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Abstract. respectively, were found in the 58-60 S latitude band in

The variability of total ozone and UV radiation from To- September and October. The heterogeneous ozone loss dur-
tal Ozone Mapping Spectrometer (TOMS) measurements i$1g vortex occurrences was estimated using a chemical trans-
analyzed as a function of polar vortex occurrences over thdort model. The largest impact of vortex occurrences was
southern subpolar regions during the 1997—2005 period. Théound in October with mean UV increase, total ozone de-
analysis of vortex occurrences showed high interannual varicrease and accumulated ozone loss in the 350-650K range
ability in the 40 S—60 S latitude band with a longitudinal ~©Of, respectively, 47%, 30% and 57%. The region close to
asymmetry showing the largest frequencies over t1e/80 South America is the most affected by the Antarctic ozone
90° E region. The impact of vortex occurrences on UV radi- depletion due to the combined effect of large number of vor-
ation and ozone in clear sky conditions was determined fromf€X occurrences, lower cloud cover and large ozone decrease.
the comparison between the measurements inside the vortekhis region would be the most vulnerable in case of cloud
and a climatology obtained from data outside the vortex overcover decrease, due to more frequent occurrence of ozone
the studied period. Clear sky conditions were determined?0Or air masses during austral spring.
from TOMS reflectivity data. For measurements outside the
vortex, clear sky conditions were selected for reflectivity val-
ues lower than 7.5%, while for measurements inside the vor-
tex, a relaxed threshold was determined from statisticallyl Introduction
similar UV values as a function of reflectivity. UV changes

and ozone differences from the climatology were analyzedIn the most recent years, the ozone hole area has shown a

in the 40 S-50 S and 50 S-60 S latitude bands during the 5401 variability than previously observed (see for example
spring period (September to November). The largest UV in-gig 1 in Newman et al., 2006). The year 2001 was charac-
creases and ozone decreases, reachid@0% and~65%,  orj;e4 by a relatively large ozone hole that remained up to
mid-December. Then in the year 2002, a remarkably high
planetary wave activity took place in the Southern Hemi-

Correspondence toAndrea Pazmino sphere, which contrasted with previous years (Allen et al.,
BY

(andrea.pazmino@aero.jussieu.fr) 2003). This activity brought about, at the end of September,
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the first stratospheric major warming ever observed in theplained by an important attenuation due to cloud cover. The
Southern Hemisphere (Hoppel et al., 2003; Randall et al.yegions with this combined effect of preferential vortex dis-
2005; Scaife et al., 2005). In the middle and high strato-placements and high cloud cover condition are more vulner-
sphere, the air masses rich in ozone from mid-latitudes werable to cloud cover decrease linked to climate change, as the
transported to the Polar Regions (Kondragunta et al., 2005)stratospheric ozone layer slowly returns to pre-ozone hole
In that altitude range, the ozone hole divided in two lobes.conditions. Newman et al. (2006) showed that the unam-
The consequence of the 2002 major warming was a signifibiguous detection of ozone hole decrease due to decrease in
cant decrease of the surface of the ozone hole and its earlgzone depleting substances (ODS) will probably not occur
disappearance. In 2003, a typical ozone hole was observebefore 2020. This delay in the detection of ozone hole re-
within a very large area in September. Then, in 2004, thecovery is linked to the atmospheric variability in the south-
ozone hole area was rather small as compared to the otharn polar stratosphere and the long life time of ODS in the
years (except 2002) and the year 2005 was again charactestratosphere, especially in the Polar Regions.
ized by a big ozone hole. After 2002, a saw-tooth pattern of This paper is organized as follows. Firstly, the data and
relatively small ozone hole in even years and mostly largermethodology used to study the reduction in total ozone and
in odd years was observed (WMO, 2006). However, the yeaenhancement in UV index linked to polar vortex occurrences
2006 has been characterized by one of the largest ozone holare shown. Then, the ATOLL model used to simulate ozone
comparable to those observed in 2000 and 2003. loss partial columns is presented and validated. These sim-

It was shown by different works (Kirchoff et al., 1997; ulations were used to link UV changes with chemical ozone
Pérez et al., 2000; Cede et al., 2002; Pdamet al., 2005), loss. In the next section, the main features of vortex displace-
that the subpolar regions of the Southern Hemisphere werenents over the Southern Hemisphere are analyzed for the
affected by short periods of weak total ozone values di-whole period 1997—2005. Then the variation in total ozone
rectly linked to overpasses of the ozone hole. Duringand UV index linked to polar vortex occurrences are quan-
these episodes, the subpolar regions experience a pronouncéfied over the sub-polar regions and mid-latitude regions
ozone reduction with generally an enhancement of UV-B ra-(40° S-60 S) using TOMS data. In a following section, the
diation, depending on cloud cover conditions. Other studiegelationship between UV changes and chemical ozone loss
have shown that the populated regions of the South Americés analyzed using partial ozone columns from ATOLL simu-
Southern tip are a preferential area for vortex occurrencesations. The potentiality of different regions to possible UV
in the spring period (Compagnucci et al., 2001; Huth andenhancement in a hypothetical scenario of cloud cover de-
Canziani, 2003). In a previous work (Pafiiet al., 2005), crease is analyzed. Finally, the main results of the work are
we have analyzed the local increase of erythemal dose linkedummarized and conclusions are presented.
to vortex occurrences at mid-latitude and polar stations of
the Southern Hemisphere. Episodic daily erythemal dose
increases larger than twice the climatological value were2 |mpact of vortex occurrences on ozone and UV
found at the Argentinean town of Ushuaia (543 68.3 W) radiation
linked to vortex occurrences over the station during the pe-
riod 1997-2003. The average erythemal UV increase due t@,1 Data and methodology
these events was evaluated to 68% over this period. Casiccia
et al. (2003) have found episodic UV index increases largedn order to quantify the occurrences of the vortex at
than 100% over Punta Arenas (539, 70.9 W) in Chile in mid-latitudes over the 1997-2005 period, the equivalent lat-
October 2000 due to vortex overpasses. itude (EL) at the potential temperature levst550K is

In the present study, we analyzed the whole subpolar latused. It is calculated from PV field simulated by the MI-
itude region using total ozone and local noon erythemalMOSA PV advection model (Hauchecorne et al., 2002).
UV irradiance (converted to UV index) of TOMS during The EL at 550K is computed at each elementary grid
the 1997-2005 period. The cloud cover conditions werearea (2x1°) of the PV field of the latitude band 3&—
taken into account using TOMS's reflectivity values. In ad- 90° S. The meteorological analyses from the European Cen-
dition, a high spatial resolution advection model coupledtre for Medium-Range Forecasts (ECMWF) 1.13.125
to an ozone chemistry parameterization (ATOLL-Advection (T106 truncation) analyses are used for the PV calculation.
Transport model with Ozone Linearization scheme at isen-Such a method was already used in previous studies for the
tropic Levels) was used in order to link the UV increase to discrimination of polar and non polar measurements per-
accumulated chemical ozone loss during each Antarctic winformed at the edge of the vortex (Godin et al., 2001; Pammi
ter and spring. The model was also used to detect the prefeet al., 2005). The EL is a modified PV variable enclosing the
ential regions of vortex displacements characterized by largesame area as the PV contour. In the quasi-conservative co-
chemical ozone loss but no significant UV enhancements asrdinate system (ELg) firstly described by Mcintyre and
derived from TOMS measurements. The lack of UV sensi-Palmer (1984), the EL of each elementary area is compared
tivity to significant ozone decreases in some regions is exto the EL of the vortex edge for classification. The inner and
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outer vortex regions are determined from the maximum ofshown in Sect. 3. Three months were analyzed: Septem-
the PV gradient weighted by the wind module, as a functionber, October and November when the maximum frequencies
of EL (Nash et al., 1996). The classification is performed of vortex occurrences are observed. This period was cho-
between 1 April and 31 December of each year of the pesen since it shows the more frequent vortex occurrences over
riod. This period was chosen to evaluate specially the vorsub-polar regions, with its consequent ozone depletion and
tex evolution. The vortex is firstly developed in the upper UV changes.
stratosphere in March to April. Then since June the vortexis The first step to calculate the UVI climatology is to com-
well developed at the different isentropic levels. It generally pute the zonal mean daily value from July to November over
breaks up at the end of November, beginning December. Prethe 1997-2005 from UVI data with corresponding reflectiv-
vious studies showed that the highest correlation between paty lower than 7.5%. Then the UVI daily evolution is fitted by
tential vorticity and total ozone values was obtained at 550 Ka third-order polynomial. This period was chosen to fit cor-
isentropic level (Bodeker et al., 2002; Pazmiet al., 2005).  rectly the evolution of UV with the polynomial fit since not
To quantify the changes in UV linked to total ozone de- enough UV values outside of the vortex are available before
crease in sub-polar regions due to vortex occurrences, totaluly over the 50S—60 S latitude band. The TOC outside
ozone columns (TOC) values from TOMS (V8) (e.g. Labow vortex monthly climatology is computed with a resolution of
et al., 2004) and TOMS-retrieved erythemal UV irradiance 1°x1°. A climatology varying with latitude and longitude
at local noon (Krotkov et al., 2002) are used. The erythemalas chosen in order to reflect TOC climatological changes
irradiance in W/ is multiplied by 40 id/W to expressitin  as a function of longitude as noted in Malanca et al. (2005).
UV Index (UVI) units (WHO, 2002). After interpolating the A monthly average is performed in order to take into account
TOMS TOC and UVI data on a°k1° grid, two groups of  the dependence of TOC with season and to avoid the weak
data were distinguished according to the vortex position oveumber of situations outside of the vortex for the higher lati-
each elementary area of the grid. The first group correspondsides.
to TOC and UVI values inside and in the inner edge of the The percentage differences in UVI and TOC values

vortex, as determined by the previously described classificatAUVI and ATOC, respectively) due to vortex occurrences
tion and the second group to data outside the vortex. The datgver an elementary space°d1°) are determined as de-
of the latter group are also used to calculate the reference cliscribed by Eq. (1) for UVI:

matology of daily UVI and TOC values over the studied pe-

riod. In this way, the TOC and UVI changes due to vortex UVI(A, ¢, d)—UVIgi(X, d)

occurrences are characterized by the difference between trigUV! (4 ¢, d) =100x UVl gi(, d) (1)
values inside the vortex and the corresponding value of the
climatology for that day and location. Where UVI represent the value inside the vortex at latitude

Since UV radiation at the surface is strongly influenced 2, longitudey and day? and UVl is the climatology value
by cloud conditions (WMO, 2003), only the data obtained at latitudex and dayd.
in clear sky conditions are considered for the calculation of It was found in the study that for some latitude regions,
the UVI climatology. The separation of cloudy and clear sky the statistics of UVI and TOC measurements inside the vor-
data is determined from TOMS reflectivity data. The latter tex and for the specified criterion of clear sky condition
data is calculated from the backscattered radiance at 360 niwas relatively poor. For example, only 58 elementary areas
wavelength which is independent of ozone. This reflectedwere found for clear sky condition over the whole Septem-
radiation is assumed to originate from the ground and theder 1997-2005 period for the latitude band 5860 S, rep-
tops of clouds in TOMS's algorithm (McPeters et al., 1998). resenting around 0.04% of the total number of elementary
The cloudless scenes measured by TOMS for most land andreas that were inside the vortex during that month and for
ocean surfaces have been studied by Eck et al. (1987). A ceilll cloud cover conditions.
ing value of reflectivity of around 7—8% was determined for In order to improve the statistical results, a relaxed con-
clear sky condition (Eck et al., 1987; Herman and Celarier,dition of the ceiling value of TOMS reflectivity was consid-
1997; Wang et al., 2000). This minimum reflectance tech-ered. To that aim, the change of UVI as a function of reflec-
nigue is not adequate for regions covered by snow and icetivity was studied. Meam\UVI values were calculated for
The reflectivity of snow and ice surface is quite high in the each degree of latitude betweer? Band 60 S for Septem-
UV, preventing the distinction between cloudy and cloud-freeber, October and November over the period 1997—2005. The
regions covered by snow and ice. The regions southern ofmean values oAUVI over the whole latitude band (8@&—
60° S were therefore not considered in the analysis since th&(0° S) together with the two standard error confidence in-
sea ice in the Southern Ocean around Antarctica presents derval () are shown in Fig. 1 for September, October and
important extension with a maximum reaching &in aver-  November as a function of reflectivity with a step of 5%. As
age in September (cf. Fig. 1 of Zwally et al., 2002). The studyexpected, the meatUVI is the largest for lower reflectivity
was focused on the 8G—60 S latitude range since this re- values for the three months. It becomes negative for reflec-
gion is frequently affected by vortex occurrences as will betivity values larger than 40% in September and October and
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October that is not significant ab2devel compared to clear
sky condition except for reflectivity values larger than 90%.
These high reflectivity values correspond to regions close to

80

T O F 60° S, where indeed the largest ozone decreases are found in
g o s S 23 the 50 S—60 S latitude band.
< a0 September] : = A similar analysis was done for the 48-50 S latitude
801 November TR | band. We found similar behavior but the UVI increases at
10 2 30 40 s 60 70 8 9 100 low reflectivity values are weaker than those of the southern

Reflectivity [% .
- yF I latitude band due to weaker total ozone decrease. The values

of reflectivity criteria were restricted to 27.5% on September,
17.5% on October and 7.5% in November.

2 2.2 Simulation of partial ozone column (POC) of ATOLL
] model

10 20 30 40 5‘0 éO 70 80 90 100 ..
Reflectivity [%] 2.2.1 Model description

Fig. 1. Zonal AUVI (top panel) andATOC (bottom panel) and the The ATOLL model was developed to obtain a high reso-
20 Standard Error of the mean for September (blue curve), Octobetution 4-D representation of the ozone hole with a simple
(red curve) and November (green curve) for different reflectivity parametrization of ozone chemistry over the period 1997—
values (step of 5% in th£2.5% interval) in the 59S—60 S latitude 2005. ATOLL is a result of the coupling of the high res-
band. The small panelin the right upper part of the top figure showsp|ution advection transport model Mék Isentropique de
a zoom of the data for small reflectivity values. transport Mesoechelle de 'Ozone Stratasptue par Ad-
vection (MIMOSA, Hauchecorne et al., 2002) with the LIN-
earized OZone (LINOZ, McLinden et al., 2000) chemistry
parametrization for ozone homogeneous chemistry and to the
30% for November. The meanUVI corresponding to re-  MIDdle atmosphere RADiation scheme (MIDRAD, Shine,
flectivity values lower than 10% vary from 50% in Septem- 1987) for vertical transport calculation using ozone in an
ber, 75% in October and 35% in November. For the highestinteractive way. We have also established a heterogeneous
reflectivity valuesAUVI can reach-80%. The mearUVI ozone chemistry parametrization to take into account the im-
of September and October are comparable witkinsan-  portant ozone depletion in the Polar Regions of the Southern
dard error confidence intervals and are generally larger thamemisphere.
the meamAUVI in November. Three ozone tracers are defined: one that it is not affected

The relaxed criterion for the ceiling reflectivity threshold by chemistry and the two others affected by homogeneous
is obtained by comparing the meaxiUVI values for dif- and heterogeneous chemistry, respectively. The three tracers
ferent reflectivity values to the maximum meaUVl at  are advected by the ECMWF wind analyses.

20 standard error level. It can be seen in the top panel of Inits present version, the ATOLL model uses 16 isentropic
Fig. 1 that the mean values associated to reflectivity largetevels between 350 and 950K and covers the latitude band
than 27.5% in September, 22.5% in October and 12.5% i30° S-90 S with a horizontal resolution ok 1°. This spa-
November are significantly different at-2standard error tial resolution is sufficient to simulate large scale events such
level. These thresholds of reflectivity represent thus theas vortex displacements towards mid-latitude regions of the
quasi-clear sky condition of the studied period for the corre-Southern Hemisphere.

sponding month. In these conditions, the number of elemen- In order to simulate the ozone loss at high latitudes regions
tary areas considered inside the vortex was increased frordue to heterogeneous chemistry, the activation of air masses
0.04% to 9.2% in September, from 0.16% to 4.5% in Octo-induced by polar stratospheric cloud (PSC) formation and
ber and from 0.13% to 1.1% in November. The medarOC the related ozone destruction in the presence of solar radi-
were also represented in Fig. 1 (bottom panel) together withation were parameterized. A cold tracer (CT) was incorpo-
the 2 standard error confidence interval. It varies weakly rated into ATOLL in order to detect the activated air masses
with the reflectivity as compared taUVI variation. The  after their exposure to PSC. The CT varies between 0 and 1,
meanATOC values are always negative for the three monthscorresponding, respectively, to not activated and completely
The monthly average of meanTOC is —27.94-2.4% for  activated air. The time scale chosen for the activation rate is
September;-30.2+1.7% for October and-17.14+-1.2% for 7,=7 h andr;=10 days for the deactivation rate in a similar
November. In the latter month, the meATOC values are  way to the previous work of Hadjinicolaou and Pyle (2004).
significantly smaller in absolute value. Figure 1 shows aCT is determined by comparing once per hour the tempera-
small decrease with reflectivity increase for September andure in each grid point polewards of 48 for each isentropic
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level with the temperature of formation of type IPSCorNAT g ™ 3 3 A s o N

(TpsQ. Activated [deactivated] air mass is considered when ‘;:o SPo SR

the temperature is lower [higher] th&sc and CT is then 2r ol [T

computed from Egs. (2) and (3). O g i AT O L e,
Julian Day 2001 ATOLL hom. Q,

ATOLL 03
ATOLL O3 with p24=5%

CT(x, @, 0, 1+dt)=1—(1—CT(X, ¢, 0, 1)) xe 9"/% 2) -
PoMaR /~M‘ /M'A”\ ‘ MimCh passive O,
o H‘Oo- J “‘)‘ 1

MimCh 03

CT(, ¢, 0, t+dt)=CT(A, ¢, 6, 1) x e 91/ 3)

PO R N WA O
T

N}
o

150 180 210 240 270 300 330

Ozone [ppmv] - 475 K

Julian Day 1998

Where CT4, ¢, 6, t+dt) is the cold tracer at latitude, lon-
gitude ¢, isentropic leveb and timer+dt. The temporal
resolutiondt of ATOLL is 1 h.

Tpscis calculated from the pressure at the corresponding
grid point and the mixing ratio of HN@and HO (Hanson
and Mauersberger, 1988). A climatology resulting from av-
erage zonal measurements of Limb Infrared Monitor of the
Stratosphere instrument (LIMS) (Gille and Russell, 1984) isFig. 2. Temporal evolution of the 0zone mixing ratio at 475K for
used for the values of HN§and a value equal to 5ppmv South Pole (SPO) station in 2001 (top panel); and for Marambio
for H,0. The ozone depletion rate due to heterogeneousMAR) and Lauder (LAU) stations for the year 1998 (middle and
chemistry is estimated via an empirical method using thebottom panels, r_espectively). The onne_value§ were _retrieved from
CTM model MIMOSA-CHIM (Marchand et al., 2005; Tri- ozonesonde_s (cwc_le_)_and_ATOLL simulations v_mfuvanable (red
pathi et al., 2006) simulations and 0zonesonde observation%urve) (see its definition in Sect. 2.2.1). Passive ozone tracer (blue

curve) and ozone due only to homogeneous chemistry (green curve)
at South Pole (SPO - 89.8, 102 E) and McMurdo (MMU are also represented. The ozone and the passive ozone tracer of the

—77.8'S, 166.6 E) stations. We have calculated a percent- ¢ty model MIMOSA-CHIM are shown only for the year 2001 as
age of ozone depletion per 24 h of sunlighb4). This per- 4 cyan and black curves, respectively.
centage is multiplied by the value of the cold tracer which

indicates the degree of activation in the corresponding point

of grid only if the Solar Zenith Angle (SZA) is lower than _ .
95°. Hadjinicolaou and Pyle (2004) fixesbs at 5%. In the various stations. The three ozone tracers of ATOLL are rep-

case of ATOLL, po4 is variable with time and altitude. The resented in the figure: the passive ozone tracer, ozone linked
sum of the ozone loss rates of the four main catalytic cyclesto homogeneous chemistry and ozone assouat.ed to heteroge-
involving chlorine and bromine constituent (CI-O and ClO- N€0US and homogeneous chemistry. Observations are shown

CIO cycles and the cycle BrO-CIO via Cy@nd via BrCl)of ~ 0¥ the markers. The upper panel displays the ozone sim-
MIMOSA-CHIM was used as a guide for the estimation of ulations gt South_PoIe (SPO), generally in the vortex core,
the po4 parameter in ATOLL. Then, the, values were ad- for the winter-spring 2001. The ozone and passive ozone

justed for the cold winter 2001 and the disturbed winter 2002,tracer simulations by the CTM model MIMOSA-CHIM are

from the comparison of model results with ozone sonde mea§lISO represented in the figure (black and gray curves, respec-

surements at South Pole and McMurdo stations. These stati—vem for comparison with heterogeneous ozone tracer from

tions were selected because they are generally inside the vo'rA-‘TOLL'

tex. The ozone depletion rate is applied at each time step of The ozone mixing ratio simulated by ATOLL and
the model (1 h) if SZA<95°. The effective ozone loss is thus MIMOSA-CHIM presents negligible differences until the
modulated by the value of the cold tracer and the duration ofend of July. In August, the differences become more impor-
sunlight, which determines for ATOLL the difference from tant and the simulation of ATOLL is in most of the cases in
one winter to the next. Note that a constant percentage obetter agreement with the sondes measurements. The main
ozone loss from one year to the next is adequate for the stucdifferences between the simulations are noticeable in the
ied period characterized by a weak variation in total chlorinemonths of September and October. ATOLL simulation repro-
and bromine content in the stratosphere (WMO, 2007). duces the ozone decrease, the low values of ozone reached
at the end of September and the beginning of October, in
2.2.2 Validation of the model simulations with ozone sondegood agreement with observations. Moreover, it simulates
measurements correctly the low values of ozone persistent in October at
the station. The MIMOSA-CHIM simulation reaches these
The ozone tracer influenced by dynamical processes antbw ozone values only by mid-October. Another parameter-
homogeneous and heterogeneous chemistry is compared ipation for heterogeneous ozone loss rates was also used in
ozone sondes measurements at different isentropic levels. ASTOLL, ATOLL sq, (cyan curve) withp,4 equal to 5% fol-
an example, Fig. 2 shows the ozone mixing ratio at 475 K forlowing the specification of Hadjinicolaou and Pyle (2004).

PO R NWAO
T

20 150 180 210 240 270 300 330
Julian Day 1998
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a) September b) October ¢) November Monthly zonal frequencies (inside the vortex or in the inner edge)
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Fig. 3. Scatter plot of the 350—650K partial ozone column of Fig. 4. Seasonal evolution of the average zonal and longitudinal
ATOLL and SAGE at the 49S-60 S latitude band for: (a) frequency of the situations inside or in the inner edge of the vor-
Septembei(b) October andc) November of the 1998—2004 period. tex over the period 1997-2005. Scale of colors of 5% and 2.5%,
POC amounts considered inside or in the inner edge of the vortexespectively.

are represented by blue points and values associated to situations

outside of the vortex with green points. . .
g P of simulated and observed POCs for the latitude barids40
60° S in September, October and November. The situations

ATOLL s presents a good agreement until mid-Septembeidnside the vortex are represented by blue points and the situ-
but the weakest ozone values are only reached at the end @fions outside of the vortex by green ones. The mean relative
October. POC differences between ATOLL and SAGE show an under-
The comparison between ATOLL simulation and measure-stimation of the model in September of around 5.6% for the
ments performed at Marambio (MAR — 648, 56.7 W), a situations inside the vortex and an overestimation of 4.4% for
station most of the time in the vortex edge (Pazmeét al., the situation outside the vortex. In October, the mean relative

2005), and Lauder (LAU — 45.08, 169.68 E), which were  difference presents a larger mean underestimation of 14.9%

Fig. 2 for the year 1998 (middle and bottom panel, respeC_yortex show an overestimation c_ompgrable to that observed
tively). ATOLL reproduces generally well the ozone evolu- in September (5.1% mean relative difference). In Novem-
tion observed by ozonesondes at Marambio, which sampl®€r, the model shows an overestimation of POC values for
air masses inside and outside. The good agreement higi0th types of situations 0f13%. The correlation of par-
lights the ability of the model to reproduce the complex be-tial 0zone values from ATOLL and SAGE is quite good for
havior of ozone near the vortex edge. The mid-latitude stathe situqtions inside the vortex with a correlation poefficient
tion (LAU) presents differences between the passive ozon@f 0.75 in September, 0.8 in October and 0.79 in Novem-
tracer and ozone due to homogeneous and heterogeneoh@r- For the situations outside of the vortex, the correlation is
chemistry from August. These differences are larger in Oc-Weaker especially in September: 0.53, 0.66 and 0.8, respec-
tober and November. During this period, the heterogeneoudVely: These various comparisons with ground-based and
ozone tracer is in good agreement with sonde measurementgatellite measurements indicate that ATOLL reproduces in
The ATOLL simulations shows that the ozone amounts at@ Satisfactory way the ozone partial column in the altitude
Lauder are much less affected by chemical ozone loss com@nge most affected by heterogeneous chemistry processes
pared to e.g. Marambio, but the difference between ATOLL during the period of interest.

ozone (red curve) and ATOLL hom. ozone (green curve) is

clearly visible on the figure. It reaches 0.5ppm or more at3 Analysis of vortex occurrences over sub-polar regions
475K. Since we are interested in the relationship between

the partial ozone column (POC) and UV radiation, we haveThe frequencies of vortex occurrences over the Southern
also compared the POC fields of ATOLL between 350 andHemisphere as a function of latitude and longitude are
650 K isentropic levels to the corresponding POC of SAGE Il analyzed using the methodology described in Sect. 2.1.
(Mauldin et al., 1985) over the 1998-2004 period. SAGE Il Figure 4 shows the seasonal evolution of the monthly zonal
ceased operation after 2004. Figure 3 shows the comparisoinequencies of the situations inside the vortex over the period
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19972005 as a function of the latitude (upper panel). Fre- ‘ @) Seprember ‘ ‘ ‘
quencies larger than 90% are observed betweérs7and ook S J
9(° S each year. The regions with frequencies larger than ol .
90% extend northwards in June with a maximum extension  -iook ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]

A . -65 -55 -45 -35 -25 -15 -5 5 15
generally in August and a southward regression around Oc- b) October —

tober. As an exception due to the major warming, the latitude - ‘ ‘ ‘ ‘ ‘ measure [40°S - 50°S]
. 200}~ mean [50°S — 60°S]

range between P and 90 S are characterized by frequen- 100l H‘M mean [40°S - 50°]
cies lower than 90% between September and November in3  of 1”1%5;;;22-1

2002. The annual evolution of frequencies larger than 70% ~ -1k ‘ ‘ ‘ ‘ ‘ ‘ ‘
is very similar from one year to the next with northernmost

I [%]

latitude of around 65S generally reached in July and Au- 2005 = 9 November .

gust. The years 1998 and 2002 stand out in these time serie ;oo ~ ~---Fs i

as the years when the polar vortex showed the, respectively or 3 _—

northernmost and southernmost extensions. O T
In the 50 S—60 S latitude range, vortex overpasses gen- ATOC [%]

erally occur with frequencies lower than 50% except in 1998

when frequencies exceeding 70% were determined betweerig. 5. Variation of relative UVI changesXUVI) as a function of

57° S and 60 S in August. The monthly frequencies of vor- relative ozone differences\TOC) on Septembefa), October(b)

tex overpasses in this latitude range present a larger interarand Novembe(c) for 50° S—60 S and 40 S-5C S latitude bands.
nual variability than at higher Southern latitudes. The weak-Only quasi-clear sky conditions are considered. A moving average
est frequencies (be|0W 5%) reach their northernmost extenﬁt and the.27 standard deviation is representgd with bold lines for
sion (generally around 3%) in November-December. In the two Iatltgdes bands. The RAF power rule is also represented by
2000, 2003 and 2005, these low frequencies reache@30 Plack dash lines.

In 2002, vortex overpasses could be detected down 1&30 ) ) ) )
already in September and up to October. Note that all the?ronounced in the regions encompassing South America and

currences before its breakup. The breakup of the vortesPer period).
is determined when the maximum wind speed calculated

along Ertel's PV isolines at 450K isentropic level falls be- 4 variation of ozone and UV radiation over subpolar

low ~15.2m/s (Nash et al., 1996). regions linked to vortex overpasses
In order to study the asymmetry of the displacement of

the austral vortex in the subpolar regions previously men-In order to analyze the relationship between local increases
tioned, the monthly longitudinal frequency of the situations in UV and Antarctic vortex occurrences with low total ozone
inside the vortex for the sub-polar latitudes region are com-values, the UVI and TOC data from TOMS Version 8 were
puted over the 1997-2005 period. The bottom panel of Fig. &compared following the methodology described in Sect. 2.1
displays the monthly longitudinal frequency for the°&3-  for the latitude band 305—60 S. The latitude band 46—

60° S latitude band. It shows that the highest frequencies (ap50° S was also considered although it is characterized by
proximately 35%) in this latitude range are observed betweemmuch lower vortex occurrence frequencies: on the order of
90° O and 90 E. In this longitude range, the frequencies are 2.3% in average as compared to 18.6% in average for the
generally lower than 25% until July, except in 1998 when former latitude band as shown in Fig. 4. Figure 5 displays
higher values were reached. In September and October, thibe variation of relative UVI changesAUVI) in Septem-
months when the vortex starts to be strongly deformed byber (a), October (b) and November (c) as a function of rel-
planetary wave activity, the maximum frequencies vary be-ative ozone differences\(TOC) for both latitude bands. A
tween 30% and 50% at these longitudes. Other studies havaoving average fit was applied to data at each 256%C
analyzed the preferred regions of vortex displacements. Thetep, in aATOC interval of+£1.25%. The mean values and
work of Moustaoui et al. (2003) has shown that regions over2o standard deviation oAUVI are represented with bold
South America are preferred for wave breaking linked to thelines in Fig. 5a, b and c. The relationship between UV
behavior of quasi- stationary wave 1 using a mean relative deehange and TOC differences shown in the figure are quite
viation between reconstructed PV from high resolution sim-similar to that reported by UNEP (1998) where the depen-
ulation and PV obtained from reanalysis. The waves inducedence of erythemal ultraviolet radiation at the Earth’s on at-
upward displacements that produce polar-vortex-edge dilatamospheric ozone was illustrated at various locations. This
tion over those regions. Ajtic et al. (2004) have discussedrelationship is very similar within 2 standard deviation in-
where the Antarctic ozone depletion has the largest impacterval to a model prediction with a power rule using RAF=1.1
in the southern mid-latitude regions during the dilution of (Madronich et al., 1998) described in the UNEP report that it
the ozone hole. They have shown that the impact is mosts also represented in Fig. 5 (black lines). This is specially
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highlighted in October and November. Outlier values repre-5 Chemical ozone loss associated to vortex occurrences
sent a negligible contribution to the meaUVI values as

seen by comparing the median and mean values for the threg, orger 1o evaluate the chemical ozone loss over tHeS50
months. . ) 60° S latitude band linked to vortex occurrences and to study

~ The three months present similar UVl increases as a funCine relationship with UV changes, the partial accumulated
tion of TOC changes as shown by the fitting bold lines in 4;0ne |oss columns (AOL) simulated by the ATOLL model
Fig. 5. Some differences are yet observed due to the differsor the 1997-2005 period have been used. The partial ozone
ent criteria for quasi-clear sky conditions. But these differ- ¢ojymns are retrieved in the altitude range 350-650 K where
ences are negligible ab2standard deviation level. Given peterogeneous chemistry processes induce chemical ozone
that snow-covered surface over the southernmost region Ofyss due to the presence of PSC at these polar altitude regions

South-America is still frequent during spring, and the fact 45 shown in Fig. 6 of Parrondo et al. (2007) for the year 2003.
that TOMS algorithm overestimates the actual cloud cover

in cases of high reflectivity (e.g. Herman et al., 1999), itis5.1 Characterization of ozone loss and UV changes rela-
possible that some clear-sky days over the continent were  tionship
wrongly missed in our analysis. Nevertheless, the number
of such data should be very small, as on average less thalm this section, we analyze the relationship between the ac-
5% of the time the sky has less than 10% cloud cover alongcumulated ozone loss in the 350-650 K potential tempera-
this region during September, October and November, andure range and the UV increases in theé 5660 S latitude
the average surface UV albedo is lower than 40% (Luccini etband. In order to link the partial column of the accumulated
al., 2006). ozone loss (AOL) derived from ATOLL simulations to UVI

In September and October, large UVI increase betweerand TOC changes (Sect. 2.2), we have computed total ozone
once and two times the climatological values are found forfrom the partial ozone column of the model between 350 and
an ozone decrease of 50-65% betweeA $@Nnd 60S 950 K. The ozone climatology of Fortuin et al. (1998) was
(red points in Fig. 5). In the northernmost latitude band used to compute the partial ozone columns below 350K and
(blue points), maximum UV increases of 80% for Septem-above 950 K. However, comparisons with sondes and POAM
ber and 130% for October are observed for ozone decreaség®olar Ozone and Aerosols Measurements) Il measurements
of 45% and 50%, respectively. In NovembexUVI can (Bevilacqua et al., 2002) for POC below 350K and above
reach values as high as 70% for the northernmost latitud®50 K, respectively, revealed biases of this climatology in
band and 140% for the southernmost one, associated witthe Polar Regions. Correction terms were thus applied to
ozone decreases larger than 35% and 45%, respectivel$he climatology in order to reach a better agreement with the
From data of Fig. 5, we calculated the radiation amplifi- measurements. In addition, a correction term was also com-
cation factor (RAF) for each month following its defini- puted for the overestimation of ozone by the model between
tion d(InUVI)=—RAF*d(InTOC) (Madronich et al., 1998). 600 and 950K due to initialization problems. Ozonesondes
Model results show that the RAF depends on the SZAin Antarctic stations (South Pole, McMurdo, Marambio and
(Micheletti et al., 2003). However, due to the variability in Dumont d’Urville) and POAM data were used for this cor-
the experimental conditions (change of the noon SZA withinrection terms.
the month, not all points correspond to absolute clear-sky The relative UVI and TOC differences due to vortex over-
conditions, large differences between the ozone vertical propasses and computed from TOMS data for quasi-clear sky
file inside and outside the vortex, etc.), the determined RAFsconditions are shown in the second and third columns of
are statistically undistinguishable (withimr2from the theo-  Table la. For comparison, corresponding TOC results for
retical reference value of RAF=1.1 (Madronich et al., 1998) ATOLL are given in the fourth column of the table. For each
that it is also represented in Fig. 5 (black lines), and also theaverage value, thes2standard error is indicated. The fifth

SZA dependence remains unobservable. column corresponds to a spatial mean number of days of vor-
We then decided to focus our study of the impact of vor- tex occurrences (V).
tex occurrences on UV radiation at the’Z®-60 S latitude In order to study the influence of chemical ozone loss on

band, due to the rapid decrease of the number of vortex ocUV increase, the method described in Sect. 2.1 is applied for
currences with high UV increases at the 83-50 S latitude  the partial ozone column simulated by ATOLL in the 350—
band (see Fig. 5). In September and November UV increase850K range (POC) and the accumulated ozone loss in the
do not reach 100% and in October, UV increase larger tharsame potential temperature range (AOL). The POC values
100% are found for only a few number of points. inside and inner edge of the vortex (PQ@nd POC clima-
tology (POG;i) are defined in Egs. (4) and (5), respectively.

POG (%, ¢, d)=POG_ayn(%, ¢, d)—AOL; hom(%, ¢, d)—AOL; het(r, ¢, d) (4)
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Table 1a. Mean UVI and TOC relative differences of TOMS Table 1b. Same as Table 1a for the mean relative value of the par-
(columns 1 and 2, respectively) and TOC relative differences oftial ozone column difference between 350 and 650 K (column 1) of
ATOLL (column 3) for the 50 S—60 S latitude band and the cor- ATOLL and the corresponding2Standard Error. The partial ozone
responding 2 Standard Error according to classification with max- column due to dynamics (column 2) and the partial ozone loss col-
imum admissible reflectivity value for September, October andumn due to homogeneous chemistry (column 3) and heterogeneous
November. These values were averaged over the 1997-2005 pehemistry (column 4), according to Eq. (7), are also shown.

riod. The monthly values of the mean spatial vortex occurrences

are shown in the last column.

Mean relative values

Mean relative values Mean
spatial APOC APOCGyn  AAOLhom  AAOLpet
vglues Month PO POCii POGi POGii
% % % %
AUVI ATOC ATOC
Month OVIgi TOCrqi TOCxii VOsp September —45.2:0.3 1.6:0.3 3.2:0.1  43.6:0.3
% % % days October —56.740.3 5504 4101 56.9-0.4
September 24-60.6 _25.6+0.3 _209.9-0.2 4.7-0.2 November —39.1+0.8 15.6G:1.0 4.0:0.1 47.8:1.1

October 47.31.0 -29.6£0.3 —-35.5-0.2 3.8:0.2
November 26.3%15 -16.2-0.6 -17.6:0.5 1.5-0.1

ozone differences is 0.74 in September, 0.68 in October and
POCei (%, d)=POGyn cii (%, d)—AOLnom cii (1, d)—AOLhetci(h, &) (5) .78 in November.

The largest UV and ozone changes due to vortex occur-
rences are found in October. Over the whole 1997-2005
period, vortex occurrences induce a mean UVI increase of
and dayd. The AOL_nom(*. ¢, d) and AOL hed4. ¢, d) 47.3% as compared to climatological value. This UVI in-

correspondto the 0zone loss at the Iatltmdkmngltudap_ and crease is associated to a mean total ozone decrease of 29.6%
dayd. The former one is due to homogeneous chemistry Onlycomputed from TOMS and 35.5% from ATOLL. It corre-

while t_he latter one IS due to heterogeneous chemistry or”ysponds to an average ozone decrease of 56.7% in the 350—
The different terms in Eq. (5) represent the same parame

. 650 K altitude range. The average values of UVI increase for
terg of Eq. (4) but for the climatology over the 1997_2.005 both other months are smaller. September presents a mean
perlqd. The monthly climatology determined for situations UVI increase similar in absolute value to the average TOC
ou:trsljlde thet_vlortex at ea(I:H 1 d'ff ted difference by the fact that the maximum reflectivity value for
d e_bpe(ljr_lanzogg column differences were compute asquasi clear sky conditions in September is rather large, 27.5%

escribed in Eq. (6): (see Fig. 1), due to a poorer statistical sampling of clear sky

Where PO gyn corresponds to the partial ozone column af-
fected only by transport processes at latitagdéongitudeg

APOQX, ¢, d)  APOGyyn(r, ¢, d) conditions during this month, together with a higher disper-
POCyi (A, d) = POCyi(h. d) sion of the UV ipdex values as a functiqn of reflectivity in
AAOLpom(h, ¢, d)  AAOL e, @, d) the lower reflectivity va!ues range_(see Fig. 1).
POC(hd)  POCy(h.d) (6) As expeqted, polar air masses linked to vortex occurrences
fifAs fitAs are mostly influenced by the ozone loss due to heterogeneous
Where for each ternX of the right hand side of Eq. (6) chemistry (AOLney) as shown in Table 1b. In September, this

_ difference in ozone loss amounts to about 45% of the par-
AXG. ¢ d) Xi(h ¢.d)~Xei(h, d) (7) tial ozone column climatological value. October shows a
POGii (A, d) POGii(2, d) mean AOlye; difference of 56.7%. In November, the val-
The climatological values of PQgn ci, AOLhomci and ues are smaller than in October. The mean differences of
AOLpet ¢i are calculated as in Sect. 2.1. Table 1b showsozone loss due to homogeneous processes are generally pos-
the mean relative values of these parameters for Septembeitive and of the order of 4%. The effect of dynamical pro-
November of the 1997—2005 period in the°-60 S lat- cesses is relatively weak in the spring period as compared to
itude region. Table 1a shows that the model presents meathat of heterogeneous processes. The effect of homogeneous
TOC decrease values larger than TOMS ones in Septembdhemistry is comparable in the different months while the ef-
and October. This is due to an overestimation of the ozondect of dynamical processes is increasing with time during
depletion by the model for TOC values inside the vortex the analyzed period.

(10% in average). The differences of the mean TOC de-

creases between ATOLL and TOMS are larger in October

but they are generally smaller than 6% according to the ta-

ble. The correlation coefficient between ATOLL and TOMS
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September: reflectivity < 27.5 % same IPCC report presents results that show a decrease in
3Ivo 3] ATOC 3] AUVI precipitation (so it is expected a decrease in cloud cover) in
the middle western part of Patagonia. Cloud-cover changes
in the future will be different depending on the region. Our
study is thus only speculative. The objective was to identify
the most vulnerable regions in case the cloud cover would
decrease in the southern mid-latitude regions prior to the re-
covery of the ozone layer. Figure 6 shows the total number of
vortex occurrences over the 1997-2005 period (left panels)
for the previously defined clear sky conditions: reflectivity
lower than 27.5% for September, 22.5% for October and
12.5% for November. The middle and right panels corre-
spond to mean TOC differences and UVI changes, respec-
tively, from TOMS measurements. The 4 regions correspond
to the following longitude bands (1) [3AV-120 W]; (2)
[120° W=150 E], (3) [15C E-60 E] and (4) [60 E-30 W].
They are shown in Fig. 6. We observe that in September

October: reflectivity <22.5 %
b,) ATOC

November: reflectivity < 12.5 % and October the number of vortex occurrences with quasi-

¢,) Vo ¢;) ATOC ¢ ALVI clear sky conditions over the studied period is the largest
7 in region 1, where it varies from 5 to 20days over the 9y

100 close to the southern part of South America. In region 1,

the ozone decrease varies from 20% to 50% in both months
but it presents the largest values in October. The correspond-
0 ing UVI increases range from 25% to 100%. The other re-
%] gions present negligible values compared to region 1 in both
months. November is characterized by weaker number vor-
Fig. 6. (1)Number of vortex occurrences (V@P) TOC differences  tex occurrences in the different regions. Slightly higher in-
and(3) UVI changes for Septembéa), October(b) and November  flyence of vortex overpasses is observed in region 1 and 3
(c) months over the 1997-2005 period. Latitude band$&60' S qyring this month £6 days). In these regions, the average
is emphasized. Only data corresponding to reflectivity values Iower-l-OC decrease and UVI increase reach 35% and 100%. re-
than 27.5%, 22.5% and 12.5%, respectively, are considered. . . . o !
spectively, in some elementary grid are&x1°).
Table 2 shows for September, October and November the
average number of vortex occurrences in the 4 regions of the
6 Combined effect of cloud cover and vortex occur- 20" S—60 S latitude band, together with the mean value for
rences on UV radiation the whole latitude band. The TOC differences and the corre-
sponding 2 standard error for the new quasi-clear sky con-
ditions are also presented. The vortex occurrences are shown
According to ATOLL simulations and vortex classification, for quasi-clear sky conditions (MO 27.5% for September,
some regions were shown to be more affected by vortex22.5% for October and 12.5% for November, see Fig. 6) and
occurrences (Fig. 4). However, the cloud cover can maskor the new quasi-clear sky scenario (¥@0% for Septem-
the effect of vortex occurrences with low ozone valuesber and October and 25% for November). The absolute dif-
on the evolution of the UV radiation reaching the surface.ference between mean relative TOC decreases between re-
In order to determine the regions that are the most vulnerabléaxed and non relaxed quasi-clear sky conditions is lower
to potential UV enhancement in a cloud cover decrease scehan42% for most regions, except region 2 that presents a
nario during the period of high stratospheric effective chlo- larger value £4%) in the October—-November period. As
rine level, the previous analysis was performed consideringseen in previous results, October is the month character-
a larger threshold for the reflectivity values, allowing thus ized by the largest ozone decreases in most regions. Re-
a larger number of vortex occurrences to be selected. Thigion 1 (R1) corresponding to the populated areas of South
threshold corresponds to mean positive UV changes in Fig. LAmerica is the most affected by vortex occurrences in a pos-
40% for September and October, and 25% for Novembersible cloudiness decrease scenario (situations with reflectiv-
The analysis was performed for four regions determined inity <40%) with a mean V@ value of around 24 days in
the 50 S—60 S latitude band. It should be noted that accord- September and October and 5days in November over the
ing to regional models run under the IPCC scenarios (IPCC9y. In addition, this region presents the largest mean TOC
2007), the stormtracks should move South, increasing predecrease values compared to the other regions in Septem-
cipitation in southern Patagonia and Tierra del Fuego. Theber and October. A mean TOC decrease of about 30% is
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Table 2. Spatial mean vortex occurrences are represented for September, October and November for the 4 regiorisféfeSlatitude
band and for the whole latitude band (regions 1 to 4). The vortex occurrences are shown for quasi-clear sky conditiodg.5¥@for
September, 22.5% for October and 12.5% for November) and for the new quasi-clear sky scengridQ%Cor September and October
and 25% for November). The TOC differences and the correspondingt@ndard Error for the new quasi-clear sky conditions are also

represented.
September October November
ATOC ATOC ATOC
R VO1 VO» TOG; VO; VO, TOG; VO VO» TOG;
days days % days days % days days %
1 9.3 257 -31.9+0.3 64 23.6 —-36.8£0.2 138 51 —-20.9+0.4
2 3.3 89 —-259-03 13 3.0 -30.9-0.7 11 1.7 —-7.44+0.6
3 21 48 -275:04 1.6 5.8 —24.0£04 15 5.7 -16.2+0.3
4 2.3 6.1 —-27.3t0.3 23 10.3 —-30.6£0.5 1.2 41 -19.8t04
lto4 47 119 -28.2£0.2 3.8 115 -30.40.3 15 44 -16.6£0.3

computed for these months, corresponding to a mean UV inebserved during the September—November period. This is
crease of 35%, according to Fig. 5. In such a scenario, thexplained by the higher planetary wave activity during this
populated regions of South America would see the largest inperiod, moving the vortex to subpolar regions. The study
crease in the number of vortex occurrences in September andas thus focused in the September—November period in the
October, the months when the UV increase is largest. The&s0° S—60 S latitude band to highlight the influence of vortex
other regions (2 to 4) show substantially lower increase in theoccurrences on UV and total ozone over these regions. The
number of vortex occurrences, with generally lower averageresults corresponding to the 48-50 S latitude band was
ozone decreases. However, the relative increase in the nunalso analyzed for comparison.

ber of vortex occurrences defined as VOAF=Y@D4, is al- Total ozone differences and UVI changes were evalu-
most similar in all 4 regions. Region 4 shows a larger VOAF 4te(d by comparing the situations inside the vortex with
in October (4.5) with a large ozone decrease (30.6%) but withejimatological values corresponding to situations outside the
a smaller number of occurrences as compared to region 1 (10ortex. In the case of UVI and for situations inside the vor-
to 24 days, respectively over the 9y). In November, loweriey a relaxed condition was determined for clear sky condi-
TOC decreases and number of vortex occurrences are oljjgng by evaluating the UV changes as a function of reflec-
served in all 4 regions as compared to both other monthsyyity. |n such conditions, UVI increases larger than 80% for
Region 2 is the least affected area due to weak ozone deroc decreases larger than 45% were observed in Septem-
crease (7%) and a weak increase in the number of vortex oter, October and November in the®3-60 S latitude band
currence (1.1 to 1.7 days). Regions 1, 3 and 4 present similagng September and October in the 8350 S one. As ex-

and moderate TOC decrease values (16 to 21%) and Wea‘gected’ the 50S-60 S latitude band presents the highest
vortex occurrences (4 to 5days over the 9y). UVI increases. November shows the lowest UVI increases
and TOC decreases in both latitude bands. The average value
of the number of vortex occurrences combined with quasi-
clear sky conditions over the 58-60 S latitude band is
quite small,~5 days for September4 days for October and

UV index together with total 0zone and reflectivity data from 1.5 days for November. But values of vortex occurrences had
TOMS were used in order to characterize the UV enhancefeaChed_ 20 days_ on September and October close to the south
ment in sub-polar regions associated with intrusion of polarof America continent.

ozone depleted air masses in the 1997—2005 period. The fre- A high resolution (2x1°) transport model coupled to an
quency of vortex occurrences was found to be larger tharozone loss parameterization scheme (called ATOLL) was
90% in regions polewards of 7@ except in 2002 due to the used in order to characterize the evolution of the ozone
major warming at the end of September. Northward 6f80 loss in the Southern Hemisphere between 1997 and 2005
vortex occurrence frequencies showed large interannual varifor the 50 S—-60 S latitude band. The simulations showed
ability from one year to the next. In the studied period, a correct agreement with sondes and SAGE Il measurements
longitudinal asymmetry of vortex occurrences over the sub-in the 350-650K potential temperature range. October is
polar regions was observed, presenting the highest frequenaye period with maximum average increase of UVI, ozone
values in the [9OW-9(C E] sector for the 40S-60 S lati- loss and decrease of total columns for the® 5860 S

tude band. In these regions, vortex occurrences are mostliatitude band. As expected, the accumulated ozone loss

7 Summary and conclusions
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(AOL) due to heterogeneous reactions represents the highebbth versions is larger in the reflectivity data. The new V8
contribution to ozone decrease in the 350-650K altitudereflectivity presents a monthly average underestimation of 0
range (AOLye=57%). These mean values of UVI and TOC to 3% reflectivity value for both situations in the analyzed

differences are mostly weighed by values in region 1 (R1 —-months. The correlation coefficient is 0.92 for September,
wP-96 for October and 0.85 for November for inside situa-

South America, see upper panels of Fig. 6) due to rather low’ ; o
cloud cover percentage in this region. tions. Weaker values were found for the outside situations
(reflectivity <7.5%), 0.67 for September, 0.78 for October
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