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Abstract. The idea of estimating stratospheric aerosol op-
tical thickness from the twilight colours in historic paint-
ings — particularly under conditions of volcanically enhanced
stratospheric aerosol loading — is very tantalizing because it
would provide information on the stratospheric aerosol load-
ing over a period of several centuries. This idea has in fact
been applied in a few studies in order to provide quantitative
estimates of the aerosol optical depth after some of the major
volcanic eruptions that occurred during the past 500 years. In
this study we critically review this approach and come to the
conclusion that the uncertainties in the estimated aerosol op-
tical depths are so large that the values have to be considered
questionable. We show that several auxiliary parameters —
which are typically poorly known for historic eruptions — can
have a similar effect on the red—green colour ratio as a change
in optical depth typically associated with eruptions such as,
for example, Tambora in 1815 or Krakatoa in 1883. Among
the effects considered here, uncertainties in the aerosol par-
ticle size distribution have the largest impact on the colour
ratios and hence the aerosol optical depth estimate. For so-
lar zenith angles exceeding 80°, uncertainties in the strato-
spheric ozone amount can also have a significant impact on
the colour ratios. In addition, for solar zenith angles exceed-
ing 90° the colour ratios exhibit a dramatic dependence on
solar zenith angle, rendering the estimation of aerosol op-
tical depth highly challenging. A quantitative determination
of the aerosol optical depth may be possible for individual
paintings for which all relevant parameters are sufficiently
well constrained in order to reduce the related errors.

1 Introduction

Volcanic eruptions constitute one of the largest uncertainties
for natural climate variability on timescales of a few years
up to a decade (e.g. Robock, 2000; von Savigny et al., 2020).
Prominent examples of volcanic eruptions with significant
climatic effects are the 1815 eruption of Tambora, which led
to the year without summer in 1816 (Raible et al., 2016),
and the 1991 eruption of Mt. Pinatubo. Volcanic eruptions
provide an important opportunity to improve the scientific
understanding of the climate system’s response to perturba-
tions. Several sources of information are available for inves-
tigating past volcanic activity, e.g. ice cores (e.g. Zielinski
et al., 1994), tree rings (e.g. Esper et al., 2017), or historic
reports (e.g. Bauch, 2017). Volcanic eruptions can also lead
to significant changes in the colour of the sky, as well as to
unusual optical phenomena such as blue or green suns (e.g.
Symons et al., 1888; Horvath et al., 1994; Wullenweber et al.,
2021) and Bishop’s rings (Symons et al., 1888). For detailed
accounts of unusual optical phenomena associated with vol-
canic eruptions we refer to the classical works by Kiessling
(1888) and Symons et al. (1888). Some studies employed
the sky colours in historic paintings to detect evidence for
volcanic eruptions and to infer quantitative information on
the aerosol optical depth at the time when the painting was
painted (e.g. Zerefos et al., 2007, 2014). The basic idea is
to extract the red—green colour ratios of selected areas of
the evening sky in photographs of historic paintings and re-
late these ratios to ratios simulated with a radiative trans-
fer model in order to derive quantitative information on the
aerosol optical depth. The earlier studies mentioned above
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focused on the evening sky before or after sunset because
anomalous stratospheric aerosol layers affect the colours of
the evening sky. Note that similar effects will also occur dur-
ing sunrise. The use of red—green colour ratios is motivated
by the fact that a variable stratospheric aerosol loading will
lead to changes in the spectral distribution of the scattered
solar radiation perceived by a ground-based observer. These
changes can be caused by the changing relative importance
of Rayleigh and Mie scattering and also by changes in the
particle size distribution of aerosols.

In the present study we scrutinize the robustness of the
very interesting approach of aerosol optical depth estima-
tions based on colour ratios extracted from photographs of
historical paintings and investigate the effect of several ad-
ditional parameters or processes that also affect the colour
ratios but that were not considered properly in earlier stud-
ies. We also briefly discuss some additional general aspects,
e.g. whether painters can be expected to reproduce realistic
colours in their works or how the colours of a painting may
change over time. Note that our initial motivation was to sup-
port the approach by providing a better theoretical founda-
tion.

The paper is structured as follows. In Sect. 2 we introduce
the radiative transfer model SCIATRAN used in this study to
simulate colour ratios. In addition, we briefly introduce the
concept of the CIE (International Commission on Illumina-
tion) XY Z tristimulus values that allows for a more realistic
simulation of colours perceived by humans than the use of
two discrete wavelengths. Section 3 presents simulation re-
sults on the dependence of colour ratios and X/Y tristimu-
lus value ratios on several relevant parameters, e.g. the parti-
cle size distribution (PSD) of the volcanic aerosol layer, the
amount of stratospheric ozone, or surface albedo. Section 3
also compares our results to previous studies on this topic. A
general discussion of the results is provided in Sect. 4, and
conclusions are given at the end.

2 Methodology

We first describe the Mie simulations and the radiative trans-
fer model employed, followed by a summary of the colour
modelling approach used in this study.

2.1 Radiative transfer simulation: Mie scattering
calculations and SCIATRAN

The radiative transfer simulations presented in this work
were carried out with version 4.1.3 of the SCIATRAN ra-
diative transfer model (Rozanov et al., 2014). SCIATRAN
is a highly versatile model initially developed for the anal-
ysis of remote sensing measurements in the optical spectral
range. In the present work, SCIATRAN was run in the ap-
proximate spherical mode, where the contribution of single
scattering is calculated in a fully spherical geometry, while
an approximation is employed to account for the multiple
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scattering contribution (Rozanov et al., 2000). As discussed
by Lange et al. (2022) this approximation is fully sufficient to
analyse the colours of the horizon area during twilight. Both
the sunward near-horizon radiances and the diffuse down-
ward fluxes as analysed by Zerefos et al. (2007) were mod-
elled with SCIATRAN. The SCIATRAN input parameters
relevant to this study are given in Table 1. Figure 1 provides
an illustration of the observation geometry and the relevant
angles. Note that the range of solar azimuth angles consid-
ered implies that the observer is looking in the sunward di-
rection. The volcanic stratospheric aerosol layer considered
here has a Gaussian shape of the particle number density
profile with a peak altitude of zpeaxk = 20km and a FWHM
(full width at half maximum) of 3 km. The peak altitude and
the FWHM were also varied, causing only minor effects on
the results. For this reason, only results for zpeax =20 km
and FWHM = 3 km are presented in this study. The tropo-
sphere was assumed to be free of aerosols. We did test the
effect of tropospheric aerosols with an optical depth of 10 %
of the total aerosol optical depth — i.e. Tyopo = 0.03 for a
Tiotal = 0.3 — and the effect on the colour ratios was less than
0.5 % for solar zenith angle (SZA) < 90°. For SZA > 90°
differences of up to about 10 % can occur. Note that a tro-
pospheric aerosol optical depth of typo = 0.03 is lower than
the current globally averaged value of tyopo =0.1240.04
(Ramanathan et al., 2001), but the tropospheric aerosol opti-
cal depth is highly variable, and values of ¢ = 0.03 are ob-
served with the AERONET photometer operated at the Insti-
tute of Physics of the University of Greifswald (results not
shown). We may assume that the aerosol optical depth was
even lower in preindustrial times. In addition, the overall con-
clusions of this study are not affected by the assumption of
an aerosol-free troposphere. Variable or unknown abundance
and characteristics (e.g. composition or vertical distribution)
of a tropospheric aerosol component adds even more com-
plexity. More detailed information on the SCIATRAN ra-
diative transfer model is available in Rozanov et al. (2014)
and the SCIATRAN user’s guide (Institute of Environmental
Physics/Institute of Remote Sensing, 2021).

We assume the volcanic aerosol layer to consist of sulfate
particles, and the refractive index was chosen correspond-
ingly, i.e. n; = 1.43 —1 x 1078} at a wavelength of 550 nm.
Note that the spectral dependence of the refractive index
is considered in this study. The refractive index data (Hess
et al., 1998) are taken from the OPAC (Optical Properties
of Aerosols and Clouds) database implemented in SCIA-
TRAN (Institute of Environmental Physics/Institute of Re-
mote Sensing, 2021). Further, we assume a mono-modal log-
normal particle size distribution:

n(r )——NO(Z) -ex _—(lnr—lnrm)2 (1)
T o n(S) 2n2(s) |’

with N being the particle number density, r, the median ra-
dius, r the particle radius, and S the geometric standard devi-
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Table 1. Compilation of the relevant input parameters for the SCIATRAN simulations. Note that the solar zenith angle (SZA) is varied for

all case studies in the range of 40-96°.

Parameter Abbreviation  Baseline value  Perturbed values
Viewing zenith angle VZA 85° 70, 75, 80, and 90°
Solar azimuth angle® SAA 10° 20, 30, and 40°
Stratospheric aerosol optical depth ~ AOD n/a® 0.0, 0.05,0.1, 0.2, 0.3
Median radius? Fmed 250 nm 150, 350, and 450 nm
Geometric width? S 1.5 n/a®

Total ozone column TOC 300DU 200 and 400 DU
Surface albedo Ag 0.3 0.1,0.5,0.7,0.9

2 The solar azimuth angle corresponds to the azimuthal angular difference between the viewing direction and position of the
sun for a ground-based observer; i.e. an SAA of 0° means that the observer is looking in the direction of the sun.

b parameters of a mono-modal log-normal particle size distribution (see Eq. 1).

€ n/a: not applicable.

Zenith

Near-horizon
radiance
(Wm2nmsr?)

Viewing
direction

Diffuse
downward flux
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Observer

Figure 1. Illustration of the observation geometry, the relevant an-
gles (i.e. solar zenith angle, SZA; viewing zenith angle, VZA; so-
lar azimuth angle, SAA), the diffuse downward flux, and the near-
horizon radiance. Note that the diffuse downward flux cannot be
represented perfectly in a 2-D plot (please see text for more infor-
mation).

ation of the distribution. Mie scattering phase functions and
scattering cross-sections are determined with the Mie scat-
tering routines included in the SCIATRAN radiative transfer
model. The simulated spectra were multiplied with a solar
irradiation spectrum based on Solar Radiation and Climate
Experiment (SORCE) measurements (LASP, 2003). In addi-
tion, we used standard pressure and temperature as well as
atmospheric trace gas profiles for tropical latitudes and the
month of June taken from a climatological database based
on simulations with the 3-D chemical transport model by
Sinnhuber et al. (2003).

Using the SCIATRAN calculations of near-horizon ra-
diance or diffuse downward flux spectra covering the 300
to 800 nm spectral range, we determine colour ratios based
on (a) discrete wavelengths and (b) ratios of the CIE X
and Y tristimulus values — which consider certain wavelength
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Figure 2. CIE colour matching functions of the human eye for the
CIE 1931 2° standard observer, after Judd (1951) and Vos (1978)
(http://cvrl.ioo.ucl.ac.uk/cmfs.htm, last access: 4 October 2022).

ranges in contrast to the discrete wavelengths in (a) — as
described below. The tristimulus values are determined by
weighting the simulated spectra with the x(A) and y(A) CIE
(International Commission on Illumination) colour matching
functions, as described in more detail in, for example, Wul-
lenweber et al. (2021). The CIE colour matching functions
represent the spectral sensitivity functions of the three types
of cone cells responsible for human colour vision and are
displayed in Fig. 2.

3 Results

We start in Sect. 3.1 with a brief discussion of the wave-
lengths used to form the colour ratios based on radiative
transfer simulations. In Sects. 3.2 to 3.7 we discuss the ef-
fects of different parameters and processes on colour ratios
of the evening sky that challenge the estimation of aerosol
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optical depth from colour ratios extracted from historic paint-
ings.

3.1 Choice of wavelengths for colour ratio simulations

Zerefos et al. (2007) performed radiative transfer simulations
and determined the colour ratio using the wavelengths of 700
and 550 nm. One issue is that they did not calculate the ra-
diance ratio for a near-horizon viewing geometry but cal-
culated the ratio of the diffuse downward fluxes at the two
wavelengths, although the near-horizon radiance would be
the correct quantity in this context. Colour ratios of near-
horizon radiances and diffuse downward fluxes show quite
a different dependence on AOD, as is shown in Sect. 3.7 be-
low. Radiance corresponds to the number of photons per unit
area, per unit time, and per unit solid angle for a given direc-
tion, whereas the diffuse downward flux corresponds to the
radiance integral over all directions of the upper half sphere,
weighted by the cosine of the incidence angle, which gives
more weight to smaller incidence angles and almost elimi-
nates contributions from incidence angles close to 90°, corre-
sponding to directions near the horizon. In the current section
we focus on the choice of wavelengths. While 550 nm coin-
cides well with the maximum of the y(A) CIE colour match-
ing function — corresponding to the green-sensitive cones
— 700 nm is quite far off the maximum of the x(A) colour
matching function, representing the red-sensitive cones (see
Fig. 2). The maximum of x(1) is at about 600 nm. For this
reason, 700 nm appears to be an unsuitable choice in order to
relate modelled colour ratios to red—green colour ratios ex-
tracted from pictures of paintings. In addition, at wavelengths
of around 700 nm the spectra are affected by an H,O absorp-
tion band that can have a significant impact on the radiance
values (see Fig. 3). For this reason, we perform our first tests
with a wavelength of 670 nm — rather than 700 nm — which
is relatively free of absorption (Fig. 3). Note that we employ
670 nm in order to use a wavelength as close as possible to
the wavelength used in Zerefos et al. (2007), but to avoid the
H;O absorption band near 700 nm.

In the following, we also determine colour ratios based on
the X and Y tristimulus values, which better represent the
colour sensitivity of the human eye’s cone cells. The red—
green colour ratio is then represented by the ratio X /Y. Note
that the scattering spectra simulated with SCIATRAN could
also be transformed to RGB values — which at first glance ap-
pears to be the best possibility of comparing simulations with
red—green colour ratios determined from pictures. However,
the transformation from the XY Z tristimulus values to RGB
values requires additional assumptions and introduces uncer-
tainties and is therefore not carried out in this study.

3.2 Dependence on optical depth

The left panel of Fig. 4 shows the SZA dependence of the
670nm/550nm radiance ratio for different values of the
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stratospheric AOD as grey lines. The AOD values are 0.0,
0.05, 0.1, 0.2, and 0.3, covering the vast majority of the erup-
tions of the past millennium. The grey lines show simulations
with constant aerosol size distribution parameters (rmeq =
250nm and S =1.5), TOC =300DU, a surface albedo of
0.3, and viewing angles of VZA = 85° and SAA = 10°. Ap-
parently and as expected, the 670nm/550 nm radiance ratio
is affected by the AOD and increases with increasing AOD
value. It is interesting that the change in radiance ratio per 0.1
AOD step decreases with increasing AOD, consistent with
Fig. 4 in Zerefos et al. (2007). For SZAs exceeding 90° the
670nm/550nm radiance ratio increases strongly with SZA
and reaches values exceeding 20 at SZA = 98°. This strong
SZA dependence is not observed in Fig. 4 of Zerefos et al.
(2007) because their figure does not show the ratio of evening
sky radiances, but the ratio of the diffuse downward fluxes
(see also Sect. 3.7).

The right panel of Fig. 4 shows the SZA dependence of the
ratio of the tristimulus values X /Y, which is a more appropri-
ate colour ratio to be compared to red—green ratios extracted
from historic paintings, as explained above. Qualitatively, the
SZA and AOD dependence of the X/ Y ratio is similar to the
670 to 550 nm colour ratio. However, the SZA dependence
for SZA > 90° is not as strong if the ratio of the tristimu-
lus values X and Y is used. Still, also the X/Y ratio varies
rapidly with changing SZA for SZA > 90°, rendering a quan-
titative determination of the AOD for SZA > 90° essentially
impossible if the actual SZA is not well known. Similar
colour ratios can be produced with highly different AODs,
but for different solar and viewing angles. Assuming a con-
stant value of SZA = 100° for all paintings with SZA > 90°
as in Zerefos et al. (2007) will certainly not work. Another
issue related to the strong SZA dependence of the colour ra-
tios for SZA > 90° is the fact that evening sky colours can
probably not be captured immediately in an oil painting, but
the painting will take a certain time to be finished. During
sunset the illumination conditions change continuously and
with them also the colours of the evening sky.

3.3 Dependence on particle size

The scattering spectrum and also the colour ratios may de-
pend sensitively on the particle size distribution of the strato-
spheric aerosol. In order to test this sensitivity we performed
SCIATRAN simulations for different assumptions on the
PSD. In all cases the PSD was assumed to be mono-modal
log-normal, and the geometric width was assumed to be
S = 1.5. For the median radius the following values were
chosen: 150, 250, 350, and 450 nm. Note that the actual PSD
of stratospheric aerosols can be highly variable and may not
always follow a mono-modal log-normal distribution (e.g.
Deshler, 2008), but in many cases this assumption describes
the actual PSD well. For background conditions, typical val-
ues of the median radius are in the range 50-150 nm, and
for volcanically disturbed conditions, median radii exceeding

https://doi.org/10.5194/cp-18-2345-2022
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Scattered solar radiation (SZA = 85°, VZA = 85°, SAA = 10°)

1

T

1.5

-
o
T
—
Q
~

LA S B B B B S

Radiance (W/m?/nm/sr)
o
(4]

0.0 .

300 400 500 600 700

Wavelength (nm)

800

2

Radiance (W/m"/nm/sr)

2349

Scattered solar radiation (SZA = 90°, VZA = 85°, SAA = 10°)
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Figure 3. Sample spectra of scattered solar radiation for SZAs of 85° (a) and 90° (b) and the following parameters: VZA = 85°, SAA = 10°,
TOC =300DU, Ag = 0.3, AOD = 0.1, rpeqg = 250 nm, and S = 1.5. The solid green and red lines indicate wavelengths of 550 and 700 nm,

while the dashed red line corresponds to 670 nm.
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Figure 4. Ratio of the scattered solar radiances at 670 and 550 nm (a) and the X /Y tristimulus value ratio (b) as a function of SZA and
for different values of the stratospheric AOD and different aerosol size distributions. Note that for SZAs < 90° the radiance ratio increases
monotonously with AOD for the AOD range shown here. Other relevant parameters: VZA = 85°, SAA = 10°, TOC = 300DU, Ag = 0.3,

S=1.5.

400 nm were observed, e.g. after the eruption of Mt. Pinatubo
in 1991 (Bingen et al., 2004). It is important to mention that
the variation in the particle size distribution of stratospheric
sulfate aerosols after volcanic eruptions is not fully under-
stood (Robock, 2015) and is a topic of current research. Here
we attempted to make assumptions on the particle size pa-
rameters that are consistent with the current scientific under-
standing. We also note that systematic differences between
particle size estimates can occur if different observation ge-
ometries are used (von Savigny and Hoffmann, 2020). In a
recent study, Thomason et al. (2021) showed first evidence
that the mean aerosol particle size decreases after many mod-
erate volcanic eruptions. Since the eruption of Mt. Pinatubo
in 1991 led to a well-observed increase in the particle size
of stratospheric aerosols (e.g. Bingen et al., 2004; Deshler,
2008), it appears justified to assume an increase in particle

https://doi.org/10.5194/cp-18-2345-2022

size for strong eruptions associated with AODs exceeding
~ 0.1, which are relevant for the present study. Note that an
accurate knowledge of the PSD and its variation in the after-
math of volcanic eruptions is not crucial for the current study
— we only want to test the sensitivity of the colour ratios to
the PSD within a plausible range of size parameters.

The left panel of Fig. 4 shows the SZA dependence of the
670nm/550 nm radiance ratio for different median radii and
a constant AOD of 0.1 as coloured curves. The other param-
eters are as listed in the figure caption. Apparently, the effect
of the particle size parameters on the colour ratios is quite
large in comparison to the variations introduced by different
AODs — particularly in the SZA range between 70 and 90° for
which volcanic effects on the colour of the evening sky are
typically observed. This implies that a determination of the
AOD from colour ratios may be affected by large systematic

Clim. Past, 18, 2345-2356, 2022
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errors if the actual PSD is not known. We note that Zerefos
et al. (2007) do not state which PSD has been assumed for
their radiative transfer simulations.

The right panel of Fig. 4 shows a similar plot but for the
X /Y tristimulus value ratio. Also here the aerosol particle
size distribution has a significant effect on the colour ratio,
rendering a quantitative determination of the AOD very chal-
lenging if no information of the aerosol PSD is available.

3.4 Dependence on ozone column

Since the overall shape of the scattering spectra can also be
significantly affected by the amount of ozone in the atmo-
sphere, we tested the impact of ozone by changing the to-
tal ozone column (TOC). For all simulations presented so
far a TOC of 300 DU (Dobson units) was assumed. Figure 5
shows the resulting SZA dependence of the red—green colour
ratio for TOCs of 200, 300, and 400 DU. These values were
chosen because for the majority of locations and seasons the
TOC falls within the range between 200 and 400 DU. Excep-
tions would be, for example, ozone hole conditions with TOC
values as low as 100 DU or Arctic spring conditions at north-
ern mid-latitudes with TOC values of up to about 500 DU.
Typical values for northern mid-latitudes are between 300
and 400 DU. Note that volcanic eruptions may also affect the
stratospheric ozone layer. During times of anthropogenically
enhanced stratospheric halogen loadings, volcanic eruptions
may lead to a decrease in TOC, as clearly observed after
the eruptions of El Chichon (1982) and Pinatubo (1991; e.g.
Langematz, 2019). Both eruptions led to a decrease in glob-
ally averaged TOC of a few percent. Note that this change is
significantly smaller than typical seasonal variations at, for
example, northern mid-latitudes. Before about 1950, how-
ever, eruptions may rather have led to a TOC increase (Tie
and Brasseur, 1995).

Overall, the effect is significantly smaller than for the vari-
able size parameters, but for SZAs between 80 and 90° an
error in the assumed TOC may lead to non-negligible errors
in the estimated AOD.

3.5 Dependence on surface albedo

The colour ratios may also depend on the surface albedo, and
this impact was tested as well. Figure 6 shows a plot similar
to Fig. 4 including simulation results for different values of
the surface albedo. The albedo effect is relatively small, par-
ticularly for large SZAs, and should only be a minor issue for
the estimation of AOD from the colour ratios, also given the
fact that the surface albedo of large fractions of the Earth is
lower than about 0.3. Tropospheric clouds and tropospheric
aerosols will also play a role, but they are not considered in
this study.
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3.6 Dependence on solar azimuth angle and viewing
zenith angle

The colour ratios will certainly also depend on the specific
region of the sky viewed. In order to test this effect, we per-
formed simulations for different values of the solar azimuth
angle (SAA) and the viewing zenith angle (VZA; see Fig. 1).
As Fig. 7 shows, the results indicate a moderate dependence
of the colour ratios on the SAA, but for viewing directions
close to the horizon (VZA = 90°) a strong dependence of the
colour ratios on the VZA is observed. The results imply that
the actual range of viewing angles needs to be carefully con-
sidered — and the SZA needs to be precisely known, as men-
tioned above — when attempting to extract information on the
AOD from colour ratios of the evening sky. Otherwise large
systematic errors will occur. It is not explicitly mentioned in
Zerefos et al. (2007) whether a specific range of viewing an-
gles or a specific solid angle was extracted from photographs
of the historic paintings. If the atmosphere close to the hori-
zon is viewed shortly after sunset, relatively large colour ra-
tios occur even for an aerosol-free atmosphere. This agrees
with the general notion that colourful red sunsets can also
occur in times without recent volcanic activity.

3.7 Relationship between diffuse downward flux and
evening sky radiance

Next, we investigated the relationship between the diffuse
downward flux and the evening sky radiance in order to test
whether the diffuse downward flux can be used to infer in-
formation on the aerosol optical depth, as in Zerefos et al.
(2007). The left panel of Fig. 8 shows the SZA dependence of
the 670nm/550nm colour ratios for both the diffuse down-
ward flux (solid lines) and the near-horizon radiance (dashed
lines). The ratios are shown for different values of the AOD,
indicated by different colours. Apparently, the radiance ratios
exhibit a stronger SZA dependence than the diffuse flux ra-
tios. Note that the diffuse flux colour ratios exhibit a similar
dependence on aerosol loading and SZA as in Fig. 3 in Zere-
fos et al. (2007), although the values do not match exactly.
These differences could be related to the different assump-
tions made in Zerefos et al. (2007), e.g. the exact value of
the AOD or the assumed aerosol particle size distribution.
Note that the radiance ratios (as compared to the diffuse flux
ratios) in the left panel of Fig. 8 are in better overall agree-
ment with the colour ratios derived from historic paintings
depicted in Fig. 3 of Zerefos et al. (2007). The results shown
in the left panel of Fig. 8 already indicate that the diffuse
flux and radiance ratios exhibit quite a different behaviour —
as might be expected — which leads to non-trivial systematic
errors if AOD is estimated from the diffuse flux ratio rather
than the near-horizon radiance ratio. To illustrate the rela-
tionship between radiance and diffuse flux colour ratios fur-
ther, the right panel of Fig. 8 shows the ratio of the radiance
colour ratio and the diffuse flux colour ratio —i.e. the ratio of
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the dashed and solid lines in the left panel — as a function of
SZA. Apparently, this ratio shows a complex dependence on
SZA and AOD. The assumption of a constant scaling factor
between the diffuse flux ratio and the radiance ratio can lead
to large errors in the estimated AOD if scaled simulations
of the diffuse flux ratio are used to estimate AOD from the
colour ratios in historic paintings, as in Zerefos et al. (2007).

We conclude that using the diffuse downward flux rather
than the evening sky radiance adds additional issues that
unnecessarily exacerbate the estimation of aerosol optical
depth.

https://doi.org/10.5194/cp-18-2345-2022

4 Discussion

We want to emphasize that we do not doubt that volcanic
effects can be identified in historic paintings. Figure 3 in
Zerefos et al. (2007) demonstrates that there is a systematic
difference in the red—green colour ratios between paintings
in times without major volcanic eruptions and those painted
in the aftermath of such eruptions. These differences are ex-
pected and are also present in the simulations shown in this
study. The main aspect of this work is to show that a quan-
titative determination of the AOD from colours in paintings
may not be possible in a general way if not all relevant pa-
rameters (see above) are accurately known. It should also be
mentioned in this context that Zerefos et al. (2014) carried
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out a comprehensive comparison of the AOD values inferred
from historic paintings with data based on independent meth-
ods, including the analysis of ice cores as well as historic op-
tical extinction measurements. The temporal correlations be-
tween the AOD values inferred from paintings and from the
independent techniques are remarkably high (see Table 1 in
Zerefos et al., 2007). However, the averaged AODs inferred
from the paintings — only considering years where AODs
from both the paintings and the corresponding independent
data set are available — are roughly 1 order of magnitude
larger than the values from the other techniques. This also
shows that a quantitative determination of AOD from his-
toric paintings using the approach described in Zerefos et al.
(2007, 2014) is associated with large errors.

We note that we do not categorically exclude the possi-
bility of inferring AOD from paintings. It may be possible
for individual paintings for which all relevant parameters are
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sufficiently well constrained in order to reduce the related
eITorS.

It is also relevant in this context that the Royal Society’s
Krakatoa report (Symons et al., 1888) includes various re-
ports of unusual twilight colours after the 1883 eruption
of Krakatoa that differ significantly from the expected en-
hanced reddish or violet afterglows. In fact, several observers
reported a green colouring of the evening sky after sunset
(e.g. “a very curious opalescent shining green and slightly
greenish-white”, “bright green glow near the place where
the sun set”, “after sunset yellowish-green striae’). One re-
port states the following (referring to the year 1884): “Dur-
ing the remainder of the year the sunsets were uncommonly
free from colour, even promising skies turning grey soon af-
ter sunset, and no redness of an ordinary character remaining
along the horizon after sunset, except on a few evenings and
in a few localities.” These may be exceptions, but they illus-
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trate that volcanic eruptions may affect sunset colour ratios
in a non-uniform way.

Apart from the problems described above there are sev-
eral additional issues that we discuss in the following section
in a qualitative way. Section 4.1 deals with the question of
whether the colours in the original paintings can be expected
to be realistic using specific examples from the Romanticism
period. Section 4.2 addresses the issue of how colours may
change due to ageing effects.

4.1 Historic paintings as documents? Caspar David
Friedrich’s intense colours and the beginning of

climate awareness

The study of Zerefos et al. (2007) assumes that paintings of
the Romantic period contain precise environmental informa-
tion. Especially historical paintings created in the 3 years fol-
lowing the 1815 Tambora volcanic eruption, for example, are
interpreted as visual archives of historical conditions of the
atmosphere. Although there was in fact an increasing inter-
est in meteorological phenomena among artists of the early
19th century — for example John Constable, Joseph Mallord
William Turner and Johann Christian Dahl (Gould, 2021;
Ogée, 2022) — two objections speak against the interpreta-
tion of Romantic paintings as simple data storage. First, the
religious meaning of landscape paintings concerning their
iconographical as well as philosophical background should
not be ignored. Secondly, the differences between natural
events and their mediation through art need to be taken into
account.

The subsequent analysis focuses on Caspar David
Friedrich and is distinguished by the fact that the city view of
Greifswald could be examined on site with regard to its visual
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accuracy. In this context, it is important to note that visual
representations do not speak out but speak to; i.e. paintings
do not preserve the condition of nature but open up a space
for interpretation and contemplation. Among other things, art
questions our conditions of perception and our relationship
to the world. Thus, although Friedrich’s Romantic paintings
like Greifswald in Moonshine (1817) may be based on the
experience of a particular natural event, the assumption of its
documentary character drastically reduces its complexity of
meaning. Realistic representations are often misinterpreted
as providing an access to a historical reality.

However, Friedrich’s landscapes — including the painting
Greifswald in Moonshine — are so-called composite land-
scapes, based on different locations or sketches of vegetative
and geological forms to increase the emotional impact on the
viewer (Heck, 2015). The landscapes were not painted in na-
ture but inside of Friedrich’s studio and took a certain time
to be finished. As Kilian Heck argues, a new “dialogue be-
tween viewer and image” takes place in front of Friedrich’s
landscapes, which leads to a conscious examination of one’s
relationship to nature and God (Heck, 2013).

As a Lutheran, Friedrich shared a general scepticism to-
wards the sense of sight, which inspired him to create a
new form of religious art. As Johannes Grave has pointed
out, Friedrich’s landscape paintings show the artist’s way of
thinking about the medial conditionalities of images among
negotiations of theological questions (Grave, 2011).

This is not to say that Caspar David Friedrich had no in-
terest in the atmospheric changes brought about by the on-
set of industrialization or that Romantic art in general is not
crucial for scientific knowledge production, quite the con-
trary. Arts and sciences need to be regarded as two sides
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of the same coin if we want to gain a deeper understanding
of climate change and how it is perceived and interpreted.
The relatively recent ecological turn in art history has in-
terpreted Friedrich’s intense colours not as merely mirror-
ing the artist’s interest in “visual spectacles” of the atmo-
sphere, but as a reflection on the “burgeoning idea(s) about
the essence of nature” (Amstutz, 2021). In an era of emerg-
ing concepts of “geological time and environmental deter-
minism”, geologists like Alexander von Humboldt, for ex-
ample, valued landscapes and their climates as factors influ-
encing human physique and character alike (Amstutz, 2021).
In this respect, the glow of Friedrich’s colours is classified
by environmental art historians as an artistic means of creat-
ing “an environment (of reception) that had a psychological
as well as a physical effect” on the viewer (Amstutz, 2021).
Thus, Friedrich’s landscape paintings are not collections of
unusual weather phenomena. Instead, they reflect on the way
in which weather is seen, physically experienced, and inter-
preted with a view to one’s own subjectivity. Or to put it dif-
ferently, Friedrich’s intense colour palette may be understood
as a reaction to the change in the atmospheric conditions af-
ter the volcanic eruption, but it is also part of a philosophical
discussion on the moral, cultural, and physical influence of
nature on humankind (Amstutz and Wedekind, 2021). There-
fore, Friedrich’s painting Greifswald in Moonshine is both an
experiment of perception and a pietistic space for reflection.

4.2 How do colours in paintings change over time?

Another potential problem is the colour change in historic
paintings over time, which is an extremely complex topic.
A detailed treatment is well beyond the scope of the present
work, and we only provide a brief discussion of some basic
aspects. Among art historians and art restorers it is well ac-
cepted (e.g. Pietsch, 2014) that the ageing of a painting and
the change in its colours depends on many different factors,
including ratios of different pigments, the ratio of pigments
and binding agents, the kind and composition of the binding
agent (e.g. egg, oil, resin, glue, synthetic binder), and its spe-
cific preparation (e.g. boiled, siccativated, bleached) as well
as the composition and thickness of the original and potential
later coatings. In addition, the painting’s individual history in
terms of storage or display conditions, the light sensitivity of
the individual components, and earlier restorations need to
be taken into account. In other words, the ageing and colour
change would have to be investigated in detail for each indi-
vidual painting, while general conclusions on, for example,
the colour change per century do not appear feasible.

We finally briefly discuss the possibility of providing a to-
tal error estimate of AOD values inferred from colour ratios
in historic paintings. Such a total error estimate, applicable
to many different paintings, would of course be highly de-
sirable. However, due to the complexity of the problem and
the impacts of different parameters and processes — most of
which are generally not well constrained — the determination
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of a total error estimate appears to be impossible in our opin-
ion. It may be possible to establish a total error estimate for
individual paintings, but not for the entirety of all paintings.

5 Conclusions

In this study we scrutinized the robustness of aerosol opti-
cal depth estimates from red—green colour ratios extracted
from photographs of historic paintings. We emphasize that
we do not challenge that colours and colour ratios in paint-
ings of the evening sky may be affected by the stratospheric
aerosol loading and volcanic effects thereon. But we ques-
tion whether quantitative information on the aerosol optical
depth can be estimated. As shown by sensitivity studies us-
ing the SCIATRAN radiative transfer model, the red—green
colour ratios do depend on the aerosol optical depth — as ex-
pected — but they also depend on several other factors, which
are generally not known or only poorly constrained for past
volcanic eruptions. We investigated the impact of the aerosol
particle size distribution, total ozone column, surface albedo,
and the specific viewing geometry on colour ratios. The im-
pact of surface albedo is only minor, and so is the effect of
the ozone column — except for large solar zenith angles. Of
crucial importance is the aerosol particle size distribution,
which has a strong impact on the spectral dependance of ra-
diation scattered by the aerosols and hence on the red—green
colour ratios. The effect is so large that the determination
of aerosol optical depth from red—green ratios does not ap-
pear feasible in a robust way for a large range of SZAs. In
addition, for SZAs exceeding 90° the red—green colour ra-
tios — irrespective of the specific wavelengths or wavelength
ranges chosen — vary strongly with SZA, making a quanti-
tative estimate of the AOD very difficult, if not impossible,
particularly if the actual SZA is not known. Also, the exact
solid angle for which colour information is extracted from
the photographs of paintings needs to be determined and also
used for the radiative transfer simulations. Otherwise, large
systematic errors have to be expected for the optical depth
estimates. This effect is particularly pronounced for viewing
zenith angles close to 90° and SZAs exceeding 70°. It was
also found to be essential to compare the colour ratios ex-
tracted from photographs to the correct quantity simulated
with a radiative transfer model: the modelled colour ratios
should be based on simulations of evening sky radiances and
not on diffuse downward fluxes, as in some earlier studies. It
is also questionable whether the original colours of a painting
can be considered realistic. In addition, the long-term change
in the colours in a painting would have to be carefully in-
vestigated for each individual painting, and estimates of the
original colours may be highly uncertain.

We finally emphasize that we do not categorically exclude
the possibility of inferring AOD from paintings. It may be
possible for individual paintings for which all relevant pa-
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rameters are sufficiently well constrained in order to reduce
the related errors.
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