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Abstract. It has been suggested to use the zenith-sky colour

index (CI) as a means of obtaining an indication of the pres-

ence of polar stratospheric clouds (PSCs). This article dis-

cusses the use of the CI method for statistical purposes. Com-

paring Cl data from a UV/visible spectrometer system (lo-

cated at Kiruna, Sweden) with assimilated synoptic-scale tem-
perature data, we conclude that the CI method yields a lower

limit of PSC presence during sunrise and sunset. It is likely

that tropospheric cloud presence at the tangent point of zenith-
scattered solar rays is one reason for this discrepancy.

1 Introduction

Polar stratospheric clouds (Stgrmer, 1930; Hesstvedt, 1960;
Poole et al., 1988), commonly abbreviated PSCs, develop
in the cold winter polar vortex. In the Arctic this is of-
ten a result of local cooling in mountain-induced waves (see
e.g. Dornbrack et al., 2000, and references therein). Both
the large-scale temperature fields and the local wave activ-
ity have a large interannual variability. This also holds true
for PSC presence because of the strong temperature depen-
dence of the involved condensation and freezing processes
(Hanson and Mauersberger, 1988). It is now generally ac-
cepted that the presence of PSCs is of major importance for
stratospheric chemistry, since reactions on PSC particles re-
lease active halogen species, as was recognised by Crutzen
and Arnold (1986). The removal of PSC particles by sedi-
mentation also denitrifies the polar stratosphere, which fur-
ther enhances ozone depletion. See e.g. Gao et al. (2001) for
recent observations of denitrification in the Arctic.

Since the wavelength dependence of the scattering cross
sections of typical aerosols is a function of the Mie (Bohren
and Huffman, 1983) size parameter © = 271/, rather than
a quantity of O(A~*) as for molecular dipole scattering, an
aerosol layer above the site of measurement will cause a
redshift of the zenith-sky spectral radiance during twilight
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(Rozenberg, 1966). This is used in the context of PSC de-
tection by Sarkissian et al. (1991, 1994, 1998); Enell et al.
(1999) and in the present work.

2 Dataanalysis

A UV/visible spectrometer system has been in operation in
Kiruna since December 1996. The system records spectra
continuously during daylight and twilight. Its primary pur-
pose is the retrieval of column densities of BrO (Sinnhu-
ber et al., 2002), OCIO, ozone and NO» by means of Dif-
ferential Optical Absorption Spectroscopy (DOAS) analysis
(Platt, 1994) in selected wavelength windows. In DOAS only
absorption cross sections varying rapidly with respect to the
wavelength range are considered and the broad-band spectral
distribution is disregarded. The latter, however, is determined
by aerosol scattering as well as the spectral sensitivity of the
instrument, etc.

The simplest measure of changes due to varying broad-
band scattering phenomena is the colour index

I(\1,SZA)

CIS74) = 15 g7

where I(\;,SZA) and I(\2, SZ A) are the integrated spec-
tral counts at the solar zenith angle SZA in wavelength in-
tervals at the ends of the spectral interval covered by the de-
tector. These should preferrably be chosen outside rapidly
varying absorption bands, or varying trace gas concentrations
along the optical path (Hulburt, 1953) will affect the colour
index. Choosing A1 > g, a redshift of the spectral radi-
ance will correspond to a colour index increase. Since the
colour index is a relative quantity, no absolute calibration of
the detector is needed. The required processing of the spec-
tra is subtraction of the offset voltages and dark currents of
the detector photodiodes, and wavelength calibration. De-
tector offset and dark current are recorded every night and
subtracted from the raw data. An accurate wavelength cali-
bration for each spectrum is obtained from the positions of
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Fig. 1. CI development during sunrise (AM) and sunset (PM) on April 18,
2001, a clear day without PSCs. The AM and PM curves follow each other
due to the absence of clouds.

the solar Fraunhofer lines (Ingelstam et al., 1988). This is a
minor correction; Hg and Ne lamp spectra indicate that the
spectrometer has been stable to within one channel between
calibrations.

All results below have been retrieved using wavelength in-
tervals of +2 nm around 680 nm (A1) and 385 nm (\2). The
reason for this choice is that these wavelengths are at the ends
of the interval covered by the spectrometer and outside ozone
absorption bands. Nominal integration times during twilight
are 5 minutes for 90° < SZA < 93° and 10 minutes for SZA
> 93°. The instrument adjusts these integration times auto-
matically to reach a detector saturation of 60-90%. The solar
zenith angle SZA is calculated at the average time of spectral
integration.

3 CI observations

The development of CI during sunrise (AM) and sunset (PM)
on a clear day without PSCs (April 18, 2001) is shown in Fig-
ure 1. A decrease of the clear-sky CI (blueshift) after sun-
set, due to multiple scattering (Ougolnikov, 1999, and pri-
vate communication) and possibly extinction by ozone and
aerosols, can be seen in the interval 91° < SZA < 96°.
Figure 2 shows an example of the twilight CI development
on January 25, 2000, when clearly visible PSCs (mother-of-
pearl clouds) were observed over Kiruna. Our data series
suggests that the most significant signature of PSC presence
is a peak (significant redshift) close to SZA = 94°, which is
consistent with an altitude of maximal scattering probability
(Solomon et al., 1987) above 20 km, i.e. typical PSC alti-
tudes. Another feature apparent in Figure 2 is a Cl increase
at high solar zenith angles (above 96°) which can sometimes
be observed due to detector noise or local light sources dom-
inating over the zenith-scattered solar light. In the raw spec-
tra of these occasions the 546 nm green Hg line is generally
a dominant feature. This is, however, no serious limitation to
PSC detectability, since there is little or no single-scattering
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Fig. 2. Cl peaks on January 25, 2000, a day with PSCs over Kiruna. The
peaks around 94 degrees are due to the presence of PSCs. The peak at a
SZA of 97 degrees is very likely due to local light sources; the contribution
from single zenith scattering is negligible at this SZA. Note that the Cl scale
is 5x that of Figure 1.

contribution to the zenith radiance from PSC altitudes (See
Table 1) at these SZAs.

4 PSC detectability
4.1 PSC detection thresholds

Because of the rapidly changing solar zenith angle during
twilight and the long integration times, there are typically
few data points in the interval around 94 degrees. The colour
index variation often also shows a large fluctuating compo-
nent due to changing cloudiness (see Section 4.2), precipita-
tion, local light sources, etc. Here we examine three different
indicators of PSC-induced redshift of the zenith sky:

(A) the absolute value of the CI interpolated at SZA = 94°,
(B) the normalised colour index (Sarkissian et al., 1991; Enell
et al., 1999), i.e. the ratio of the colour index to its value at
sunrise/sunset (SZA = 90°), and (C), identification of peaks
around SZA = 94° by a polynomial fit. The parabola

P(X)=CI(94°) — AX, X = (SZA — 94)*
fits the data best in the least-squares sense when
_CI(94°) >, X — >, CL, X,

A -

2o X3
where the summations are over the available data points dur-
ing twilight.

These three Cl measures have been calculated for data
from January—March and November—December of 1997,1998
and 1999 and January—March 2000. (As in Enell et al. (1999),
it must be remarked that there are data gaps during the coldest
winter weeks, coincident with the Christmas holidays when
instrument maintenance is sparse.) In Figure 3 the results
are compared with the assimilated synoptic temperatures ob-
tained from the European Centre for Medium-Range Weather



Enell et al.: PSC detection 57

Forecasts (ECMWF). The different Cl measures are plotted
versus the coldest temperature with respect to the condensa-
tion temperature of nitric acid trihydrate (T y 47) occurring
on the levels 400K, 475K, 550K and 675K above Kiruna in
the 2.5° x 2.5° ECMWEF grid. T x 47 was calculated for each
level according to Hanson and Mauersberger (1988), with 4.6
ppm H,O and a HNOj profile from the Limb IR Monitor of
the Stratosphere (LIMS).

The largest number of significant CI reddenings are ob-
tained at low synoptic temperatures. The highest values are
from January 1997, when a visible layer of mother-of-pearl
clouds persisted for several days. A high value at T-T y a7 ~
8 is present in the absolute and normalised colour index se-
ries but absent in the polynomial fit. This point was found
to be the result of the entrance lenses accidentally being cov-
ered after a system restart. A basic requirement on all detec-
tion methods is the capability to filter out such outlier values.
The peak coefficient A can be thought of as a filtered index
calculated from all available data points in the twilight SZA
interval. Due to this filtering, A is large only for T < T y a7.
We therefore consider the peak fit to provide the best thresh-
old condition out of these methods. Sarkissian et al. (1991)
argued that normalisation of the CI to unity at SZA = 90°
would correct for effects unrelated to stratospheric scatter-
ing. A comparison (Fig. 4) between the three indices for the
entire available dataset (winter months from December 1996
until March 2002) shows that the opposite effect can occur.
Division by a value (Cl at SZA = 90°) which has a large con-
tribution from direct tropospheric scattering, or even has to
be extrapolated during the polar winter when the sun is be-
low the horizon, introduces unnecessary noise. The absolute
value of the CI shows less scatter than the normalised CI,
which is sometimes even negative due to the extrapolation
error.

A striking result is that a large number of low Cl values are
obtained at all synoptic temperatures. PSC observations at
temperatures above synoptic T y 47 could be expected since
local temperatures are affected by mountain wave induced
cooling. This even includes non-equilibrium effects, caus-
ing unexpected presence of liquid or solid PSCs (Moigt et al.,
2000; Tsias et al., 1997). The result may indicate that de-
tectable PSCs develop only as a consequence of supercool-
ing below T x 47. The possibility that the abscissae of Figure
3 should be shifted up to 5K due to systematic biases in the
meteorological model is also non-negligible (Manney et al.,
2001). Calibration against other observations and further ra-
diative transfer modelling is required to determine the sensi-
tivity. However, because of the observational geometry, the
interpretation that the PSC presence is underestimated is also
plausible.

4.2 Geometrical and meteorological constraints

As demonstrated e.g. by Ougolnikov (1999), a major con-
tribution to the brightness of the twilight sky emanates from
multiple scattering. However, enhanced scattering by PSCs
will occur as single-volume scattering within the field of view
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Fig. 3. Scatter plots of colour indices vs. the minimum of T-Ty 47~ on any
of the ECMWF levels 400K, 475K, 550K and 675K. A: Absolute value of CI
at SZA = 94°. B:Normalised CI. Unphysical values close to zero have been
removed. Negative values are kept to show the influence of interpolation
errors. C: Polynomial coefficient A.
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Fig. 4. Two CI measures vs. A, the peak fit coefficient. A: the absolute
value at SZA = 94°. B: Normalised Cl. These plots include the entire time
series from December 1996 until March 2002.

of the instrument. Therefore, the single-scattering geometry
shown in Figure 5 is important. The tangent height H of
solar rays reaching the PSC (Table 1) is an important param-
eter to consider (Meinel and Meinel, 1983). As stated above,
the sun is below the horizon even at typical PSC heights for
solar zenith angles exceeding 95 degrees.

Ho Hio(92°) Hio(93°)  Hio(94°)  Hio(95°)
18 141 92 24 -
20 16.1 112 4.4 -
22 18.1 132 6.4 -
24 20.1 152 8.4 -
26 221 172 104 16
28 24.1 192 12.4 36

Table 1. Tangent heights [km] corresponding to PSC heights between 18
and 30 km at solar zenith angles between 92 and 95 degrees. A spherical
Earth with a radius of 6378 km has been assumed and atmospheric refraction
has been ignored.

The radiosonde average winter tropopause height at Kiruna
is 9.5 £+ 1.8 kilometres. Thus a varying cloud cover can exist

Fig. 5. The geometry of zenith scattering in the single-scattering approx-
imation. SZA is the solar zenith angle, H the mean altitude of an object
(PSC layer etc), and Hrp the corresponding tangent height.

everywhere below that altitude, which implies that the contri-
bution to zenith-scattering by all PSCs at altitudes below ap-
proximately 27 kilometres will be modified by tropospheric
clouds in the vicinity of the tangent point (the difference
between sunsets with clear and cloudy weather at the tan-
gent point is also visually apparent). The effect of PSCs can
therefore be screened out, depending on the character of tro-
pospheric cloudiness. Normalisation of the CI clearly does
not compensate for this effect, since single PSC scattering at
SZA =90° is not influenced by the troposphere.

Moreover, during the PSC season the solar azimuth at the
relevant zenith angles varies from close to the south in mid-
winter to the east/west in March, which may even cause a
seasonal variation in PSC detectability since the tropospheric
climate (and hence cloud cover) is highly locally varying in
the proximity of the Scandinavian mountain range.

5 Summary

It has been demonstrated that the zenith-sky colour index
(CI) can be used as a means for passive optical detection of
stratospheric clouds. Three different definitions of PSC in-
dication CI thresholds have been examined. A least-squares
fit of polynomials to CI peaks during twilight provides a use-
ful threshold condition. Large values of the PSC index are
obtained at temperatures below Ty 47. We suggest, how-
ever, that as a quantitative means of obtaining PSC statistics
it very likely yields a lower limit. The importance of this un-
derestimation remains to be quantified experimentally, e.g.
by correlation with co-located lidar, photographic, visual and
satellite observations, and theoretically by radiative transfer
modelling.

The present principal application of the method still ap-
plies, namely the qualitative indication of PSC presence in
cases when local tropospheric conditions prevent direct PSC
observations. This has proven to be of practical use, not least
when planning balloon launches of in-situ PSC experiments.
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