation effects.  CMF represents a ratio between 
measured shortwave radiation and its potential clear-
sky value.  The UV-relevant CMF is usually derived via 
model calculations from an empirical formula based on 
total irradiance, which is measured routinely on many 
meteorological stations (Staiger et al., 2008; den Outer 
et al., 2005; den Outer et al., 2010).  Comparison of 16 
European UV reconstruction models (COST 726, 2010) 
shows that the models using total irradiance for the CMF 
calculation prevail over models based on other parameter-
izations of the cloud effects, since total irradiance repre-
sents all the influences on radiation transmission through 
the atmosphere.

Ultraviolet irradiance data have been reconstructed 
by merging five different UV reconstruction models and 
ground-based measurements for eight European sites from 
Finland to Greece (den Outer et al., 2010) for the peri-
od 1963–2004.  Reconstruction techniques are based on 
neural networks (Junk et al., 2007; Janouch and  Metelka, 
2007), and radiative transfer modeling (Lindfors et al., 
2007) or combine radiative transfer modeling with em-
pirical relationships (den Outer et al., 2005; Kazantzidis 
et al., 2006).  Besides total column ozone, all models use 
pyranometer data (total radiation) to determine the cloud 
impact on the UV irradiance.  The five different models 
have been validated against ground-based measurements 
on a range of timescales using daily to yearly sums of 
erythemally weighted irradiance.  Good correspondence 
between reconstructed and measured data was found for 
all-sky conditions at sites with concurrent observations 
of total radiation and total ozone used as input of the re-
construction model.  The study by den Outer et al. (2010) 
compares the output of the models with erythemal doses 
measured at the eight European stations.  Standard devia-
tions in the ratios of modeled to measured daily sums vary 
between 10 and 30% depending on site and model, and for 
yearly totals are less than 5%.

While no single model is able to fully represent all 
sites (each performs best at its site of origin), the com-
bined (best estimate) approach based on all models has 
resulted in significant reduction in uncertainties in the 
reconstructed data: the range of deviations compared to 
measurements is at least halved for the best estimate when 
compared to the individual models.

Fixed aerosol properties are usually assumed in 
the UV reconstruction model.  Simulations over Europe 
have used gridded climatological values of aerosol optical 
depth in the UV range that are calculated on a monthly 
basis by combining AERONET (AErosol RObotic NET-
work) and MODIS (Moderate Resolution Imaging Spec-
troradiometer) aerosol data (COST 726, 2010).  Variable 
aerosol properties appear as input to the reconstruction 
model at a few sites (e.g., Moscow; Chubarova, 2008) and 
are important where there has been a significant change in 
aerosols (e.g., in Thessaloniki due to reduction of urban 
pollution).  Kazadzis et al. (2007) found the decrease of 
aerosol optical depth to be 2.9% ± 0.9% per year at 320 
nm between 1997 and 2006.  den Outer et al. (2010) dis-
cuss the dramatic effect of this on the positive trend in the 
erythemal UV daily sums, up to 1.4% ± 0.1% per year, 
whereas without the aerosol change the trend would be 
around 0.3% ± 0.1% per year.  Several authors demon-
strate that local pollution (aerosols and trace gases) over 
urban regions significantly affects surface UV irradiance 
levels (Chubarova, 2008; McKenzie et al., 2008; Panicker 
et al., 2009).

A further important input to reconstructions in 
some climates is elevated ground-albedo during the snow-
covered season, which can be incorporated if snow data 
are available (Rieder et al., 2008; Pribullová and Chmelík, 
2008; COST 726, 2010).

While reconstructions provide a historical view of 
UV irradiance for as long as the required ancillary data 
are available, recent reconstruction data intended for trend 
analysis exist only for a small number of sites, concen-
trated in Europe and Canada (Fioletov et al., 2001).

2.3.3.3 uV estiMates froM satellite 
obserVations

Global estimates of long-term UV records from 
satellite ozone and reflectivity data were previously dis-
cussed using observations from Nimbus 7 Total Ozone 
Mapping Spectrometer (N7-TOMS), and have now been 
updated and extended up to 2008 by Herman (2010).  The 
updated time series, 1979–2008, uses ozone data obtained 
from the NASA merged satellite data set of monthly and 
5° zonal average band values (Stolarski and Frith, 2006).  
The UV estimates are obtained from measurements of 
backscattered UV by using radiative transfer calculations 
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that include ozone, surface reflectivity, and aerosol esti-
mates embedded in a Rayleigh scattering atmosphere ad-
justed for the local terrain height within a satellite field 
of view.  Another TOMS-based global climatology was 
published recently (Lee-Taylor et al., 2009).  This study 
also discusses changes in UV irradiance in the 1990s rela-
tive to the 1980s and separates contributions from ozone 
and cloud changes.

Recent validation studies of satellite estimates have 
focused on OMI data using comparisons to ground-based 
measurements (Tanskanen et al., 2006; Tanskanen et al., 
2007; Ialongo et al., 2008; Buchard et al., 2008; Weihs 
et al., 2008; Kazadzis et al., 2009a).  All find that the 
OMI UV estimates are biased high, particularly at more 
polluted sites.  In snow-free conditions, they are biased 
high by 10% compared with ground-based measurements; 
the high bias is up to 40% in some highly polluted envi-
ronments.  This bias is similar to that for TOMS-based 
estimates: analysis of Belsk (Poland) data shows that the 
ratio between satellite-derived and measured erythemally 
weighted doses calculated for the snowless period (April–
October) is stable over the period 1979–2008 (Krzyścin et 
al., 2011).  The ratio for the earliest part of the satellite UV 
data (from TOMS measurements onboard of the Nimbus 
7 satellite in the period 1979–1993) is 1.23 ± 0.06, only 
slightly larger than that obtained from the measurements 
by the TOMS onboard the Earth Probe satellite (1.19 ± 
0.07 for the period 1996–2003) and from the measure-
ments by OMI onboard the Aura satellite (1.19 ± 0.05 for 
the period 2004–2008).

One of the sources of differences is that satel-
lite measurements represent a much larger region (OMI 
minimum pixel at nadir: 13 × 24 km2) than ground-based 
measurements.  Ground-based measurement of erythe-
mal dose at various sites within one OMI satellite pixel 
showed deviations of ±5% in cloud-free conditions, or 
20% if urban areas were included (Weihs et al., 2008; 
 Kazadzis et al., 2009b).  For partly cloudy conditions and 
overcast conditions the discrepancy of instantaneous val-
ues between the stations can exceed 200%.  If 3-hourly 
averages are considered, the agreement is better than 20% 
within a distance of 10 km (Weihs et al., 2008).  This spa-
tial discrepancy can explain much of the random varia-
tion between ground-based and satellite data but does not 
generally explain a strong systematic bias.  The largest 
relative differences between the satellite-derived and the 
measured irradiance are observed in urban areas, where 
UV-absorbing aerosols play an important role.  The OMI 
overestimate of ground-based UV measurements may be 
partly explained by the lack of sensitivity of satellite in-
struments to the boundary layer (Tanskanen et al., 2007; 
Ialongo et al., 2008; Weihs et al., 2008; Kazadzis et al., 
2009a; Buchard et al., 2008).  The bias between OMI and 
ground-based measurements increases with increasing 

aerosol absorption optical thickness (Arola et al., 2005; 
Kazadzis et al., 2009b; Ialongo et al., 2010).  The larg-
est positive OMI biases were found at 305 nm (the low-
est common wavelength routinely available), reaching 
32% and 27% for cloudy and cloudless measurements 
( Kazadzis et al., 2009b), indicative of ozone variability in 
addition to aerosol variability.

Additionally, over snow-covered surfaces the OMI-
derived daily erythemal dose is generally lower than the 
ground-based measurement because the OMI surface UV 
algorithm uses climatological surface albedo that may 
then be lower than the actual effective surface albedo.  
Part of the problem is that a portion of the observed reflec-
tivity may be incorrectly interpreted as cloud cover, which 
reduces the estimated irradiance.  All-conditions data and 
snow-free data have been compared separately to evaluate 
the effect of albedo.  For example, a recent comparison 
by Buchard et al. (2008) demonstrated that OMI overes-
timates erythemal daily doses by 14% for days without 
snow on the surface and only by 8% if days with snow are 
included in the comparison.

UV irradiance is also derived by using column 
ozone in conjunction with cloud fraction data from geosta-
tionary satellites in combination with polar-orbiting satel-
lites (Verdebout, 2004a and 2004b; Wuttke et al., 2003; 
Gadhavi et al., 2008; Janjai et al., 2010).  The difference of 
about 10% between satellite and ground-based measure-
ments is due to the limited information from the boundary 
layer (Arola et al., 2009; Kazadzis et al., 2009a).  Schall-
hart et al. (2008) developed a method to generate near real 
time UV-index maps from Meteosat Second Generation 
(MSG) for Austria.  The method is similar to that devel-
oped by Verdebout (2000) but with an additional input 
from ground-based UV measurements.

2.3.4 Long-Term Changes in UV

2.3.4.1 ground-based obserVations

Over much of the Earth’s surface, long-term in-
creases in UV radiation due to decreases in ozone derived 
from records of ground-based instruments are small and 
difficult to separate from the sometimes larger effects of 
changes in clouds, aerosols, and pollutants.  Spectral in-
struments at clean sites in regions with significant ozone 
change are in the best position to identify ozone-related 
changes in UV radiation, either from ozone depletion or 
recovery.  Elsewhere, with small ozone changes, changes 
in climate (clouds/albedo) and human activities (pollution, 
gaseous and aerosols) may have greater importance for 
UV radiation than the ozone.

At clean-air sites such as Lauder, New Zealand, the 
increase in summertime UV irradiance reported  previously 
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has not continued, and in recent years, the peak summer-
time UV amounts have been lower than in the late 1990s.  
Ozone is no longer decreasing at this site, with lowest 
values occurring in the summer of 1998/1999.  However, 
year-to-year differences are comparable with the measure-
ment uncertainty.

One of the longest series of UV measurements has 
been taken at Belsk (Poland).  The erythemally weight-
ed daily doses have been homogenized for the period 
1976–2008 to account for instrument differences and time 
drift.  Figure 2-17 shows that the mean erythemal irradi-
ance level at Belsk in the warm subperiods of the year 
(April–October) in the 2000s has been ~10% larger than 
the overall mean level for the whole period of observa-
tions 1976–2008 (Krzyścin et al., 2011).  The increase for 
clear-sky days is inferred from a simple model taking into 
account only ozone anomalies multiplied by the radiation 
amplification factor (RAF) of 1.1 (see Box 2-1).  How-
ever, for data measured under all atmospheric conditions, 
the erythemal irradiance continues to increase when ozone 
reduction ceases.  Borkowski (2008) shows an increase of 
2.3% per decade in annual dose during the period 1976–
2006 using Belsk’s monthly data.

Similarly, but for a shorter time period, increasing 
trends in erythemal irradiance have been seen at Sapporo, 

Tsukuba, and Naha since the early 1990s.  At these sites 
total ozone was at its lowest around the early 1990s and 
since then there has been little increase in ozone.  The 
increasing trends in erythemal irradiance since the early 
1990s cannot be attributed only to changing ozone (JMA, 
2009).  Changes in aerosol and weather conditions at the 
Japanese sites are suggested as reasons for the observed 
increases in UV radiation.

Analysis of surface 280–320 nm UV irradiance 
measured by Multi-Filter Rotating Shadowband Radiom-
eter (UV-MFRSR) from the U.S. Department of Agricul-U.S. Department of Agricul-
ture (USDA) network shows annual irradiance changes 
from −5% per decade to +2% per decade at eight stations 
with approximately 10-year records (Hicke et al., 2008).  
Interannual variability of surface UV-B radiation was 2 to 
5% of the mean.  Trends at each site were calculated for 
individual months, but during most months trends were 
not statistically different from zero.

2.3.4.2 reConstruCted uV data

Using the erythemally weighted yearly doses re-
constructed by various models (see Section 2.3.3.2), den 
Outer et al. (2010) find statistically significant UV trends 
for eight European sites.  The trends vary between 3–6% 
per decade between 1980 and 2006.  Upward trends were 
observed from 1980 to the mid-1990s for most sites, with 
levels in the 1980s being lower than the long-term aver-
age.  Thereafter the rate of change altered at some sites and 
certainly cannot be extrapolated into the future.  Ozone 
change accounts for ~1–2% of the increase per decade and 
clouds account for about 2–3% per decade.  Observed in-
creases in surface UV radiation are partly attributed to the 
decreased pollution since the late 1980s (e.g., Wang et al., 
2009).  The European continent has “brightened,” possibly 
due to air pollution abatement policies (e.g., Kazadzis et 
al., 2007; Ruckstuhl et al., 2008).

Lindfors et al. (2007) reconstructed erythemally 
weighted irradiance back to the early 1980s at four North-
ern European stations based on measured total ozone and 
total irradiance.  The reconstructed time series show an 
increase in erythemal irradiance (3–4% per decade) for the 
stations having a clear increase in total radiation.  Feister 
et al. (2008) found a similar long-term pattern for Central 
European stations, with a decrease between the 1950s and 
1980 followed by an increase, resulting in UV irradiances 
~5–10% higher than the overall (1950–2004) mean level 
at the end of the time series.  Sites in Finland show similar 
long-term behavior since the early 1980s, but an increase 
is found between 1951 and the end of the 1960s, opposite 
to the Central European sites.

Junk et al. (2007) and Feister et al. (2008) recon-(2008) recon-
structed series of erythemal irradiance (see Feister et al., 
2008, Figure 12) since 1893 based on sunshine duration 
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Figure 2-17.  Deviations (%) of the monthly mean er-
ythemal dose relative to the long-term (1976–2008) 
monthly means averaged over the warm subperiod 
of the year (April–October).  The homogenized re-
sults of measurements by various broadband instru-
ments at Belsk, Poland, for the period 1976–2008 
are shown for all-sky conditions (blue dots) and 
clear-sky conditions (magenta dots).  Curves illus-
trate the smoothed data.  The dashed magenta line 
shows the modeled ozone signal in the UV series 
(corresponding total ozone deviations are multiplied 
by RAF = 1.1, see Box 2-1).  Adapted from Krzyścin 
et al. (2011).
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measurements at Potsdam.  Additional measurements of 
global and diffuse irradiation were included since 1937, 
and variability of total ozone was included since 1964.  
The analysis indicates a few percent decrease in erythe-
mal dose between 1893 and about 1910, a slight increase 
in the 1950s, followed by a gradual decrease of a few 
percent until 1980 and a subsequent increase after 1980 
of a few percent to the highest levels in the time series.  
Chubarova (2008) discusses the long-term UV changes 
over Moscow using reconstructed time series since 1968.  
The overall trend for 1968–2006 is not statistically sig-
nificant because of a significant decline (−11% per de-
cade) in cloud transmission at the beginning of time series 
(1968–1980).  Since 1980, the growth of ~6% per decade 
in the yearly sums of erythemally weighted doses has 
been caused by a decrease in total ozone (2.5% per de-
cade), cloud (2.1% per decade), and aerosol effects (1.1% 
per decade).  In Austria (Vienna and Sonnblick), changes 
in erythemally weighted doses relative to a reference de-
cade (1976–1985) showed that changes in total ozone had 
a larger influence on erythemally weighted doses than 
changes in cloudiness; here ozone accounted for about 
66% of the annually averaged change.  However, in re-
cent years the relative influence of changes in cloudiness 
on UV-doses became larger (reaching 50%) over Vienna 
(Rieder et al., 2008).  Curylo et al. (2007) used recon-
structed erythemally weighted data for Poland since 1964 
for four stations, finding positive trends in the yearly data 
(with a maximum trend of about 4% per decade in War-
saw).  The trends disappeared over some stations in sum-
mer due to increasing cloud attenuation.

Kvalevåg et al. (2009), addressing an extended pe-
riod, found an extensive reduction of erythemally weight-
ed irradiance of up to 15–20% over most land areas since 
1750.  An increase is suggested only in polar regions, most 
strongly in the SH and associated with the appearance of 
the Antarctic ozone hole.  The estimate is based on a UV 
reconstruction taking into account preindustrial (1750) and 
present (2000) atmospheric conditions including changes 
in the stratospheric and tropospheric ozone (within the 
last 2–3 decades) and centurial changes in SO2, NO2, the 
direct and indirect effects of aerosol changes, and albedo 
changes.  The long-term changes in pollutants could mask 
an increase of surface UV radiation due to stratospheric 
ozone decline in recent decades.  It seems that the increase 
of UV extinction by carbonaceous aerosols is mostly re-
sponsible for such compensation.

Figure 2-18 presents a summary of estimated 
changes in UV radiation based on the reconstructions at 
eight European locations (den Outer et al., 2010).  The 10-
year running means of the yearly sums of erythemal irradi-
ance are shown separately for all-sky and clear-sky condi-
tions.  To make the results of these eight different sites 

comparable, each reconstruction was first normalized with 
respect to the average level in 1983–2004, which is the 
overlap period of available data.  The uncertainty bands 
shown in Figure 2-18 stem from the uncertainties in the 
reconstructed yearly erythemal sums.  These uncertainties, 
assigned to each year separately, were derived from the 
long-term stability and underlying agreement of the mod-
els, and the agreement with actual UV measurements.  The 
uncertainties to higher and lower values than the estimate 
are independent, and generally differ in magnitude.  The 
high (low) limit of the final uncertainty band is based on 
the high (low) limits for the individual yearly sums.  Sum-
mations and averaging in these processes were always car-
ried out with statistical weights assigned to the individual 
data points.  The final running means, as presented in Fig-
ure 2-18, are normalized again with respect to the period 
1970–1980.  Note the divergence between the trends for 
clear-sky and all-sky data since the mid-1990s, similar to 
the observations in Figure 2-17.

In conclusion, reconstructed trends, like those ob-
served from direct UV measurement, are a superposition 
of the ozone, cloud, and aerosol effects on UV radiation.  
The magnitude of the trend depends very much on the pe-
riod selected for the trend analyses, and on local charac-
teristics of the cloud and aerosol changes as well as ozone.  
The statistically significant positive trends in erythemally 
weighted irradiance identified at many stations in the last 
half-century are due to reduced attenuation of radiation by 
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Figure 2-18.  The 10-year running means of the year-
ly sums of erythemal irradiance at eight European 
sites for all-sky conditions (blue diamonds) and clear 
sky-only conditions (red dots).  Prior to averaging, 
each reconstructed time series is normalized with re-
spect to the 1970–1980 average.  The light blue and 
red areas depict the uncertainty envelope for all-sky 
and clear sky-only conditions, respectively.  Adapted 
from den Outer et al. (2010).
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clouds since the beginning of the 1980s, and the general 
tendency of declining ozone until the mid-1990s.

2.3.4.3 satellite estiMates of irradianCe 
Changes

Herman (2010) analyzed satellite data (total ozone 
from multiple satellites) to estimate zonal average percent 
changes in UV irradiance from 290 to 400 nm and per-
cent changes in biologically weighted irradiance reaching 

the Earth’s surface (using the concept of RAFs and Beer’s 
Law) for the period 1979 to 2008.

As shown in Figure 2-19 (top), clear-sky biologi-
cally weighted UV irradiance increased significantly ex-
cept in the tropics.  The increase was caused by decreases 
in ozone amount from 1979 to 1998.  Since 1998, ozone 
amounts and UV irradiance levels have been approximate-
ly constant.  Also shown for comparison are the percent 
changes in irradiance at six wavelengths (305, 308, 310, 
315, 320, and 325 nm), which have different responses to 
ozone and contribute in different ways to biological ef-
fects.  The annual estimates of zonal average UV irradi-
ance changes are restricted to latitudes between 53°S and 
53°N to avoid SZA > 80° during winter solstice, where 
spherical geometry effects become significant.

When all atmospheric conditions are considered, 
changes in cloud and aerosol transmission have a signifi-
cant effect on UV irradiance in both hemispheres.  In the 
SH the annual average UV increase is partially offset by a 
decrease in cloud and aerosol transmission (hemispherical 
dimming), while in the NH the effect was minimal (Figure 
2-19, bottom).

For clear skies, the largest increases were at the 
higher latitudes and in the SH (about 8.5% for erythemally 
weighted irradiance at 50°S compared to 4% at 50°N).  At 
30°S the increase was about 5%, which is comparable to 
the increase at 30–40°N.  As mentioned earlier, the weak-
ness in this method is that the satellite sensors do not ad-
equately probe the lowermost regions of the atmosphere, 
so the method is insensitive to changes in UV-absorbing 
pollution in the boundary layer of the atmosphere.

The average all-sky changes in erythemally weight-
ed irradiance are more similar at higher latitudes in both 
hemispheres: 3.1% at 50°N, near the Canadian border, and 
5.2% at 50°S latitude near the southern tip of South Amer-
ica.  In the SH, changes in cloud transmission partially 
offset the clear-sky increase.  The zonal average irradiance 
increases vary locally and regionally because of different 
amounts of local cloud and aerosol cover.

Figure 2-20 shows the monthly percent change in 
erythemally weighted irradiance, caused by ozone, from 
1979 to 2008.  Erythemally weighted irradiance has in-
creased dramatically at higher latitudes in the SH and 
moderately elsewhere.  In the SH spring (October and 
 November) the increases are similar to the NH spring 
(April and May) changes and are about 5% to 7% at 40° 
to 45° latitude.  However the SH summer changes in 
 December to February are much larger than in the NH 
(June to August) at latitudes >40°.  The major population 
centers in middle and southern South America, Southern 
Africa, Australia, and New Zealand experience significant 
increases in erythemally weighted irradiance compared to 
30 years ago.  The increases have occurred during most 
of the spring and summer when the solar UV irradiance 
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Figure 2-19.  (top) Percent changes in erythemal ir-
radiance from total change in ozone amount for 30 
years (1979 to 2008).  Also shown for comparison 
are six monochromatic irradiance changes.  (bottom) 
The change in erythemal irradiance (solid black line) 
caused by changes in reflectivity and cloud trans-
mission (solid gray line) and the changes in ozone 
amount represented by the clear-sky changes in ery-
themal irradiance (dashed gray line).  Error bars are 
estimated from the linear least squares fitting proce-
dure.  Adapted from Herman (2010).
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exposure is at a maximum (more clear days as well as 
 seasonally declining ozone going into the summer).

2.3.4.4 ConsistenCy of uV estiMates froM 
obserVations, reConstruCtions, and 
satellite data

Since most of the ground-based UV measurement 
records are relatively short, they are not suitable for vali-
dation of long-term UV trends derived from satellite data.  
Long-term records of reconstructed data have to be used 
instead.  Figure 2-21	 shows summertime daily erythe-
mally weighted doses estimated from ground-based UV 
measurements, ground-based reconstructions, and satel-
lite estimates for the Northern Hemisphere (May–August) 
and the Southern Hemisphere (November–February).  The 
comparison was limited to the summertime to avoid condi-
tions with snow on the ground, when satellite estimates are 
unreliable.  In general, satellite estimates are able to repro-
duce year-to-year variability, although there is a substan-
tial bias between them and ground-based measurements 
and reconstructions (discussed in Section 2.3.3.3).  Linear 
trend estimates for the period 1980–2003 from ground-
based reconstructions and TOMS satellite estimates show a 
substantial difference between individual sites that reflects 
the importance of local conditions, and is well captured by 
both data sets.  The average of four linear trend values for 
seven European sites shown in Figure 2-21 is 4.8% ± 1.7% 
per decade for the reconstructed data and 5.0% ± 1.4% per 
decade for satellite estimates (the uncertainties represent 
the 95% confidence level of the average of trend values at 

individual sites).  While satellite estimated irradiance data 
has a positive bias compared to ground-based data, this 
does not influence trend detection if the bias is consistent 
over time.  The agreement between independent methods 
of measurement and trend analysis in Figure 2-21, and dis-
cussed in Section 2.3.3.3, implies that at least for the Euro-
pean sites explored, this is the case.

It should be noted that summertime trends over 
seven European sites with reconstructed data from Figure 
2-21 are noticably larger than those over Toronto, Lauder, 
and two Japanese stations and substantially larger than 
trends in zonal mean UV radiation over northern midlati-
tudes shown in Figure 2-19 (about 4% over the 1979–2008 
period).  This is likely due to long-term changes in the 
cloud cover over Europe.  The mean trend over the same 
seven stations (Sodankyla is excluded to avoid snow influ-
ence on satellite estimates) is 4.3% ± 0.9% per decade for 
all atmospheric conditions, but the UV trend due to ozone 
is only 1.5% ± 0.4% per decade or about 4% over the en-
tire period (see den Outer et al., 2010, their Table 6, for 
the trend values at individual sites), which is in line with 
satellite estimates from Figure 2-20.

2.4 INTERPRETATION OF OBSERVED 
OZONE CHANGES

The focus of this section is to interpret the ob-
served ozone changes reported earlier in the chapter.  This 
is  accomplished primarily through comparisons of obser-
vations with simulations produced by chemistry-climate 
models (CCMs).  These models couple the general circu-
lation of the atmosphere with a photochemical mecha-
nism using the latest available evaluation of chemical 
 reaction rates and photolysis cross sections (e.g., JPL 
 06-2).  Eight een of these models were extensively com-
pared with each other and with data in the second 
 Chemistry-Climate Model Validation (CCMVal) exercise 
documented in SPARC CCMVal (2010).  The models all 
produced simulations of the past, the future, and a 
 present-day time slice.  One of the models included a 
coupled ocean and some had interactive tropospheric 
chemistry.  Most, but not all,  simulated the 11-year solar 
cycle.  Most also simulated the response to large enhance-
ments of aerosol surface area following the eruptions of 
the El Chichón and Mt.  Pinatubo volcanoes.

2.4.1 State of Science in 2006

WMO (2003) concluded that chemistry-transport 
models (CTMs) including observed changes in halocar-
bons, other source gases, and aerosols captured the long-
term behavior of ozone in the midlatitudes.  This conclu-
sion, repeated in WMO (2007) following examination of 
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Figure 2-20.  Percent change for erythemally weight-
ed irradiance caused by changes in ozone amount 
for the period 1979 to 2008 as a function of latitude 
and month.  From Herman (2010).
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four additional years of measurements and analyses, was 
based on the faithful representation of general features of 
the observed ozone changes as functions of latitude, al-
titude, and season obtained from a suite of models (both 
CTMs and CCMs).

WMO (2007) pointed out unresolved issues relat-
ing to deficiencies of then-current models.  These include 
(1) the failure of models to reproduce the difference be-
tween observed southern and northern middle latitude 
ozone trends; (2) the consistent simulation of a Southern 
Hemisphere effect of the Mt. Pinatubo aerosols on ozone 
contrary to observed ozone behavior; and (3) worse com-
parisons of upper atmospheric ozone trend derived from 
observations with trends produced by models with tem-

perature feedback than from models without this impor-
tant process.  The models used in WMO (2007) did not 
include a contribution from short-lived bromine com-
pounds, perhaps leading to an underestimate of the decline 
in ozone following injection of volcanic aerosols into the 
stratosphere.  Finally, although reproduction of the verti-
cal structure of the solar cycle variation of ozone could be 
an important critical test of models, observational uncer-
tainties made this test of limited value.

WMO (2007) noted increased evidence that changes 
in atmospheric dynamics had a significant influence on 
ozone over the northern midlatitudes on decadal time-
scales.  WMO (2007) concluded that changes in tropo-
spheric and stratospheric dynamics were partially respon-
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Figure 2-21.  Summertime (May–August for NH and November–February for SH) mean daily erythemal UV  doses 
(joules per square meter) from ground-based UV measurements (red), ground-based reconstructions (green), 
and satellite estimates (blue).  The dashed lines show the linear trends for 1980–2004 calculated from reconstruc-
tions (green) and satellite estimates (blue).  The derived trend values in percent per decade are also shown.
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sible for both the ozone decline up to the mid-1990s and 
for the increase after that time.

2.4.2 Updates to Kinetic and 
Photochemical Data

There have been many revisions to JPL 02-25 
(Sander et al., 2003) in chemical rate coefficients, photo-
chemical parameters, and estimated uncertainties reported 
in JPL 06-2 (Sander et al., 2006) and JPL 09-31 (Sander 
et al., 2009).  These do not result in major changes in our 
understanding of the response of stratospheric ozone to 
release of ozone-depleting substances.  Recent develop-
ments in kinetic parameters of importance to polar ozone 
chemistry are discussed in Section 2.2.2.

2.4.2.1 uPdate froM JPl 2002 to JPl 2006

An important difference between JPL 02-25 and JPL 
06-2 is revision of the recommended rates for reactions of 
excited-state oxygen atoms O(1D) with molecular nitrogen 
(N2), nitrous oxide (N2O), H2O, and methane (CH4) based 
on several laboratory studies.  Dunlea and Ravishankara 
(2004) show that the revised rate coefficient for O(1D) + 
H2O reduces the production rate of hydrogen radicals in the 
stratosphere by 10–15% compared to the 2002 rate coef-
ficient recommendation.

JPL 06-2 introduced the reaction of O + BrONO2 
for the first time in the NASA evaluation using data from 
Soller et al. (2001).  Sinnhuber et al. (2002) and Salawitch 
et al. (2005) showed that including this reaction in chemi-
cal models increases the daytime bromine monoxide/total 
 inorganic bromine (BrO/Bry) ratio by about 20%.  The pres-
ence of a greater fraction of inorganic bromine in radical 
form increases the sensitivity of ozone to halogens as well 
as the contribution of bromine to EESC (Section 1.4.4).  
The CCMVal-2 comparison (Section 2.4.3.5) shows that 
many CCM groups did not add this reaction when adopt-
ing JPL 06-2 kinetics (Chapter 6 of SPARC CCMVal, 
2010).  Including this reaction also impacts the amount of 
Bry inferred from measured BrO, one method for estimat-
ing the impact of very short-lived bromocarbons on the 
stratospheric bromine budget.  The photochemical models 
used in this Assessment to estimate Bry from BrO have all 
included this reaction (Chapter 1, Table 1-14).

The most notable impact of kinetics changes be-
tween JPL 02-25 and JPL 06-2 is likely to be the increase 
in the computed BrO/Bry ratio.  Other reaction rates con-
stants updated in JPL 06-2 include reactions of chlorine 
 atoms (Cl) with hydrochlorofluorocarbons (HCFCs) and 
hydrofluorocarbons (HFCs); the hydroperoxyl radical 
(HO2) self-reaction; OH reactions with oxygenated organ-
ics; the yield of pernitrous acid (HOONO) from OH + NO2 

+ M and HO2 + NO2 + M; and the photochemistry for a 
number of organic carbonyl compounds.  WMO (2007) 
used the kinetic evaluations from JPL 02-25 with a few 
updates.  To our knowledge there are no published esti-
mates of the impact on global ozone of the change from 
JPL 02-25 kinetics to JPL 06-2 kinetics.

2.4.2.2 uPdates sinCe JPl 2006

O(1D) Reactions 

Additional studies (Carl, 2005; Takahashi et al., 
2005; Dillon et al., 2008; Vranckx et al., 2008) have led 
to a further revision in the recommended O(1D) + N2O 
and CH4 reaction rate coefficients in JPL 09-31.  Recent 
simulations using the NASA Goddard two-dimensional 
(2-D) model described by Fleming et al. (2007) show a 1 
part per billion by volume (ppbv) increase in NOy (~8%) 
due to the increase in the recommended rate coefficient for 
O(1D) + N2O → 2NO.  Atmospheric measurements do not 
differentiate between these results.  The same 2-D model 
also produces a 10–12% deeper minimum in the Antarctic 
springtime ozone with the JPL 09-31 rates versus JPL 06-
2, with about half of the difference due to the change in the 
O(1D) + N2O reaction rate coefficient.

HO2 + NO

Laboratory studies by Butkovskaya et al. (2007, 
2009) examined the reaction product yields of the HO2 + 
NO reaction, reporting that the yield of the HNO3 product 
increased at lower temperature (223–323 K) and higher 
pressure, 72–660 Torr (96–880 hPa), and in the presence 
of water vapor.  Cariolle et al. (2008) tested the impact of 
the updated reaction rate coefficient on the HNO3 formation 
from the HO2 + NO reaction using 2-D and 3-D models and 
found a significant impact on nitrogen oxides (NOx) and odd 
hydrogen (HOx) in the free troposphere and O3 abundance 
in the troposphere at low latitudes.  They found only small 
changes in minor species distributions in the stratosphere.

ClO + HO2

JPL 09-31 revised the recommendation for the rate 
constant for the reaction ClO + HO2 based on the new lab-
oratory study by Hickson et al. (2007).  The revised rate 
constant has been increased by 25% at room temperature 
and by 37% at 200 K.  Kovalenko et al. (2007) showed that 
atmospheric measurements of hypochlorous acid (HOCl) 
obtained by several balloonborne instruments are consistent 
with a value for the ClO + HO2 rate constant considerably 
larger than values recommended by JPL 06-2 or reported by 
Hickson et al. (2007).  Kovalenko et al. (2007) also showed 
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good agreement between measured and modeled HOCl 
using the older rate constant measurement of Stimpfle et 
al. (1979), which was weighted more heavily in recom-
mendations prior to JPL 02-25.  Comparison of measured 
and modeled HOCl serves as a proxy for the rate of ozone 
loss by the ClO + HO2 cycle, which is often the dominant 
halogen loss process in the midlatitude lower stratosphere.  
Kovalenko et al. (2007) suggest that models underestimate 
ozone loss by this process because models using this kinetic 
input commonly underestimate observed HOCl.

2.4.3 The Distribution and Variability of 
Stratospheric Ozone and Their 
Representation in Models

The detection and attribution of trends in ozone de-
pend on both long-term changes in ozone and on the vari-
ability of ozone.  In Section 2.1, it was noted that ozone 
concentrations over the last decade or so remained more 
or less constant.  A central problem is attributing these 
changes to causes such as dynamical variability, long-term 
climate change, decreasing ODSs, or the changing phase 
of the solar cycle.

WMO (2007) relied on 2-D models, 3-D CTMs, 
and CCMs, a mix of models that included and excluded 
radiative feedback.  The current Assessment makes near- 
exclusive use of 3-D CCMs because they represent the 
state of the art of our understanding of the physical and 
chemical processes controlling atmospheric composition.  
These models have been developed significantly over the 
last four years.  Recently their radiative, dynamical, chem-
ical, and transport processes have been subjected to exten-
sive evaluation using a wide range of diagnostics derived 
from observations (SPARC CCMVal, 2010).  Understand-
ing the mean ozone distribution and ozone variability re-
quires not only analyses of observations but also evalua-
tions of the processes that control the mean distribution 
and variability found in models.

The following sections summarize some of the key 
conclusions drawn from extensive evaluations of the 18 
CCMs presented in the SPARC CCMVal report (2010).  
Table 3-1 of Chapter 3 gives a description of the CCMs.

2.4.3.1 annual CyCle and natural Variability

Stratospheric ozone is known to vary in response 
to natural factors, such as the QBO, El Niño-Southern 
 Oscillation (ENSO), variations in transport associated 
with the Brewer-Dobson circulation, and dynamical vari-
ability associated with the annular modes.  Ozone obser-
vations have demonstrated variations on many spatial and 
temporal scales.  Diagnostics for each of the different 
sources of natural variability in stratospheric ozone have 

been applied to the chemistry-climate models participat-
ing in this Assessment.  The relative importance of the dif-
ferent sources of natural variability in stratospheric ozone 
has been assessed using multiple linear regression.  When 
possible, the connection between the sources of natural 
variability and ozone has been addressed by analyzing the 
processes that determine it.  Understanding and quantify-
ing the underlying natural ozone variations are necessary 
to quantify the impact of anthropogenic perturbations of 
the ozone layer and to make reliable predictions of future 
ozone abundances.

The annual cycle is a forced variation of the atmo-
sphere that is reflected in ozone concentrations.  Figure 
2-22 (panels a and b) shows the annual cycle in ozone con-
centration at 1 hPa for 40°S and 40°N derived from MLS 
data compared to the annual cycles calculated by CCMs.  
Figure 2-22 (panels c and d) shows the annual cycle also 
at 72°S and 72°N calculated in the lower stratosphere at 46 
hPa.  The vertical and latitudinal distribution of the annual 
cycle in stratospheric zonal monthly-mean ozone is well 
represented in stratosphere- and mesosphere-resolving 
models with a few outstanding issues.  In the lower strato-
sphere, models tend to have a late occurrence of the polar 
ozone depletion (Antarctic ozone hole, Figure 2-22c).  In 
the upper stratosphere (Figure 2-22a) the zonal mean MLS 
data at 40°S show an interesting peak in May and June for 
three of the four years that is not reproduced by models.  
SBUV data show a similar peak.

Model simulations reproduce many of the key fea-
tures of the observed interannual variability of column 
ozone.  All models show the expected minimum in polar 
variability in the summer season.  However, in the NH dy-
namically active period, most of the models underestimate 
the interannual polar ozone variability.  In the SH some 
models overestimate while others underestimate interan-
nual variability in ozone.

Most models reproduce the connections between 
the dynamical processes responsible for the interannual 
polar ozone variations and the ozone response.  Models 
with poor performance in interannual polar variability 
also tend to perform poorly in the diagnosed dynamics-
ozone connections.  There are various techniques that use 
observations to cause a model to produce a QBO.  These 
 improve simulated ozone variability.  However, there are 
biases in the amplitude of the QBO ozone signal from 
these simulations that are comparable to biases for models 
with internally generated QBO signals.

2.4.3.2 solar CyCle

Here we update the extensive discussion of the re-
lationship between ozone and solar radiation associated 
with the 11-year solar cycle and the 27-day solar rotation 
period given in WMO (2007).  Variations of total ozone 
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column in phase with the solar cycle of 2–3% were report-
ed, along with the stratospheric ozone profile response as 
a function of latitude.  The detailed mechanism to explain 
the ozone response observed in the lower stratosphere re-
mained uncertain.  The following updates the discussion 
of the vertical structure of the tropical solar response given 
in WMO (2007) using additional observations and model 
results (see also Gray et al., 2010).

Recent analysis of the CCMVal models shows that 
although the 11-year solar cycle in column ozone is repro-
duced by the models, the amplitude of the response varies 
among models.  Differences in radiation, photolysis, and 
transport all contribute to the spread in response.  The lati-
tudinal dependence of the solar response in column ozone 
derived from observations compares better with that de-
rived from present models than earlier studies (Austin et 
al., 2008).  The large spread at mid to high latitudes is due 

to large interannual variability and limits the discussion of 
extratropical signals.

Recent observational studies using ground-based 
and satellite data sets agree with previous results, re-
porting ozone variations in phase with the 11-year and 
27-day solar cycle in the upper stratosphere (e.g., Fiole-
tov, 2009; Remsberg, 2008) and the lower stratosphere 
(e.g., Tourpali, et al., 2007; Sitnov, 2009).  Similarly, the 
vertical structure of the solar signal in SAGE I and II 
data (Randel and Wu, 2007) shows a maximum response 
in the tropical upper stratosphere, a smaller (statisti-
cally insignificant) response in the middle stratosphere 
(~30–35 km), and a secondary maximum in the tropical 
lower stratosphere.  This structure of the stratospheric 
ozone response in the tropics is supported by analysis of 
ground-based Umkehr measurements at the Mauna Loa 
station (Tourpali et al., 2007).
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Figure 2-22.  (a) and (b): Ozone seasonal cycle (in parts per million by volume) from MLS data at 1 hPa com-
pared to models at 40°S and 40°N.  (c) and (d): Same but for 46 hPa and 72°S and 72°N.  Heavy lines are MLS 
data for each of four years (2005–2008); light lines are from models.  Adapted from Figure 8.2 in Chapter 8 of 
SPARC CCMVal (2010).
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The QBO complicates the statistical detection of 
the solar signal.  Smith and Matthes (2008) found that the 
presence of a QBO in their simulation could contaminate 
the detection of the solar signal when 2–4 solar cycles were 
included in the analysis.  The near coincidence of the El 
Chichón and Mt. Pinatubo volcanic eruptions in 1982 and 
1991 with two solar maxima also complicates the quanti-
fication of solar signals derived from data.  Thus, there is 
still uncertainty in quantifying the solar cycle by statisti-
cal analysis from observations, particularly in the lower 
stratosphere.  Chapter 8 of SPARC CCMVal (2010) finds 
that the direct solar response in temperature and ozone in 
the upper stratosphere is well represented, but the vertical 
structure in the tropics below 10 hPa varies considerably 
among the models and between models and observations.  
Chapter 8 also notes large uncertainties in the middle to 
lower stratosphere that are the result of short observational 
records, possible aliasing of signals from QBO and volca-
noes, as well as possible nonlinear interactions of the solar 
cycle signal with QBO, ENSO, and volcanic signals.

Recent model analyses show an improved represen-
tation of the vertical distribution of the solar signal in ozone 
in the tropics as compared to WMO (2007).  However, 
reasons for the better agreement in the 2-D and 3-D mod-
els are still under discussion and conflicting explanations 
for the tropical solar ozone response in the lower strato-
sphere are presented.  Austin et al. (2008) noted that mod-
els participating in the first CCMVal exercise reproduced 
the observed vertical structure of the stratospheric tropical 
solar ozone signal, although the magnitude of the response 
was smaller than derived from observations.  Climate forc-
ings, including observed sea surface temperatures (SSTs) 
as well as time-dependent solar cycle forcings, were con-
sidered essential to simulating this response.  Neither the 
QBO nor the upper atmospheric effects of energetic par-
ticles were found to be necessary to explain the observed 
solar cycle response of ozone or temperature.  Large dis-
crepancies among the models and a small (insignificant) 
solar signal found in the tropical lower stratosphere in 
models that did not include solar forcing suggest possible 
influences from other processes (SST variations and alias-
ing between the signals) or from random variability in the 
records (Austin et al., 2008).

Schmidt and Brasseur (2006) used the Ham-
burg Model of the Neutral and Ionized Atmosphere 
( HAMMONIA) to simulate the difference between so-
lar maximum and solar minimum.  They produced a so-
lar signal in the tropical lower stratosphere using clima-
tological sea surface temperatures and a repeating solar 
cycle.  This solar signal is independent of the presence of 
a self- consistently produced QBO (Schmidt et al., 2010).  
 Tsutsui et al. (2009) found a small, not significant (0.6%) 
solar cycle response of ozone in the tropical lower strato-

sphere in a simulation using the Whole-Atmosphere Com-
munity Climate Model (WACCM) forced with climato-
logical SSTs and a time-varying solar cycle.  However, 
McCormack et al. (2007) highlight the importance of the 
presence of a QBO for the solar signal in tropical ozone 
in their 2-D model simulations.  Their internally gener-
ated QBO is itself modified by the solar cycle.  Additional 
complications arise from aliasing between ENSO and the 
solar cycle in the tropical lower stratosphere (Marsh and 
Garcia, 2007).  Recent statistical analysis applied to ob-
servations and model simulations includes a proxy term 
that accounts for ENSO variations (Randel et al., 2009; 
Chapter 8 of SPARC CCMVal, 2010).

In summary, the upper stratospheric ozone response 
(2–3% between solar minimum and solar maximum) is re-
produced by the CCMVal models and is a direct radiative 
effect of heating and photochemistry.  The lower strato-
spheric solar cycle in tropical ozone appears to be caused 
indirectly through a dynamical response to solar ultravio-
let variations.  The origin of such a dynamical response to 
the solar cycle is not fully understood.

2.4.3.3 VolCaniC and aerosol effeCts

Sulfate volcanic aerosols affect stratospheric cir-
culation and temperature, provide surfaces for chemi-
cal heterogeneous reactions, and lead to ozone depletion 
( Hofmann and Solomon, 1989).  The aerosols produced 
by Mt. Pinatubo, which erupted in June 1991, decayed by 
1996.  No major volcanic eruptions have occurred between 
1996 and present, but efforts to quantify fully the effects 
of volcanic aerosols on stratospheric ozone continue, in 
part due to the importance of quantifying potential ef-
fects of continuous injection of sulfur into the stratosphere 
that has been discussed as a “geoengineering” approach 
to counteract global warming from increased greenhouse 
gases (e.g., Crutzen, 2006; Rasch et al., 2008).  Geoengi-
neering is discussed further in Section 3.2.6 of Chapter 3.

1-D, 2-D, and 3-D models have been used to deter-
mine the chemical and dynamical effects of volcanic aero-
sols (e.g., Zhao et al., 1995; Tie et al., 1994; Stolarski et al., 
2006).  The polar vortex strengthens in NH after a volca-
nic eruption because of the changes in the equator-to-pole 
temperature gradient in the lower stratosphere (Stenchikov 
et al., 2002).  A stronger polar vortex increases the prob-
ability of formation of polar stratospheric clouds, thereby 
enhancing the rate of heterogeneous chemical destruction 
of stratospheric ozone (Tabazadeh et al., 2002).  The ef-
fects on stratospheric ozone depletion in the wake of a vol-
canic eruption are largest when chlorine and bromine lev-
els are largest (Tie and Brasseur, 1995).  The surface area 
density (SAD) of sulfate aerosols in models, the crucial 
input parameter to simulate this aspect of ozone depletion, 
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is usually prescribed based on observations.  Comparisons 
of simulations with observations suggest that there are no 
significant missing processes or greatly inaccurate reac-
tion rates (e.g., Fahey et al., 1993; Dessler et al., 1997).

Analysis of CCMVal-2 models (SPARC CCMVal, 
2010) shows that the simulated post-eruption changes in to-
tal column ozone are well correlated with changes in lower 
stratospheric chlorine monoxide.  Although most models 
use the same aerosol SAD data set to drive the anomalous 
post-eruption chemistry, the sensitivity to aerosols and the 
background SAD values differ among models, leading to 
different amounts of chlorine activation and associated 
ozone loss.  Mäder et al. (2007) used statistical analysis of 
total ozone data from 158 ground stations to show that the 
SAD had the largest impact on the decrease of total ozone 
in the Northern Hemisphere.  This is consistent with the 
conclusions in WMO (2007) that the Mt. Pinatubo aerosols 
appeared to have a stronger effect on ozone in the Northern 
Hemisphere than in the Southern Hemisphere.

Telford et al. (2009), using a nudged CCM (UK 
Chemistry and Aerosols (UKCA)) simulation, concluded 
that the depletion of stratospheric ozone was produced 
mainly as a result of photochemical changes due to het-
erogeneous reactions, but there was some evidence for 
dynamically induced ozone reduction, especially in the 
NH midlatitudes.  Fleming et al. (2007) found that the 
interannual dynamical variability in two-dimensional 
model simulations acts to reinforce the ozone perturba-
tion in the NH midlatitudes, while in the SH the obser-
vationally derived circulation mitigates or even cancels 
the aerosol-induced chemical ozone reactions.  Robock et 
al. (2007), using National Centers for Environmental Pre-
diction (NCEP) and European Centre for Medium-Range 
Weather Forecasts (ECMWF) analyses and Goddard In-
stitute for Space Studies (GISS) Model E, and Feng et al. 
(2007), using a 3-D CTM, did not find a clear signal of 
chemical ozone loss in the SH midlatitudes after the erup-
tion of Mt. Pinatubo.  In contrast Brunner et al. (2006), 
using  Candidoz Assimilated Three-dimensional Ozone 
(CATO), demonstrated a significant effect of volcanic 
aerosols on ozone in SH mid (south of about 45°) and 
high latitudes.  In summary, observations and model sim-
ulations found a significant effect of Mt. Pinatubo volca-
nic aerosols on stratospheric ozone in the NH compared 
to the SH.  The absence of a stronger observation of ozone 
loss in the SH is not yet understood.

Polar ozone is also sensitive to volcanic enhance-
ment of stratospheric aerosols.  There have been no new 
findings on this subject since WMO (2007), but results 
are summarized here due to the potential importance of an 
increase in stratospheric aerosols through geoengineering 
as discussed above and in Section 3.2.6.  Studies of the 
Arctic winter 1991/1992 consistently find enhanced polar 
ozone loss due to the presence of Mt. Pinatubo aerosol 

(Rex et al., 2004; Tilmes et al., 2008b) although the quan-
titative estimates of the volcanically induced signal dif-
fer.  Further, Portmann et al. (1996) showed that Antarctic 
ozone depletion in the 1980s and early 1990s was influ-
enced by enhanced sulfate aerosol SAD, and speculated 
that the ozone hole might have been detected later than 
the mid-1980s if there had been no increase in aerosol 
loading from El Chichón and several earlier minor erup-
tions.  Portmann et al. (1996) also suggested that future 
Arctic ozone depletion could be severe in unusually cold 
winters with large volcanic aerosol SAD present.  Several 
studies attempt to discern the effects of volcanic aerosol 
perturbations on PSC characteristics (Deshler et al., 1994; 
David et al., 1998; Fromm et al., 2003).  These studies 
are inconclusive, largely because it is much more difficult 
to distinguish PSCs – especially STS – when the back-
ground (non-PSC) sulfate aerosol level is elevated and 
varies temporally.

As noted above, there have been no recent major 
volcanic eruptions, but there is evidence that the back-
ground stratospheric aerosol layer is changing.  Hofmann 
et al. (2009b) analyzed ground-based measurements to 
show that stratospheric aerosol amount exhibits an increas-
ing trend since 2000, attributing the background strato-
spheric aerosol since 2002 to an increase in the SO2 emis-
sions caused by an increase in global coal consumption, 
mainly in China.  Hofmann et al. (2009b) estimate the con-
tributions to the increase in the stratospheric aerosol from 
major volcanic activity and from increased tropical up-
welling due to change in the Brewer-Dobson circulation, 
concluding that these are not significant.  However, analy-
sis of observations from the Cloud-Aerosol Lidar with 
Orthogonal Polarization (CALIOP) suggests that small 
volcanic eruptions may play a role.  CALIOP data show 
significant changes in aerosol concentration in the tropical 
stratosphere between 2006 and 2008 (Vernier et al., 2009).  
CALIOP data showed slow ascent of the  Soufriere plume 
in 2006 from 20 to 25 km, consistent with the Brewer-
Dobson circulation and remnants of aerosols from minor 
volcanic eruptions such as Manam in 2005.  Quantitative 
attribution of the sources of the observed change in back-
ground aerosols has not been accomplished.

2.4.3.4 eValuation of siMulated transPort

The evaluation of transport emphasizes the model 
ability to reproduce observations that are directly related 
to large-scale physical processes affecting ozone distri-
bution, such as tropical ascent and Antarctic vortex isola-
tion.  The reader is referred to Chapter 5 of the SPARC 
CCMVal (2010) report for detailed evaluation of indi-
vidual models.

The distributions of long-lived trace gases in the 
stratosphere are controlled by transport processes, mainly 
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by the balance between the diabatic circulation and quasi-
horizontal mixing (e.g., Holton, 1986).  Transport affects 
the ozone distribution directly and indirectly.  In the lower 
stratosphere ozone is long lived, and large-scale transport 
from source regions is important to its spatial and tem-
poral distribution.  Transport affects ozone indirectly by 
determining the mixture of chemicals that affect ozone 
loss at a given location.  In Chapter 5 of SPARC CCMVal 
(2010), diagnostics for circulation and mixing were de-
veloped from observations and applied to CCMs.  These 
evaluations identified key processes essential for realistic 
transport.  Chapter 5 concluded that for the credible pre-
diction of future stratospheric composition, the following 
transport requirements are essential: (1) realistic tropical 
ascent in the lower stratosphere; (2) realistic mixing be-
tween the tropics and extratropics in the lower and middle 
stratosphere; (3) generation of an isolated lower strato-
spheric Antarctic vortex in spring; (4) local conservation 
of chemical family mixing ratios (e.g., Cly); and (5) good 
agreement on all mean-age diagnostics.  A summary of 
the performance of participating CCMs on these criteria 
is given below.

An adequate tracer advection scheme must conserve 
chemical families such as total inorganic chlorine (Cly) for 
credible predictions of future ozone levels.  Conservation 
of Cly means that models should not produce higher levels 
of Cly in the upper stratosphere than released in the form 
of organic chlorine at the surface.  Three CCMs failed 
to conserve total chlorine, undermining their credibility 
for assessment of ozone trends due to chlorine.  A fourth 
model had excess stratospheric chlorine due to insufficient 
tropospheric removal of hydrogen chloride (HCl).

For more than a decade, model transport has been 
evaluated using comparisons of simulated and observa-
tionally derived mean age at 50 hPa in the midlatitudes 
and tropics (e.g., Hall et al., 1999; Eyring et al., 2006).  
These comparisons revealed several issues with model 
transport.  However, at 50 hPa, age distributions comput-
ed by many models participating in CCMVal-2 compare 
well with those derived from observations even though 
other diagnostics reveal persistent transport issues.  The 
average mean age diagnostic (AMA) was developed in 
the SPARC CCMVal (2010) report to broaden the com-
parisons with observationally derived ages in order to as-
sess a model’s overall transport fidelity.  AMA is based 
on mean age comparisons at seven locations in the lower 
and middle stratosphere between 60°S and 60°N.  The 
mean age is a sensitive function of both the circulation 
and mixing, and the distribution of mean ages throughout 
the stratosphere reflects the balance between them, which 
varies as a function of height.  While compensating errors 
in ascent and quasi-horizontal mixing can result in good 
mean age in some altitudes, it is unlikely that a model 
will have perfectly balanced compensating errors in both 

the lower and middle stratosphere, making the AMA di-
agnostic a more stringent test of transport than mean age 
at 50 hPa alone.

Although AMA is a strict diagnostic, fortuitous 
agreement with mean ages derived from observations is 
possible because excessive recirculation increases mean 
age while a fast circulation decreases it.  Together they 
can produce compensating transport errors.  It is therefore 
important to independently assess both the circulation 
and mixing in models.  Significant problems with tropi-
cal stratospheric transport have been identified in half of 
the 18 participating CCMs.  Tropical ascent and tropical- 
midlatitude (T-M) mixing across the subtropics are crucial 
to distributing ODSs in the stratosphere, and deficiencies 
in the transport of ODSs affect modeled abundances of 
the products of ODS destruction (Cly) everywhere.  Ten 
of the 18 CCMs were found to have realistic ascent in 
the tropical lower stratosphere.  Of the remaining eight, 
two models showed a very slow circulation, while six had 
faster-than-observed ascent rates.  T-M mixing, essential-
ly a measure of the degree of isolation of the tropics, was 
evaluated using as many as four diagnostics in the lower 
and middle stratosphere.  Nine of the ten CCMs with re-
alistic ascent rates also showed reasonable mixing across 
the subtropics.  Of the other nine models, the two models 
with slow circulations had too little T-M mixing while 
the other seven showed too much mixing between the 
tropics and midlatitudes.  Strong T-M mixing increases 
the simulated mean age by allowing older midlatitude air 
to re-enter the tropics and recirculate through the strato-
sphere, increasing mean age everywhere.  The wide range 
of independent observations from which the diagnostics 
are derived strengthens the usefulness and credibility of 
these evaluations.

Other essential transport processes for simula-
tion of the ozone response to changing chlorine levels 
are strong descent in the southern winter vortex and the 
presence of a barrier to mixing between the vortex and 
midlatitudes in early spring in the Antarctic.  Chapter 5 of 
SPARC CCMVal (2010) showed that vortex isolation is 
uncorrelated with the AMA, tropical ascent, and T-M mix-
ing and therefore must be evaluated in addition to the other 
circulation and mixing diagnostics.  Of the nine models 
showing both good tropical ascent and T-M mixing, seven 
also showed realistic, isolated descent at the end of aus-
tral winter.  Lower stratospheric vortex isolation in spring, 
which is crucial to maintaining the high levels of Cly nec-
essary for a credible ozone hole, was found to be sufficient 
in only eight of 18 CCMs.  Of the eight CCMs producing 
an isolated vortex, only four also showed realistic tropical 
ascent, T-M mixing, average mean age, and polar descent.  
Those models are CMAM, GEOSCCM, UMSLIMCAT, 
and WACCM. (See Table 3-1 of Chapter 3 for descrip-
tions of the CCMs.)
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2.4.3.5 eValuation of the CheMiCal MeChanisM 
and its iMPleMentation

Chapter 6 of CCMVal-2 (SPARC CCMVal, 2010) 
presents the first major attempt at quantifying the behav-
ior of stratospheric chemistry modules within various 
global 3-D CCMs.  Eight of the 18 models participating 
in  CCMVal-2 took part in a photolysis intercomparison 
(PhotoComp).  The chemical mechanism within CCMs 
was evaluated by comparison of radical species output by 
each CCM to calculations conducted using a benchmark 
photochemical steady state (PSS) model, constrained by 
the abundance of long-lived species and sulfate surface 
area density (SAD) from each CCM.  This comparison 
was conducted for 14 of the 18 groups.  Quantitative met-
rics were developed for both PhotoComp and PSS, based 
on equation (4) of Waugh and Eyring (2008).  Careful at-
tention was devoted to proper definition of uncertainties.  
The majority of models showed good agreement with the 
PhotoComp benchmark.

Models showed a range of agreement with the eval-
uation of fast chemistry, with some models showing very 
good to excellent representation of both radicals and their 
precursors.  The radicals in some models show significant 
discrepancies with the PSS benchmark; in some cases 
the precursors disagree with a suite of atmospheric ob-
servations included in the evaluation (Chapter 6, SPARC 
 CCMVal, 2010).  The most realistic representations of fast 
chemistry were found to be provided by the WACCM, 
EMAC, GEOSCCM, CMAM, and UMSLIMCAT models 
(Figure 6.11 of SPARC CCMVal, 2010).  Results for these 
models are highlighted in subsequent figures.

The PSS evaluation provides an important new tool 
for quantitative evaluation of the chemical mechanism 
within CCMs based on analysis of archived model out-
put.  A particular CCM model has been observed to ex-
hibit a much larger sensitivity of ozone to anthropogenic 
halogens than any of the other CCMs; the PSS evalua-
tion shows that this sensitivity is the result of omission 
of the HCl production from ClO + OH in their chemical 
mechanism (Chapter 6 of SPARC CCMVal, 2010).  Pre-
viously, chemical mechanisms have been evaluated either 
by exchange of code or by various groups performing pre-
scribed calculations, both of which are arduous tasks.

The comparisons carried out for CCMVal-2 also 
showed that models used widely varying distributions 
of sulfate SAD, even for simulations designed to simu-
late past behavior (Chapter 6 of SPARC CCMVal, 2010).  
These differences may be due to the specification of the 
SAD climatology as a function of geometric altitude, a co-
ordinate not commonly used in CCMs.

One notable difference among the various CCMs 
was the abundance of Cly at the tropopause.  Some mod-
els have near-zero Cly (<<50 parts per trillion (ppt)) while 

other models have much larger values (>>50 ppt).  Mod-
els with high levels of Cly at the tropopause tend to have 
excess Cly throughout the lowermost stratosphere.  These 
differences in Cly are likely due to various representations 
of HCl uptake and removal in the troposphere (Chapter 6 
of SPARC CCMVal, 2010).  This is an important detail 
because models with the higher values of Cly in the low-
ermost stratosphere display greater sensitivity to future 
changes in stratospheric H2O and temperature than models 
with near-zero Cly.

2.4.3.6 eValuation of siMulations of the uPPer 
troPosPhere/lower stratosPhere

Chemistry-climate models are important for disen-
tangling and quantifying the effects of halogens on ozone 
from those of climate change.  In the upper troposphere/
lower stratosphere (UTLS, approximately defined here as 
the region between 5 and 22 km), dynamical variability and 
its expected response to climate change are large.  The abil-
ity of CCMs to represent the basic characteristics of the 
dynamical and chemical structure of the UTLS has been 
tested in Chapter 7 of SPARC CCMVal (2010; also see 
Gettelman et al., 2009; Gettelman et al., 2010).  Various 
characteristics of the tropical and extratropical chemical 
and dynamical structures have been evaluated using both 
quantitative and qualitative diagnostics derived from robust 
relationships found in aircraft and satellite observations, or 
reanalyses data sets.  The tested characteristics include the 
representation of the tropical tropopause layer, the tropo-
pause inversion layer, the extratropical tropopause transi-
tion layer, and the seasonal cycles in tropical cold point 
temperatures, lowermost stratospheric mass, and tropical 
and extratropical water vapor and ozone.

Most CCMs represent the basic dynamical and 
chemical characteristics of both the tropics and the extra-
tropics well.  Models mostly reproduce the annual cycle 
of tropical cold point temperatures in the tropics, with the 
right amplitude and timing.  However, they show some 
significant biases in the annual mean cold point tempera-
ture.  Similar findings are found for the representation of 
the seasonal cycle in ozone.  However, amplitude, timing, 
and mean value of tropical water vapor does not follow 
the tropical cold point temperature as expected, which indi-
cates errors in transport and/or microphysics in the models.

In the extratropics, the dynamical structure includ-
ing zonal mean winds, the seasonal cycle in the lowermost 
stratospheric mass, and the seasonality and latitudinal be-
havior of the tropopause inversion layer are well captured.  
This implies that both the climatological distribution of 
radiatively active species and the radiative transfer in the 
models are realistic.  The models fail to reproduce the ob-
served sharpness in the tropopause inversion layer, most 
likely due to limited spatial resolution.  The seasonal cycles 
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in ozone and water vapor are generally well reproduced 
but indicate a too large (small) amplitude at 100 (200) 
hPa.  The models also resolve the strong tracer gradients 
across the extratropical tropopause, indicating that simula-
tion of the Brewer-Dobson and the tropospheric baroclinic 
circulations is at least qualitatively realistic.  Models that 
perform particularly well in the extratropics are CMAM, 
E39CA, GEOSCCM, and WACCM (Chapter 7 of SPARC 
CCMVal, 2010).  Models that perform less well have is-
sues that include insufficient vertical and horizontal resolu-
tion or use of a diffusive numerical transport scheme.

Outstanding deficiencies in the models that af-
fect the ozone distribution and introduce uncertainties in 
UTLS evaluations are the lack of comprehensive represen-
tations of tropospheric chemistry involving nonmethane 
carbons, of wet and dry deposition, and of lightning NOx.  
CCMs include varying lightning NOx parameterizations, 
however, the most common one dates back to Price and 
Rind (1992), which has been shown in recent chemistry 
transport model studies to be inadequate in generating 
observed NOx levels in lightning-affected regions in the 
upper troposphere (Hudman et al., 2007; Sauvage et al., 
2007; Parrington et al., 2008).

2.4.4 Recovery Detection and Attribution

Section 2.1 discussed the data obtained over the 
past decades including a time-series analysis directed to-
ward determining the current stage of ozone recovery as 
defined in WMO (2007).  Here we discuss the problem of 
attribution of changes in ozone to changes in chlorine and 
bromine in the stratosphere.

The past evolution of ozone has been influenced 
by changes in ODSs and also by changes in greenhouse 
gas (GHG) concentrations.  GHGs influence stratospheric 
ozone in two ways.  In the upper stratosphere, cooling due 
to increased GHG concentrations leads to an ozone increase 
by slowing the temperature-dependent catalytic loss cycles.  
In the lower stratosphere where ozone is long-lived, radia-
tively driven dynamical changes to the Brewer-Dobson 
circulation that result from increased GHG concentrations 
affect the ozone distribution through transport.  Attribution 
of past trends is complicated by the need to untangle the 
effects of the increases and leveling off of ODSs from the 
effects of continued increases in GHGs.  The implications 
of these processes on the future development of the ozone 
layer are discussed in detail in Chapter 3 of this Assessment.

2.4.4.1 dynaMiCal Contributions to 
aPParent trend

In addition to the slow trend in ozone expected due 
to changing GHGs, dynamical variability in short time 
 series of measurements or model simulations can give rise 

to an apparent trend.  WMO (2007) summarized a number 
of studies using chemistry and transport models (CTMs) 
driven by analyzed winds and studies using empirical re-
lations between planetary wave activity and circulation to 
address the question of dynamical contribution to North-
ern Hemisphere midlatitude ozone trend.  WMO (2007) 
concluded that about 30% of the observed negative trend 
from 1979 to the mid-1990s could be attributed to changes 
in the lower stratospheric circulation based on both em-
pirical and model studies.

Numerous model and observational studies have 
demonstrated the importance of dynamical contributions 
to ozone trends.  In an extension of previous studies, Feng 
et al. (2007) used a CTM to show how spurious trends 
could result from the use of analyzed winds.  They con-
cluded that their simulation with nearly constant ODSs 
could reproduce the increase in NH midlatitude ozone 
from the 1990s.  Brunner et al. (2006) empirically ana-
lyzed ozone data to show that the Brewer-Dobson circula-
tion was a dominant contributor to interannual variability 
at both high and low latitudes.  They further showed that 
this variability accounted for some of the ozone increase 
seen in the Northern Hemisphere since the mid-1990s.  
Fleming et al. (2007) used a 2-D model with winds de-
rived from planetary wave forcing derived from  ERA-40 
and also from NCEP.  They found a good fit to the over-
all ozone column variability from 1979 through 2005 
that appears to have a dynamical contribution to both the 
downward trend between 1979 and the mid-1990s and the 
upward trend since then.  Harris et al. (2008) examined 
both chemical and dynamical influences on decadal ozone 
trends, primarily in the Northern Hemisphere.  They found 
that recent increases in ozone were linked to dynamical 
processes in the lower stratosphere.

Overall, studies agree that dynamical variabil-
ity contributed to both the downward trend in the NH 
through the mid-1990s and to the upward trend in total 
ozone since the mid-1990s.  In addition, Fleming et al. 
(2007) found little impact of dynamical variability on the 
fit to the EESC curve for the overall time period from 
1979 through 2005.

2.4.4.2 greenhouse gas effeCts on ozone 
trends

In addition to the possible trends due to inter -
annual variability, the change in composition due to the 
increasing GHGs may cause ozone trends through changes 
in chemistry and dynamics, as noted previously.  CCMs 
consistently predict a strengthening of the stratospheric 
Brewer-Dobson circulation (BDC) due to climate change 
(Butchart and Scaife, 2001; Butchart et al., 2006; Mc-
Landress and Shepherd, 2009) that leads to changes in 
the spatial distribution of ozone (Shepherd, 2008; Li et 
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al., 2009; Hegglin and Shepherd, 2009).  Shepherd (2008) 
showed that CMAM results indicated an eventual recov-
ery to values above 1980 (or 1960) (i.e., super-recovery) 
in the mid and high latitudes and under-recovery in the 
tropics.  Both Shepherd (2008) and Li et al. (2009) found 
nearly latitude-independent increases in upper strato-
spheric ozone due to temperature decreases in CMAM and 
GEOSCCM, respectively.  Both studies also found lower 
stratospheric ozone decreases in the tropics and increases 
elsewhere due to the simulated change in the BDC.  In 
CMAM the effects from the upper and lower stratosphere 
largely cancel in the 60°S–60°N mean total ozone.  Ac-
cording to CMAM, total ozone in the tropics will remain 
below pre-1980 values, whereas in the midlatitudes, and in 
particular in the NH between 35°N and 60°N, total ozone 
will increase to values about 5% above pre-1980 levels 
in the second half of the 21st century.  The GEOSCCM 
calculates lower stratospheric ozone changes that approxi-
mately cancel when averaged globally (Li et al., 2009), 
so that the resulting change in global mean total ozone is 
dominated by the upper stratospheric ozone increase.

The studies by Shepherd (2008) and Li et al. (2009) 
showed the combined effect of GHGs and ODSs on strato-
spheric ozone, but did not quantify past and future chang-
es to changes in ODSs or GHGs.  Shepherd and Jonsson 
(2008) argued that carbon dioxide (CO2)-induced cooling 
had masked about 20% of the ODS-induced ozone deple-
tion.  Waugh et al. (2009), using calculations from the 
GEOSCCM to separate the effect of ODSs and GHGs, 
found that simulated stratospheric ozone changes during 
the past decades were clearly dominated by ODSs, except 
for the tropical lower stratosphere.  Here the calculated 
ozone change during past decades due to the increased 
strength of the BDC (enhanced tropical upwelling) 
 exceeded the calculated effect of ODSs.

CCMs suggest that GHG-induced changes in tem-
perature and in the BDC may partly be responsible for past 
ozone changes.  Therefore, it is important to assess the real-
ism of the simulated circulation changes.  Changes in the 
strength of the Brewer-Dobson circulation have not been 
unambiguously detected from observations.  Engel et al. 
(2009) have analyzed balloonborne measurements of CO2 
and sulfur hexafluoride (SF6) over the past 30 years to de-
rive possible trends in stratospheric age of air.  They found 
a small but insignificant increase of the age of air in the 
midlatitude middle stratosphere, in contrast to the small de-
crease in age of air due to the increased BDC calculated 
with CCMs.  The results from this analysis can neither con-
firm nor deny the model results because of the large error 
bars and shortness of the record (see also Waugh, 2009).  
Because the simulated change in the BDC is most apparent 
in the tropical lower stratosphere where the ozone vertical 
gradient is steep, CCMs predict a change in ozone there that 
may be detectable in a long, stable time series of observa-

tions.  There are significant issues with ozone trends in the 
tropical lower stratosphere due to insufficient length of the 
observational record as discussed below in Section 2.4.5.3.

2.4.4.3 Polar loss and dilution to Midlatitudes

WMO (2007) discussed in detail the importance of 
export of ozone-depleted air from the polar vortices to mid-
latitude trends, attributing about 30% (50%) of the north-
ern (southern) midlatitude trends in total ozone for 1979 
to 1995 to this process.  Results from multiannual simula-
tions are generally consistent with detailed process studies 
for a few specific years in both hemispheres.  Andersen and 
Knudsen (2006) conclude that longitudinal differences in 
the export of ozone-depleted air accounts for the longitu-
dinal dependence of winter and springtime ozone trends at 
northern midlatitudes.  The simulation of polar loss and its 
comparison to data are discussed in Section 2.4.5.4 below.

2.4.5 Simulation of Ozone Changes 
for the Last Three Decades

Previous sections discussed specific perturbations 
of stratospheric ozone in current chemistry-climate mod-
els.  The CCMVal-2 report evaluates these models with 
a particular emphasis on their representation of processes 
by comparison to measurements of the current or recent 
past atmosphere.  In this section we consider the ability of 
these models to reproduce the observed ozone trends over 
the last three decades by comparison to the data shown in 
Section 2.1.

2.4.5.1 total ozone trends

Figure 2-23	shows the total ozone trend for 1979–
1995 as a function of latitude computed by multiple 
 linear regression (MLR) as described in Section 2.1.2.  
The sensitivity of total ozone to EESC is calculated 
by applying the MLR to the entire data period (1978–
2009), and the trend is shown for the time period dur-
ing which EESC increased linearly (1979–1995).  The 
models are also fit with EESC from 1978 through the 
end of the REF-B1 simulation (usually 2004 to 2007).  
Note that the EESC fit obtained in this manner is more 
sensitive to the shape of the EESC function than to the 
length of record (see Section 2.1.2).  The models gener-
ally reproduce the latitude dependence of the total ozone 
trend  derived from the merged ozone data, but differ in 
some significant details.  Most models produce a nega-
tive trend in the tropics while the data show no trend.  
Red lines are from three models (CMAM, GEOSCCM, 
WACCM) that rated highest in CCMVal-2 evaluations 
of transport, photochemistry, and UTLS discussed in 
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Sections 2.4.3.4–2.4.3.6 above.  Blue lines are from two 
models (UMSLIMCAT and EMAC) that rated highest in 
one or two of the three CCMVal-2 tests.

In the southern midlatitudes, with one exception, 
the model trends vary with latitude in a manner similar to 
the trend derived from observations, but with significant 
spread in the magnitude of model trends.  A similar spread 
is found for northern midlatitude trends.  The model results 
show less spread when output beginning in 1960 is used to 
determine the fit to EESC (not shown), particularly in the 
north-polar region where interannual variability is large.  
In the tropics and midlatitudes, the models highlighted as 
having the best representations of transport, chemistry, or 
the UTLS generally are more similar to each other than 
the collection of all model simulations.  The same is not 
true for polar regions.  In the tropics most models show a 
negative trend in total column ozone that does not agree 
with the trend deduced from either satellite or ground-
based data sets.  One exception is the EMAC model that 
has a region of significant positive trend over a portion of 
the tropics due to an ozone increase in the tropical tropo-
sphere; however, the EMAC positive trend disagrees with 
the trend derived from measurements.

This raises the question of whether the discrepancy 
in the tropics could be the result of increased tropospheric 
ozone that is of the same magnitude as the decrease in 
stratospheric ozone.  Most of the models in this compari-
son do not include tropospheric chemistry or tropospheric 
physical processes, such as wet and dry deposition and the 
production of NOx (and O3) by lightning.  In the tropics, 
about 10% of the ozone column is in the troposphere.  To 
offset the 1% per decade decrease found in model simula-
tions would require a ~10% per decade increase in tro-
pospheric ozone from the late 1970s through about the 
mid-1990s.  Studies have searched for evidence of a tropo-
spheric trend.  Ziemke et al. (2005), using a 25-year record 
of tropospheric column ozone (TCO) derived from TOMS 
and SBUV(/2) data (1979–2003), showed a zero trend 
(± ~1DU per decade) in the tropics in the Pacific.  Beig 
and Singh (2007) used TOMS data along with the  Model 
for Ozone and Related Chemical Tracers (MOZART) 
model to derive a trend versus longitude that is negative 
but insignificant over most of the tropics, but positive and 
significant over the Indonesian region (~7–9%/decade).  
This trend appears to be the result of large fires in that 
region leading to ozone increases in the last few years that 
dominate the change in the record.  Clain et al. (2009) de-
rive marginally positive trends from ozonesonde records 
at Reunion Island (20.8°S, 55.5°E) and Irene, South  Africa 
(25.9°S, 28.2°E).  In summary, observational studies to 
date find no conclusive evidence for a tropospheric O3 
trend large enough to explain the difference between sim-
ulated and observed trends in total column ozone, thus the 
reasons for model disagreement with the observed tropical 
trend remain a mystery.

Figure 2-24a-d	 shows the annual average total 
ozone time series from the merged ozone data set and from 
each of the CCMs for four regions.  The quasi-global aver-
age from 60°S to 60°N is shown in Figure 2-24a.  In gen-
eral the models reproduce the overall behavior of the data.  
The four models showing the best transport representation 
are highlighted in red and show a smaller difference than 
the ensemble of all models.  Some of the models include 
forcing due to solar cycle, volcanoes, and QBO while oth-
ers do not.  Although there is a spread in the magnitude of 
the ozone change from the beginning of the record to the 
last few years, the models agree with the data that the total 
ozone has been relatively constant over the last 7–8 years 
at about 2–4% below 1980 values.  The midlatitude time 
series shown in Figure 2-24b and 2-24d show similar be-
havior with more variability in the data and among mod-
els.  Figure 2-24c shows results for the tropics where an 
apparent solar cycle is prominent in the data and most of 
the models run below the data, consistent with the trends 
shown in Figure 2-23.

Figure 2-23.  Latitude dependence of the annual to-
tal ozone trend (%/decade) from 13 of the 18 models 
used in CCMVal-2 and the merged ozone data set.    
Trends derived from measurements with 2σ uncer-
tainties are indicated by vertical bars.  Red lines are 
from three models (CMAM, GEOSCCM,  WACCM) 
that rated highest in all three CCMVal-2 tests.  Blue 
lines are from two models (UMSLIMCAT and EMAC) 
that rated highest in one or two of the three CCMVal-2 
tests.  Model trends for 1978-1996 are calculated by 
fitting to EESC using output from 1978 through the 
end of the REF-B1 simulation.  Model descriptions 
are given in Table 3-1 of Chapter 3.
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2.4.5.2 Midlatitude Profile trends

In previous Assessments it was noted that 2-D mod-
els without temperature feedback showed better agree-
ment with observed ozone trends in the upper stratosphere 
than models that did include the feedback.  The CCMs 
used here have improved somewhat in this regard.  Figure 
2-25 and Figure 2-26 show trends deduced from measure-
ments (SAGE, SAGE adjusted SBUV(/2), SBUV(/2), and 
ozonesondes) for the northern and southern midlatitudes, 
respectively.  The trends calculated from SAGE for the 
upper stratosphere have been converted to pressure coor-
dinates and have been adjusted to account for the tempera-
ture trend and the accompanying change of altitude at a 
given pressure level and the conversion of number density 

mixing ratio (see Section 2.1.4; Rosenfield et al., 2005).  
The model results presented in both figures are all from 
simulations including temperature feedback.

The northern midlatitude simulated trends show a 
spread in the maximum upper stratospheric depletion that 
is centered near the trend deduced from data.  The red 
region in Figure 2-25a shows the range of the 3 models 
with high ratings in each of CCMVal-2 evaluations of the 
transport, chemistry, and UTLS.  The red plus blue regions 
show the range of those 3 models plus the 3 that were with 
high ratings in at least one evaluation.  The range of de-
duced ozone trends for these 6 models is narrower than for 
the entire suite of models (gray shading) and centered near 
the trend derived from satellite observations.  The derived 
trends from Umkehr measurements are somewhat larger  
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Figure 2-24.  (a) Quasi-global time series of annual mean total ozone change (%) from 1980 value calculated 
from merged ozone data set in heavy black line and from 13 models in lighter lines.  Changes in both models 
and observations are computed relative to the average for 1979–1981.  Red lines are results from the four 
models that rated highest in the CCMVal-2 transport evaluation (CMAM, GEOSCCM, UMSLIMCAT, WACCM).  
The light gray line with large depletion appears to be an outlier to the rest of the models.  (b) Same for northern 
midlatitudes.  (c) Same for tropics.  (d) Same for southern midlatitudes.



2.54

Chapter 2

than the models and the trends derived from satellite mea-
surements.  The spread among models is larger in the low-
er stratosphere but is still significantly reduced by use of 
the diagnostics to filter results.  Here the models that per-
form best on the diagnostics tended to have smaller trends 
than those deduced from ozonesonde measurements.

Figure 2-25b shows trends calculated from model 
simulations for the period after 2000 when the beginning 
of recovery is expected.  Although the simulated upward 
trends and trends from measurements are broadly consis-
tent, the observed increase cannot presently be attributed 
to ODS decrease because of observational uncertainty, 
natural ozone variability, and stratospheric cooling.  Note 
that both stratospheric cooling and ODS decrease lead to a 
projected upper stratospheric ozone increase.

In the southern midlatitude (Figure 2-26) upper 
stratosphere, trends from the models that perform best on 
the diagnostics are somewhat smaller than those deduced 
from measurements.  In the southern midlatitude lower 
stratosphere, the range of ozone trends deduced from mod-
els is somewhat more narrow for simulations that perform 
best on the CCMVal-2 diagnostics.  In both the northern 
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Figure 2-25.  Altitude pro-
file of calculated ozone trend 
(%/ decade) at northern midlati-
tudes from 17 models.  Trends 
derived from measurements are 
as defined in Figures 2-4 and 
2-7.  Panel (a): Trends for the 
period 1979–1996 are obtained 
by fitting to EESC.  Trends de-
rived from measurements with 
2σ uncertainties are indicated by 
horizontal lines.  The solid line 
is the trend derived from SAGE 
I + SAGE II data.  The dashed 
line is trend derived from SAGE- 
corrected SBUV(/2) data.  The 
dash-dot line is the trend de-
rived from SBUV(/2) data.  The 
dash-dot-dot line is the trend de-
rived from sonde data.  The long 
dashed line is the trend derived 
from Umkehr data.  Red shading 
is the range of 3 models with high 
ratings in all 3 evaluations.  Blue shading adds the range of 3 models that were highest in at least 1 evaluation.  
Panel (b): Altitude profile of trends calculated from model simulations for the time period 2000–2009, when the 
beginning of recovery is expected.  Shaded regions are the same as in (a).  Although the simulated upward 
trends and trends from measurements are broadly consistent, the observed increase cannot presently be attrib-
uted to ODS decrease because of observational uncertainty, natural ozone variability, and stratospheric cooling.  
Note that both stratospheric cooling and ODS decrease lead to a projected upper stratospheric ozone increase.
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and southern midlatitudes, the transport diagnostic selects 
simulations with smaller ozone depletion.  Although we 
do not have enough sonde data to compare to southern 
midlatitude trends in the lower stratosphere, it appears that 
the simulated trends are smaller than trends derived from 
measurements at the northern midlatitudes.

2.4.5.3 troPiCal Profile trends

In the tropical lower stratosphere the models predict 
a decrease in column ozone due to increased upwelling 
(e.g., Butchart et al., 2006), in contrast to trends deduced 
from total column ozone measurements.  The trends in the 
tropics computed from the simulations by 17 models are 
shown as a function of pressure in Figure 2-27.  Almost 
all of the simulations show a similar pattern, with a de-
crease in the upper stratosphere centered at about 2–3 hPa 
and a smaller, narrower decrease in the lower stratosphere 
between the tropopause and about 60 hPa.  The increase 
in tropical upwelling bringing up air with lower ozone 
amounts into the lower stratosphere and mixing of ozone-
depleted air into the lower tropical stratosphere may both 
contribute to this trend.

There is evidence for this lower stratospheric nega-
tive trend in data as shown by the SAGE I and SAGE I+II 
results in Figure 2-27.  These trends are an update of Ran-
del and Wu (2007).  The results for SAGE I+II rely on the 
relative calibration of SAGE I to SAGE II, and are consis-
tent with the results from SAGE II only and with the simu-
lated trends.  Brunner et al. (2006) used the CATO data 
set that uses measurements of total ozone and the analyses 
from ECMWF to infer global distributions of ozone.  They 
found a narrow region of negative ozone trends in the trop-
ical lower stratosphere and noted that these were consis-
tent with those found for 1984–2000 in SAGE II data as 
reported in WMO (2003).  As discussed in Section 2.4.5.1, 
the near-zero trend in tropical total ozone measurements is 
inconsistent with the negative trend found in the integrated 
SAGE I + SAGE II stratospheric profiles, and the tropo-
spheric ozone column does not increase enough to resolve 
this discrepancy.  The disagreement between trends ob-
tained from vertically integrated SAGE data and trends 
obtained from the merged TOMS/SBUV(/2) column 
ozone data set was discussed in WMO (2007).

2.4.5.4 Polar trends

Yang et al. (2008) report that Antarctic ozone is in 
the first stage of recovery.  Ozone within the springtime 
Antarctic vortex is affected by both chemical and dynami-
cal processes (Newman et al., 2006).  Yang et al. (2008) 
used correlations between monthly means of total ozone 
column and temperatures to construct ozone anomaly time 
series, which reflect variations in ozone due to chemical 
forcing (Figure 2-28).  The ozone anomaly time series 
 reveals a statistically significant leveling off of ozone col-
umn since 1997, relative to the previous rate of decline.  
Yang et al. (2008) estimate ozone loss saturation by com-
paring the frequency distribution of measured ozone with 
the distribution expected from a reconstruction of ozone 
that hypothetically allows ozone abundances to drop 
 below zero.  This analysis indicates that the recent level-
ing off of the total ozone anomaly time series is due to 
changes in Antarctic halogen loading rather than loss satu-
ration (bottom panel, Figure 2-28).  They also identified 
the minimum of the second derivative of Antarctic EESC 
as a useful quantitative means to specify the break point 
for a piecewise linear fit to the data (further discussed in 
Chapter 1 of this Assessment).

As noted in the previous Assessment (WMO, 
2007), trends in Arctic ozone are much more difficult to 
assess due to strong year-to-year variability of meteoro-
logical conditions and the dependence of inferred trends 
in temperature or ozone on start and end date.  Further-
more, the trend in Arctic temperature is not sufficient to 
assess the impact of long-term changes on ozone (see 
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Figure 2-27.  Ozone trends (%/decade) computed 
from CCMVal-2 simulations by 17 models as a func-
tion of altitude for the tropics.  Black line: trend de-
rived from SAGE II data alone.  Purple line: trend 
derived from SAGE I + SAGE II data.  The range of 
model simulations is as in Figure 2-25a.
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Section 4.1.1.1 of WMO, 2007).  Since the previous As-
sessment, temperature conditions in the Arctic vortex 
have not been extremely cold for any particular ozone 
loss season.  Chemical loss of Arctic ozone for recent 
years falls along the compact, near-linear relation with 
VPSC (volume of air in the vortex exposed to temperature 
below the threshold for formation of PSCs) identified by 
Rex et al. (2004).

Much progress has been achieved in the evaluation 
of the representation of polar ozone loss in CCMs since 
the previous Assessment.  The CCMVal-2 effort has pro-
vided important new insight into the chemical, dynamical, 
and radiative properties of CCMs (Chapter 6 of SPARC 
 CCMVal, 2010).  The chemical modules contained in 
CCMs are similar to the schemes used in off-line 3-D 
CTMs and other models known to produce good simula-
tions of polar ozone loss under specified meteorological 
conditions (e.g., Chipperfield et al., 2005; Frieler et al., 
2006; von Hobe et al., 2007).  However, use of a realis-
tic and complete description of the relevant chemical (and 
microphysical) processes related to polar ozone depletion 
is only the first step toward obtaining an accurate repre-
sentation of springtime polar ozone loss in coupled CCMs.  
The host general circulation model (GCM) must also sim-
ulate the correct descent over the pole, the correct timing 
and isolation of the polar vortex, and realistic temperatures 
that allow PSCs to form in the model.

Most CCMs include simplified schemes for PSC 
microphysics.  Chapter 6 of SPARC CCMVal (2010) ana-
lyzed how well observed distributions of HNO3, H2O, and 
HCl in the Antarctic were simulated by the CCMs.  The 
models generally reproduced observed H2O but overesti-
mated HNO3.  The CCMs generally use simplified equi-
librium denitrification schemes and this discrepancy for 
HNO3 will be affected by deficiencies in transport.  Al-
though conversion of HCl to active chlorine is essentially 
complete in most CCMs near 500–600 K, as expected 
from observations, the CCMs overestimate HCl at lower 
altitudes.  This indicates incomplete chlorine activation in 
some CCMs, which would contribute to an underestimate 
of the simulated column ozone loss.

Figure 2-29 shows the time dependence of chemi-
cal loss of column ozone for the Arctic (top panel) and 
Antarctic (bottom panel) for 15 CCMs.  Ozone loss de-
rived from observations made by the Halogen Occulta-
tion Experiment (HALOE) instrument on the Upper At-
mosphere Research Satellite (UARS) is also shown.  The 
chemical loss of column ozone is calculated using analysis 
of the relationship between ozone and N2O using archived 
records from each CCM.  Chapter 6 of SPARC CCMVal 
(2010) shows that this method to quantify chemical ozone 
loss is reasonable because the simulated ozone versus 
N2O relationship is well organized along isopleths, as ob-
served.  Also, Figure 2-29 shows that prior to ~1980 there 

Figure 2-28.  Time series of  Dobson/
Brewer measurements of total col-
umn ozone (Dobson units) in the 
core of the Antarctic vortex dur-
ing October.  Top panel: observed 
ozone column.  Middle panel: re-
sulting time series after removing 
effects of monthly mean tempera-
ture variations from the time series.  
Bottom panel: resulting time series 
after removing effects of loss satura-
tion and monthly mean temperature 
variations from the time series.  The 
blue line indicates the downward 
trend in column ozone for the re-
spective time series, calculated for 
1979 to1996 and forecasted linearly 
afterward.  Linear trends and 95% 
confidence intervals, DU/decade, 
are given.  The red line in the bottom 
panel shows a fit of Antarctic EESC to the time series, considering data for the entire record.  Years of “record 
cold” and of a sudden, “early warming” are indicated.  Temperatures were warmer than usual in 1988, corre-
sponding to the anomalously high levels of ozone observed that year.  The vortex remained intact following the 
rise in temperature, hence 1988 is not classically considered to have experienced a sudden, “early warming.”  
From Yang et al. (2008), updated to include data for 2008 and 2009.
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is chemical loss of column ozone during the ozone loss 
season.  Note that methyl chloride (CH3Cl) supplies a nat-
ural background level of ~0.6 ppb Cly and anthropogenic 
ODSs were also increasing during this time period.  Cly 
from both of these sources leads to chemical loss of ozone 
in the early part of the displayed time series, should me-
teorological conditions result in chlorine activation.  Note 
that the loss due to CH3Cl is natural and helps determine 
background levels of polar ozone prior to the buildup of 
Cly due to anthropogenic release of ODSs.

Figure 2-29 shows that modeled chemical loss of 
column ozone compares better with loss derived from ob-
servations in the Antarctic than in the Arctic.  There are 
long-standing discrepancies between model behavior and 
observations related to the polar lower stratosphere, par-
ticularly for the Arctic (e.g., Eyring et al., 2006).  CCMs 
tend to exhibit a cold bias in the Antarctic lower strato-
sphere and a concomitant westerly circulation that is too 
strong.  The polar vortex then persists later into spring 

than observed.  Analysis of the CCM tracer transport 
shows that the different CCMs vary widely in their abil-
ity to produce an isolated lower stratospheric Antarctic 
vortex, with about half of them producing sufficient iso-
lation for the altitude region and time period critical for 
ozone loss.  In the Arctic, where observed temperatures 
are nearer the threshold for PSC formation, the CCMs are 
on average warm-biased and there is a large amount of 
model-to-model variation.  The CCMs underestimate the 
observed frequency of cold Arctic winters.  Because the 
CCMs are generally warm biased in the Arctic they tend 
to under estimate observed chemical loss of column ozone 
in the NH.  In the SH CCMs are generally cold biased, 
and simulated column ozone loss generally scatter about 
the range of column loss derived from observations.  In 
the SH ozone loss tends to saturate in the cold, isolated 
vortex.  Another factor that may contribute to the spread in 
model results in Figure 2-29	is that although the standard 
CCMVal-2 runs only included bromine from long-lived 
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Figure 2-29.  Chemical ozone 
depletion (Dobson units) in 
the polar vortex from January 
through April (top panel) and 
July through October (bottom 
panel) between 350 and 550 
K.  Results from observations 
(black triangles) were derived 
from HALOE on UARS for the 
polar vortex core.  Model re-
sults are shown in different col-
ors and calculated for equiva-
lent latitudes poleward of 80°.  
Model descriptions are given in 
Table 3-1 of Chapter 3. (Repro-
duction of Figure 6.36, Chapter 
6 of SPARC CCMVal, 2010).
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source gases, some models included ~6 pptv extra bromine 
to be more consistent with the actual stratospheric loading.  
This increases the loss computed for these models.

2.4.5.5 trends and reCoVery in the uPPer 
troPosPhere and lower stratosPhere

The upper troposphere and lower stratosphere 
(UTLS) are key regions where ozone changes can affect 
radiative forcing, and hence climate.  At middle and high 
latitudes, up to 30% of total ozone resides in the lower 
stratosphere, i.e., the region between the tropopause and 
100 hPa (Logan, 1999).  WMO (2007) noted that apparent 
trends in this region were mostly the result of interannual 
variability and could not be ascribed to ODSs.  It also con-
cluded that changes in transport were a major contributor 
to the increase in midlatitude total ozone since the mid-
1990s, particularly in the lowermost stratosphere (tropo-
pause to 380K).  Yang et al. (2006) showed that abun-
dance of partial column ozone above 18 km altitude has 
risen slightly since 1997 in response to the decline in the 
atmospheric abundance of ODSs, whereas partial column 
ozone between the tropopause and 18 km rose much faster 
since 1997 than could be attributed to the decline in ODSs.  
The increases in total column were shown to differ sig-
nificantly from the recovery in ozone expected solely from 
declining levels of ODS.

Vyushin et al. (2007), Mäder et al. (2007), and 
 Harris et al. (2008) highlight the importance of account-
ing for dynamical variability and also volcanic aerosol 
in statistical models explaining observed changes in to-
tal ozone.  Brunner et al. (2006) draw similar conclusions 
from analysis of vertically resolved ozone trends for the 
period 1979–2004 obtained by multiple linear regression 
analysis of the CATO ozone data set (see also WMO, 
2007).  Following the approach of Newchurch et al. 
(2003), Brunner et al. (2006) fitted their regression model 
to the reference period 1979–1995 during which EESC 
was increasing, but analyzed the residuals for the period 
1996–2004 using different sets of explanatory variables.  
Their results show that a combination of EESC, QBO, and 
solar forcing is not sufficient to explain the recent ozone 
trend, as significantly positive residuals remained in the 
extratropical lower stratosphere for the period 1996–2004.  
However, most of the variations since 1996 could be ex-
plained when also accounting for volcanic aerosol and the 
Eliassen Palm (EP)-flux as a proxy for the wave forcing of 
the stratospheric circulation.  This result demonstrates the 
importance of interannual variations in dynamics in pro-
ducing the recent variations in ozone in the lower strato-
sphere.  Brunner et al. (2006) also replaced EESC by a 
linear trend, assuming a continuation of the negative trend 
between 1979 and 1995.  This resulted in an increase of 
the residuals that is much stronger than that resulting from 

omission of aerosols or EP-flux, demonstrating the impor-
tance of the Montreal Protocol in addition to natural vari-
ability for explaining the recent observed ozone changes.

The main driver for the natural variations in UTLS 
ozone is climate variability, as has been extensively dis-
cussed in the WMO (2007).  This includes variability in 
the stratospheric mean meridional circulation (e.g., Fusco 
and Salby, 1999) as well as variability in the tropospher-
ic circulation through synoptic scale wave activity (e.g., 
Weiss et al., 2001).  Recent studies explore the impact 
of climate variability on vertically resolved ozone in the 
UTLS.  Thouret et al. (2006) used ozone measurements 
from the MOZAIC program to show that ozone in the 
upper troposphere is positively correlated with the North 
Atlantic Oscillation (NAO) index (the dominant mode of 
variability in surface pressure in the North Atlantic) while 
ozone in the lower stratosphere is anticorrelated with the 
extremes of the Northern Annular Mode (NAM) index (ex-
tension of the NAO to the full hemisphere) calculated at 
150 hPa.  Hess and Lamarque (2007), using the MOZART 
CTM driven by NCEP meteorological analyses, found that 
ozone is reduced throughout the troposphere at latitudes 
higher than 50°N during the positive phase of the Arctic 
Oscillation (AO, the surface manifestation of the NAM).  
This decrease can be linked to a decrease in ozone trans-
ported from the stratosphere.  The El Niño-Southern Oscil-
lation (ENSO) may also influence UTLS ozone.  Fischer et 
al. (2008), using three different CCMs, found that ENSO 
forces a strengthening of the Brewer-Dobson circulation, 
which leads to lower total ozone in the tropics and higher 
total ozone at higher latitudes.  While their study does not 
discuss the vertically resolved impact of the ENSO, the 
change in the Brewer-Dobson circulation is likely to have 
an impact on ozone in the lower stratosphere.

The question remains concerning how much the un-
derlying long-term climate change may have contributed 
to the observed ozone changes.  Hegglin and Shepherd 
(2009) use a stratosphere-resolving chemistry-climate 
model (CMAM) to study the effect of climate change on 
the stratospheric ozone distribution and derive expected 
trends of −1%, −3%, and +1% per decade in the SH lower 
stratosphere, the tropical lower stratosphere, and the NH 
lower stratosphere, respectively.  They assumed a linear 
ozone response to climate change between 1960 and 2100.  
These numbers are consistent with those derived by Li et 
al. (2009) and are also confirmed in a multi-model com-
parison by Gettelman et al. (2010) except for the SH lower 
stratosphere, where the results were statistically not sig-
nificant.  These CCM results suggest that climate change 
may have masked around 30% of the ozone decrease due 
to EESC in the NH.

The evaluation of time series of ozone measure-
ments at 200–100 hPa between 1960 and 2010 shows that 
the increase in ozone due to climate change is strongly 
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modulated by ozone depletion and recovery, with a larg-
er signature in the SH than in the NH (Gettelman et al., 
2010).  This modulation is characterized by strong de-
creases in lower stratospheric ozone up to around the year 
2000, followed by a strong increase, qualitatively agree-
ing with observations in this region (compare to Figure 
2-7).  However, the decline of lower stratospheric ozone 
in the tropics has not yet been shown unambiguously as 
stated earlier.  WMO (2003, 2007) further pointed out the 
importance of decadal scale variability in dynamics that 
modulates the underlying slow dynamical contribution 
from climate change.  The degree to which the decrease 
and increase are driven by such decadal scale variability 
is not known.

The changes in lower stratospheric ozone are likely 
to affect upper tropospheric (UT) ozone.  Mid- and  upper 
tropospheric ozone trends exhibit strong regional differ-
ences and are not yet well understood (Staehelin et al., 
2001).  CTMs with realistic ozone precursor emissions 
but without realistic stratospheric chemistry fail to repro-
duce either tropospheric background levels (Parrish et al., 
2009) or observed trends (Fiore et al., 2009).  In addition, 
 Ordoñez et al. (2007) present observational evidence of a 
significant correlation between ozone at 150 hPa and tro-
pospheric background ozone at two European mountain 
sites over the period 1992–2004, indicating local coupling 
of these air masses through stratosphere-to-troposphere 
exchange.  At northern high latitudes, stratospheric ozone 
is estimated to contribute up to 40% to ozone at 500 hPa 
and up to 30% at northern midlatitudes (Terao et al., 
2008).  Hsu and Prather (2009) show the strong modu-
lation of stratosphere-troposphere exchange (STE) ozone 
fluxes by the QBO, also pointing to stratospheric control 
of UT ozone.

It is likely that changes in the STE ozone fluxes 
induced by climate change need to be taken into account 
to understand observed UT ozone changes.  Hegglin and 
Shepherd (2009) using the CMAM find that the simulat-
ed stratospheric ozone flux into the troposphere changes 
over the time period between 1960 and 2000 due to effects 
of both ozone depletion/recovery and climate change.  
Changes in the NH stratospheric ozone flux are around 
6%, while changes in the SH are about −8%.  A multi-
model comparison of STE ozone fluxes performed dur-
ing CCMVal-2 agrees with the global mean predictions 
(Chapter 10 of SPARC CCMVal, 2010).  While the pre-
dicted STE ozone fluxes seem to be biased high by around 
20% when compared to observations, the models’ range 
of STE ozone flux is much smaller than found in previ-
ous studies used for the IPCC (2007).  The impact of STE 
ozone flux on tropospheric chemistry is discussed further 
in Section 4.4.4 of Chapter 4.

In summary, evaluations of observed ozone chang-
es show evidence of a statistically significant positive 

change in ozone in the lower stratosphere; a part of this 
change may be attributed to decreasing ODSs.  Dynamical 
changes are still mainly responsible for these changes, at 
least in the NH.  CCMs simulate increases in lower strato-
spheric ozone and suggest that up to 30% of the ozone 
depletion was masked by the dynamical changes due to 
climate change.  While the importance of lower strato-
spheric ozone changes on upper tropospheric ozone has 
been recognized, understanding of upper tropospheric 
ozone trends remains incomplete.
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