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Abstract. We present measurements of stratospheric aerosdbackground profile introduces significant systematic errors
made at Aberystwyth, UK (52°AN, 4.06 W) during peri-  for very low aerosol amounts which are very difficult to
ods of background aerosol conditions. The measurementguantify. An alternative approach is to measure the air scat-
were made with a lidar system based on a 532 nm laser antering profile directly through a Raman channel to observe
two polarisation channels in the receiver. When stratospheriscattering directly from Bl Because of the wavelength shift
aerosol amounts are very small, as at present, this method ithis method is not free of assumptions about the atmospheric
potentially, free of a number of systematic errors that bedevildensity profile, and suffers further because the very weak Ra-
more commonly-used methods. The method rests on the agnan signals limit the vertical extent of the signals (Ferrare et
sumption that the aerosol consists of spherical droplets whichal., 1992; Ansmann et al., 1993). This can be overcome by
do not depolarise the lidar signal, which is valid under mostmeasuring the air scattering profile with a polariser, which
conditions. Maximum lidar ratios in background aerosol of typically gives about ten times more signal than Raman. The
1.03-1.06 were measured during the period 2001-2004, witlbasic principle is that air depolarises the lidar signal slightly
integrated backscatter in the range 240 °sr 1. In Jan-  whereas spherical liquid aerosol does not. Thus, measuring
uary 2003, depolarising aerosol was measured, which invalthe backscattered signals polarised parallel and perpendicu-
idated the dual-polarisation measurements. On 10-11 Jardar to the laser beam gives a measure of the total backscatter
uary, the depolarising aerosol was clearly a polar strato-and that due to air alone, which can readily be combined to
spheric cloud (the first lidar observations of such clouds ingive the lidar backscatter ratio.

the British Isles) but the aerosol observed on 7-8 January

was too low in altitude and too warm to be a PSC.

Beyerle (2000) gives a detailed critique of the polarisa-
tion lidar technique, emphasising that it is only suitable for

Since the decay of the aerosol cloud from Mt. Pinatubo therdOW aerosol loadings but that under those conditions it can
have been no major volcanic eruptions disrupting the stratoP€ Superior to the standard or Raman techniques. One snag
sphere, and the aerosol layer has decreased to very low Olgylth the method is tha}t it relies on very _good polarlsauon
tical depth (ager, 2001). Measuring the thickness of such a0f the laser and very I|ttlle bree_lkthrough in the receiver be-
thin cloud accurately is not easy with a visible-wavelength tWeen the two polarisations, since the scattered signal per-
lidar. The standard method for retrieval of lidar data in- Pendicular to the laser beam is only about 1% of the sig-
volves taking the ratio between the measured (elastic) lidaf@! scattered parallel to it. Here we present measurements
signal and a synthetic backscatter profile calculated fronf Packground aerosol using a polarisation lidar at Aberyst-
an assumed profile of temperature and ozone. This work¥Yth, UK (52.4 N, 4.06' N), using a calibration procedure
well when there is plenty of aerosol (Thomas et al. 1987-t0 measure the breakthrough to 10%. The results are consis-
Vaughan et al., 1994) but the inevitable uncertainty in thetent with Ager’s measurements of integrated backscatter, but
this method can also distinguish very clearly between back-
Correspondence tdG. Vaughan ground aerosol and aerosol perturbed by a polarising compo-
(gxv@aber.ac.uk) nent from volcanic ejecta or polar stratospheric clouds.

1 Introduction
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2 Experimental details in the sensitivity of the two receiver channels. We take the
values ofp!l andb as 0.02 and 0.19 respectively, appropri-

The lidar used in this study is essentially the same one aste to a crown glass beamsplitter.

used in Vaughan et al. (1994). It uses a Nd-YAG laser at We can express the ratio of signals/ s+ as follows:

532 nm as the source (300 mJ pulses at 10 Hz rep rate), giv- | i Ll

ing a highly polarised laser beam. A tCexpanding tele- 5 _ A—x)b"F" +xb”F 1)

scope transmits this to the atmosphere. The system is biaxSt (1 —x) (1 —bH)FL +x1 - b FI”

ial, with Complete OVerlap between receiver and transmitterwhereé is a System Constanﬁ' represents the flux of ra-

above 4 km. The receiver consists of a 60 cm parabolic mir-gjation back from the atmosphere ands the instrumen-

ror which, with a secondary, produces an f/4 beam broughta| depolarisation — the fraction of the “wrong” polarisation

to a focus at a field stop aperture above the centre of theneasured on each channel. Writing Eq. (1) for the case when

mirror. Beyond this a prism rotates the beam through 90 hoth polarisers are set to parallel (i.e. ratio of sign&fyand

which is collimated before being directed through an inter- noting thatr <1 and 7+ < F!l so that the product F- may
ference filter onto a plain glass slide as a beamsplitter. Theye neglected:

interference filter has a HPBW of 10 nm. Polarisers (Melles

Griot dichroic sheet type) are placed directly before the pho—K — bl @)

tomultiplier tubes (EMI 9902KA) which detect the light. Ac- L-»plly’
cording to manufacturers data, the polarisers attenuate th%ubstitutingforg in Eq. (1) and again omitting terms irF L,
cross-polarised component by a factor of T®@mpared to o

. ; we find:
the parallel-polarised component. Photon-counting electron-
ics (Ortec MCS-PCI cards with ORTEC 935 constant frac- S| P (1-xF!
tion discriminators) complete the assembly. S+ N @=bY oy T

. 1-x) Al F-+4+xF
Measurement runs are taken with 5000 laser shots Ca
(~8min) at a vertical resolution of 30m. Because of the In this derivation depolarisation of the laser beam is included
faint signals on the perpendicular channel many hours’ datamplicitly, because its effect in practice is simply to increase
need to be collected to provide sufficient precision for anal-the value ofc. ThusF can be simply related to the backscat-
ysis. In practice, a whole night's observations are combineder coefficients of the atmosphere as
(the background being far too high for daytime operation).
_ Lo gl 4 gl t 4)

Atthe lower levels signal overload renders the measurement§ '~ < By Ba™ >
unreliable below 7 km; a correction for pulse pile-up is used, here subscriphf denotes molecular (Rayleigh) scattering

for count-rates up to 20 MHzSt=So/(1-So7) whereSo is  anq A4 denotes aerosol scattering. Here we assume that
the measured count ratghe corrected count rate amdhe p+=0, i.e. the aerosol is in the form of liquid droplets which

®)

deadtime of 10 ns set in the discriminator). do not depolarise. Writing1—b)=(1—b1)/(1—bl), we
find:
3 Data analysis and calibration s K 1- X)(ﬁ» + ﬁﬂ) ©)

st - O(—bBE + 281 + 4l
In principle the polarisation method is simple: coincident ( ! i Paa + F2)

measurements are made of the backscattered signal parallghe quantity(ﬂjl"frﬂﬂ) / ,31‘“4 is effectively the lidar backscat-
to the laser beams!!, and that perpendicular to i§%. It  terratioR, so Eq. b) simplifies to:

is assumed that there is no aerosol in a particular region of

the atmosphere, which provides a reference value to WhiChS_H —K 1-9R

the rest of the profile is normalised. It is also assumed thatS~ (1-x)1—-Db)s+ xR’

the aerosol does not depolarise the laser beam, whence th . o ol

normalised ratio directly gives the lidar backscatter r&tio wehere8 Is the depolansat!on due to aW'M/ﬂM' For the
Allowance must be made for cross-talk between the tWopresent system we take this to be 0.0142 (Cairo et al., 1999),

channels. This can arise from the laser not being perfect reduced by 5% to allow for the transmission of the rotational

; . : . “YRaman lines through the interference filter (most of the de-
polarised, depolarisation by the receiver optics, or transmis-

sion of the unwanted beam by the polarisers. In praCticepolaris:ation due to air is in fact due to rotational Raman scat-

! o £
becauses!l <=, this is only important for breakthrough of tering). The 5% figure was calculated from the measured

. filter transmission profile and a model of the rotational Ra-
the parallel component on the perpendicular channel. To de- .

. . ) . ; . man spectrum at stratospheric temperatures (Vaughan et al.,
termine this crosstalk, first of all the ratio of signals is mea-

sured with both polarisers set to pags Let this ratio bek 1993). Writingy=x/(1—x) this further simplifies to:

(in practice 0.03 with the present system). This is different to ! R
the reflectivity of the beamsplittér| because of differences T = 51 _p) 1 yr - @

(6)
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Fig. 1. Schematic of lidar receiver. Lidar backscatter ratio

We now assume that there is a height in the atmospher€ig. 2. Aerosol scattering 11/12 December 2001. Error bars denote
where no aerosol is present (either above 28km or in thghe precision at each point (1 standard deviation). Vertical resolu-
mid-troposphere, as shown below). The ratio of signals istion is 150m.

then due only to air, and the value Bfis identically 1. Then

4 Results
<SII ) K ®)
§t)ep  8Q—b)+y 4.1 Measurements of background aerosol
from which y may be determined. Dividing Eq. (7) by As mentioned above, the aerosol signal is faint compared to

Eq. (8), and writingRw for the measured value df before  the molecular backscatter and lidar returns over a whole night
taking system depolarisation into account, i.e. the normalisethave to be combined to get sufficient signal-to-noise. This

ratio of parallel to perpendicular signals: in turn means that measurements are effectively confined to
clear nights in winter — not an especially frequent occurrence

5(1—-b)+y R at Aberystwyth. An example from the night of 11 to 12 De-
Ry = S(1—b)+ yR - 14 R=Dy - ©) cember 2001 is shown in Fig. 2. The profile has been nor-
(=b)+y malised at 8 km because the signal at the top of the profile

was too noisy; this introduces an uncertainty~df.01 to the

peak value ofR. Below 8 km cirrus cloud and counter over-

load render the measurements unreliable. The profile shows

R — Rum , (10) almost no aerosol up to 17 km, with a increase to a peak value
1-(Ry — D3 of 1.065 at 20 km.

The second examples are from 18 and 22 February 2004
with the obvious caveat that this equation applies only when(Fig. 3). Here the profiles have been normalised to the ratio
R-1is small <0.1). at 30 km, but they show that the mid-troposphere is aerosol-

Several estimates were made of y over the three years dfee (some cirrus affects the measurements on both days).
measurements using Eq. (8), with improved accuracy as systhe aerosol layer now extends lower than in December 2001
tem modifications were made. All the estimates were consisand, interestingly, extends higher on 18 February than on 22
tent with a value of 0.40.1%. The definitive estimate was February. The latter profile was taken in a more polar air-
obtained on 7 March 2004 with a narrow-band filter passingmass than the former, which indicates that the polar air con-
only the Cabannes (elastic) backscatter plus 7% rotationdained less background aerosol than its midlatitude counter-
Raman, giving a value af=0.385%. This makes!//s+ in part. Note the very different aerosol profile in this period to
Eq. (8) more sensitive to the value ofand enables it to that shown in Fig. 2, especially below 20 km. This illustrates
be measured to better precision (although the aerosol medhe variability of background aerosol profiles.
surements themselves, of course, are more precise with the In all, in the period April 2001-February 2004 sixteen
greaters of the wider filter). Taking an aerosol-free height nights’ data were obtained with the lidar; data are sum-
on that day as 9.45 kny, was estimated as 4.04%. This  marised in Table 1. The maximum lidar ratio in these profiles
value has been adopted for the results presented in this papesaried between 1.03 and 1.06, with the exception of January

Inverting Eq. (9) we find:

www.atmos-chem-phys.org/acp/4/2441/ Atmos. Chem. Phys., 4, 24472004
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Table 1. Summary of stratospheric aerosol measurements

Max lidar ratio  Integrated Backscatter, Comment

(+0.01) 10°sr1(+2)
April 2601 1.04 6
May 0301 1.03 3
May 1201 1.03 3
May 22-2401 1.03 2 Combined 3 nights’ data
December 1101 1.06 4
December 1201 1.06 5
October 0402 1.04 7
January 0603 1.06 7
January 07-0803 1.04 6 Depolarising aerosol
January 1003 1.12 10 PSCs
February 1804 1.06 7
February 2004 1.05 7
February 2204 1.04 7
March 0904 1.05 7
30 30
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Fig. 3. Aerosol scattering 18 and 22 February 2004. Error barsFig. 4. Lidar ratio as derived from the two polarisations, 6-8 Jan-

denote the precision at each point (1 standard deviation). Verticaliary 2003, showing aerosol depolarisation in the lower stratosphere

resolution variable. on 7 and 8 January. Each curve is derived from over 12 h continu-
ous data. Error bars denote the precision at each point (1 standard
deviation). Vertical resolution variable.

4.2 Depolarising aerosol
2003 which is discussed below. Much of this variation can
be accounted for by the statistical uncertainty in fitting the On most occasions the assumption that the aerosol does not
profiles above the aerosol layer. The integrated backscattetepolarise appeared valid. However, this was not always the
from these profiles (calculated using the CIRA standard atcase. On 7/8 January and 8/9 January 2003 profiles were
mosphere) was in the range 2<¥0°sr 1. Thisisin agree- measured with a clear layer of depolarising particles in the
ment with &ger et al. (2001), and using a ratio of extinction lower stratosphere (Fig. 4). The rat® was now<1 be-
to backscatter appropriate to post-Pinatubo aerosol of 50 stween 11 and 15.5 km, showing the presence of depolarising
(Jager and Deshler, 2002, 2003) it corresponds to an opticaherosol. Near 20 km, the lidar backscatter ratio of 1.04 was
depth of 1-3.5102. consistent with the profiles measured on 6/7 January. During

Atmos. Chem. Phys., 4, 2442447, 2004 www.atmos-chem-phys.org/acp/4/2441/
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Fig. 5. Ratio of lidar signals to synthetic density profiles, 8 January Fig. 6. Lidar backscatter ratio measured 10-11 January 2003, show-

2003. Solid line: ratio ofL signal; dashed line: ratio df signal. ing two depolarising layers: cirrus below 12 km and PSCs between

Error bars omitted for clarity. 18.5 and 21.5km. Error bars denote the precision at each point (1
standard deviation). Vertical resolution is 150 m, no smoothing.

this period, the polar vortex was approaching Aberystwyth,380 K) — far too warm for PSCs. The amount of depolarisa-
and indeed reached it on 10 January (see below). The great@on — 4% — is also rather small for PSCs. The tropopause
amount of aerosol above 20km on 6/7 January is thereforgluring this period was at 10 km, so cirrus cloud is unlikely;
consistent with the observations of February 2004, since ita contrail cloud is a possible source but would not persist
corresponds to a less polar air mass. for 36 h. Alternative origins for depolarising aerosol are
To demonstrate that the depolarising aerosol are reafires or volcanic eruptions (Siebert et al., 2000), but fires
(rather than an instrument malfunction), the data for the 8/9are an unlikely source in the depth of winter. The air reach-
January were also analysed using the “standard method” dhg Aberystwyth during this period had travelled along the
taking the ratio to a synthetic density profile. This profile flank of the polar vortex, with back-trajectories tracing back
was generated from the radiosonde ascent at 00:00 UT on b the region of Sakhalin and northern Japan°(Sp 10—
January from Valentia (51N, 10° W) up to its burst height of 15 days earlier. This is a volcanic region, but there is no
23km, then extended to 33 km using the ozonesonde packevidence in the Smithsonian/USGS volcanic activity reports
age launched from Aberystwyth at 16:00 UT on 10 Jan-for a eruption in late December 2002. The Alaska Volcano
uary. A correction was applied to the Valentia profile to al- Observatory reported activity at three Kamchatka volcanoes:
low for the temperature gradient in the lower stratosphereBezmianny (5558 N, 160°36 E), Kluychevskoy (563 N,
between Valentia and Aberystwyth, taken from ECMWF 160> 39 E) and Sheveluch (388 N, 161°19 E), but the
charts. The synthetic density was also corrected for attenmaximum plume altitudes were around 6 km, well below the
uation by Rayleigh scattering and for ozone absorption ustropopause over Kamchatka at that time. We are therefore
ing the ozonesonde profile. The results are shown in Fig. 5unable to give an explanation of the depolarising aerosol, and
normalised to a backscatter ratio of 1 between 8 and 10 kmmust note that measurements of stratospheric aerosol by the
There is a clear scattering layer on thehannel between 10  depolarisation method must be carefully scrutinised for the
and 16 km, reaching a scattering ratio of 1.085. The correpresence of depolarising particles.
sponding value on thg channel is 1.031, corresponding to
an aerosol depolarisation of (8.5/3.1.4%)=3.8%. Above 4.3 Observations of polar stratospheric clouds
the depolarising layer, the peak backscatter ratio on||the
channel is also around 1.04 — consistent with the 1.038 deThe lidar profile of 10/11 January 2003 is shown in Fig. 6.
rived from the two-polarisation method. This shows two profoundly depolarising layers — a cirrus
Unlike the observations a few days later (see next secfayer below the tropopause (13km) and a further layer be-
tion) the depolarisation layer on 7 and 8 January cannot béween 18 and 22.5km. This profile has again been analysed
attributed to a polar stratospheric cloud. From the Valentiausing the standard method (Fig. 7, using the Aberystwyth
radiosondes during the 7 and 8, temperatures w&@5 K ozonesonde profile at 16:00 UT on 10 January) and shows a
at the altitude of the depolarising layer — 14 km (134 mb orlayer of aerosol with parallel backscatter ratio up to 1.12 and

www.atmos-chem-phys.org/acp/4/2441/ Atmos. Chem. Phys., 4, 24472004
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tio at 20 km is around 1.03-1.06 and the integrated backscat-

30 30
*i@r ter in background conditions 2x20°sr1.
{2 We have also shown examples where the lidar encoun-

-

tered depolarising aerosol. Under such conditions the mea-
surements cannot be used to derive a lidar ratio purely from
E the two lidar channels, emphasising that care is needed with
o i this method._ On the other _hand, these observations are of
e geophysical interest, recording as they do the observation of

J /) Type 1A PSCs over the UK for the first time using a polari-

sation lidar.
%0 05 10 15 20 25 3.0 %9 1.0 1.1 1.2
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January 2003. Left panel: ratio df signal; right panel: ratio off for partial support.
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a perpendicular backscatter ratio of up to 2.5 above 18 km,
consistent with an aerosol depolarisation of 18%.
These values are consistent with a Type la PSC (Too

I, 1 wher mall number of relatively lar r-
et al,, 1990), where a small number of relatively large pa Ansmann, A., Wandinger, U., and Weitkamp, C.. One-year ob-

ticles give high depolarisation but little backscatter. This . . , _
. 2 servations of Mt. Pinatubo aerosol with an advanced Raman li-
time, the minimum temperatures between 100 a_nd 30mb ot over Germany at 53Bl, Geophys. Res. Lett. 20, 711-714,
were <194 K, and maps of the 50 mb temperature field from 1993

ECMWF (obtained from the NADIR data base, NILU, Nor- Beyerle, G.: Detection of stratospheric sulphuric acid aerosols with
way) showed an extension of the polar vortex swinging polarisation lidar: theory, simulations and observations, Appl.
east over the UK between 9 and 10 January; indeed, the Opt., 39, 4994-5000, 2000.

ozonesonde launched on the 10 January resulted from a@airo, F., Di Donfrancesco, G., Adriani, A., Pulvirenti, L., and
alert issued by the Match project (Rex et al., 2002). Obser- Fierli, F.: Comparison of various linear depolarisation parame-
vations on the following night (11/12 January) showed clear ters measured by lidar, Appl. Opt., 38, 4425-4432, 1999.

PSCs at the beginning of the night but not at the end, conFerrare, R.A., Melfi, S. H., Whiteman, D. N., and Evans, K. D.: Ra-
sistent with the retreat of the vortex northward during the
11 January. We believe these to be the first lidar observations
of PSCs reported from the UK.
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