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Abstract Icy surfaces behave differently to rocky or regolith-covered surfaces in response to irradiation. A
key factor is the ability of visible light to penetrate partially into the subsurface. This results in the solid-state
greenhouse effect, as ices can be transparent or translucent to visible and shorter wavelengths, while opaque
in the infrared. This can lead to significant differences in shallow subsurface temperature profiles when
compared to rocky surfaces. Of particular significance for modeling the solid-state greenhouse effect is the
e-folding scale, otherwise known as the absorption scale length, or penetration depth, of the ice. While
there have been measurements for water ice and snow, pure and with mixtures, to date, there have been no
such measurements published for carbon dioxide ice. After an extensive series of measurements we are
able to constrain the e-folding scale of CO2 ice for the cumulative wavelength range 300 to 1,100 nm, which is
a vital parameter in heat transfer models for the Martian surface, enabling us to better understand
surface-atmosphere interactions at Mars’ polar caps.

Plain Language Summary The solid-state greenhouse effect is similar to the climatic greenhouse
effect. It occurs in solid materials that are translucent, such as ices. On Mars, there is both water ice and
carbon dioxide ice. These ices exist on the surface and in the subsurface (similar to permafrost found on
Earth). This means light can penetrate through the surface of the ice and transport energy into the ice. The
subsurface gets warmer as a result. The extent of the warming effect can be determined by measuring the
penetration depth of the sunlight, otherwise known as the e-folding scale. In this study we have measured
the e-folding scale of slabs of carbon dioxide ice, in order to determine how much light can penetrate to
a reference depth in the ice. This will allow for more accurate calculations to bemade about surface processes
that occur on Mars, which have no equivalents on Earth.

1. Introduction

Carbon dioxide ice is a major component of the seasonal ice caps on Mars. Each autumn and winter, around
one-third of the atmosphere condenses out to form the polar cap. In the southern polar regions, extensive
CO2 slab ice gives rise to the formation of dark spots and fans, known as dendritic troughs, or “spiders,”
during ice cap retreat (Kieffer, 2007; Pilorget et al., 2011, 2013; Portyankina et al., 2012). Similar features,
described as seasonal furrows, formed by CO2 jets have been observed in the northern polar region
(Bourke, 2013; Bourke & Cranford, 2011; Portyankina, Hansen, & Aye, 2017), although these are erased each
year due to sand transportation by summer winds, unlike in the south, where they tend to reoccur in the same
locations year on year. Additionally, a wide-spread diurnal CO2 frost cycle has been discovered (Piqueux et al.,
2016), and CO2 frost and ice has been linked to a number of surface processes, such as gully formation
(Diniega et al., 2013; Dundas et al., 2017; Pilorget & Forget, 2015), which is an ongoing process today.

A solid-state greenhouse effect (SSGE) was first described by Matson and Brown (1989), who discussed the
importance of broad-spectrum solar radiation propagating into icy surfaces to depths significant in compar-
ison to the diurnal skin depth for thermal diffusion. Based on the hypothesis of Kieffer (2000) that a large-
grained slab of CO2 ice covers the Cryptic region during the southern winter and spring, Piqueux, Bryne,
and Richardson (2003) were the first to define and map the distribution of the “spider” features observed
in the southern polar region, confirming the correlation of spiders with the existence of highly transparent
CO2 slab ice, which overlies the poorly consolidated particulate regolith of the south polar layered deposits.
Kieffer et al. (2006) expanded on this, reporting that the spots and fans observed in the southern polar
regions of Mars are associated with surface temperatures consistent with that of CO2 ice (~145 K) based
on Mars Odyssey Thermal Emission Imaging System data, combined with anomalously low albedos. These
conditions persist for at least 120 sols following sunrise after the polar winter. Based on this, they proposed
a formation mechanism for spot and channels (which form radially around the spots). The seasonal ice cap
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forms an impermeable and translucent slab, which undergoes basal sublimation due to extended solar irra-
diation during the spring. This trapped CO2 gas eventually overcomes the cryostatic pressure, rupturing the
overlying ice and causing high-velocity vents which carry particulate material along with the gas to the sur-
face. This erodes the radial channels in the regolith and transports material to the surface to form the deposi-
tional fans. These features are observed in the same locations year on year. This process has since been
explored and expanded upon further by studies, such as Kieffer (2007), Pilorget et al. (2011), Martínez et al.
(2012), and Pilorget et al. (2013). Additionally, Kaufmann and Hagermann (2017) conducted a series of experi-
ments which reproduced dust eruptions from a dust layer within a slab of CO2 ice, by irradiating samples
under Martian conditions. However, in order to model this phenomenon, the extent of the SSGE in translu-
cent CO2 slab ice needs to be quantified.

While there have been some experiments done to determine the optical, mechanical, and thermal properties
of solid CO2, many of those are nonideal. Most have used micrometer to millimeter-sized samples (e.g.,
Hudgins et al., 1993; Quirico & Schmitt, 1997; etc.), which is insufficient to give bulk parameters suitable for
large scale models, others suffered from impure samples (Egan & Spagnolo, 1969), or from highly cracked
samples (Ditteon & Kieffer, 1979). In addition, many studies focused on determining the optical properties
within discrete wavelength ranges (e.g., Hansen, 1997). While CO2 ice absorbs in narrow bands in the infrared
similar to that of CO2 gas (Hansen, 1999) and has a strong absorption continuum in the ultraviolet, absorption
in the visible range is low (Warren, 1986).

Some similar measurements have been made using water ice. Studies using naturally occurring Antarctic sea
ice include those made by Brandt and Warren (1996), Perovich (1996), and Datt et al. (2015), focusing on the
implications for thermal profiles and subsurface heating on Earth. Others have more of a focus on icy bodies
in space, ranging from comets to icy moons to the polar regions of Mars, including Kömle et al. (1990) and
Kaufmann, Kömle, and Kargl (2006). However, these also focused on water ice, either pure or with admixtures,
and most of these report on the depth of temperature maxima, rather than specifying the e-folding scale
(with the exception of Kaufmann, Kömle, and Kargl (2006), who suggest an e-folding scale of 15 mm for water
ice fits their model). Further measurements have been made for the e-folding scale of water snow. However,
the light transmission regime is heavily influenced by scattering in snow, and so is not considered a useful
comparison here. Here we present our findings for the e-folding scale, or penetration depth of CO2 slab
ice, which could be applicable for use in models such as those developed by Kieffer (2007) or Pilorget
et al. (2011). Kieffer models the formation of CO2 jets in the Martian polar cap, which leads to the creation
of dendritic “spiders.” The thermal model by Pilorget et al. (2011), which builds on and develops this concept
further, ultimately shows that a formation mechanism involving basal sublimation of the ice sheet which
leads to ice rupture and jetting of material onto the surface is plausible based on known parameters. By
updating any of these parameters, of which the penetration depth (e-folding scale) of solar irradiation in
CO2 slab ice is important, future models can be improved.

2. Theory

The subsurface thermal profile of a body is dependent on the physical and thermal properties of the surface
material, and incoming energy fluxes, both external (solar radiation) and internal (geothermal gradient). If the
surfacematerial is icy, then the SSGE is an important factor in determining this subsurface thermal profile. The
extent of the SSGE is determined by multiple factors, including the optical properties of the icy material, grain
size and shape, impurities, depth of ice, etc. However, the penetration depth of solar radiation into the ice is
dependent on the absorption scale length or e-folding scale (ζ). This also happens to be one of the most
poorly understood parameters governing heat transfer in ices (Möhlmann, 2010).

Brandt andWarren (1993) show that radiation is only attenuated exponentially in a purely absorbing medium
with no internal scattering. However, if a uniformmaterial which both scatters and attenuates has a sufficient
optical depth, the absorption is approximately exponential (Kaufmann & Hagermann, 2015). For water snow,
scattering by snow grains (and possibly contaminants) can dramatically reduce light penetration, but the
e-folding scale will be significantly greater in compact ice. Kaufmann, Kömle, and Kargl (2006) give a value
of 1.5 cm for the e-folding scale of water slab ice, although they point out a possible range of values up to
10 cm and point out that the e-folding scale of CO2 ice is likely to be even larger. This large range of values
can be explained by the variability of ice translucence of samples in this size range. Therefore, measurements
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need to take place over a range of thicknesses to ensure sufficient coverage of the exponential attenuation
regime. The downward directed energy flux (F), as a function of ice thickness (x) and the e-folding scale (ζ), is
defined as

F xð Þ ¼ e
�x=ζ (1)

If the intensity of the light propagating through the material decreases rapidly, whether due to scattering or
absorption, this will result in a small e-folding scale, and vice versa.

The lack of comprehensive e-folding scale measurements, especially for materials other than water ice, makes
modeling the energy balance and heat transfer for icy planetary surfaces such as that found on Mars very dif-
ficult. In addition to this, there are large variations in reported e-folding scales due to the effects of impurities,
inhomogeneities, and particle shapes and sizes, all of which can be difficult to control within a sample. These
effects can lead to models predicting greater transmission in the visible and near-ultraviolet (Beaglehole
et al., 1998), or an underestimate of energy absorbed at shallow depths while overestimating absorption at
greater depths (Libois et al., 2014). This highlights the need for further measurements in this field, with a spe-
cial focus on CO2 ice for improvements to models for heat transfer and surface processes applicable to Mars.

3. Measurements

CO2 ice samples were prepared by condensing CO2 directly from the gas phase within a pressure vessel
cooled by liquid nitrogen, following the methodology detailed in Kaufmann and Hagermann (2017). This
forms large CO2 ice blocks, which were then cut to size and polished smooth prior to experiment commence-
ment. This polishing minimizes surface scattering of light due to an uneven interface between air and ice.
Resizing and polishing of the ice was repeated for each thickness measured. The average densities of the
prepared samples were ~1,500 kg m�3.

Experiments were undertaken in an argon-filled chamber, which was first cooled with liquid nitrogen. This
both reduced the sublimation rate of the CO2 ice and minimized water frost deposition on both the sample
and the glass plate the sample is placed on.

The sample was irradiated using a full spectrum solar simulator (LS1000R3, Solar Light Company), with the
beam directed via a mirror to penetrate the sample perpendicular to the polished surface of sample (see
Figure 1). This lamp simulates the spectrum of solar radiation without the influence of the Earth’s atmosphere,
and so is a good approximation to the irradiation received on Mars but does not account for the effects of
Mars’ atmospheric composition, clouds, or suspended dust. Based on the work by Singh and Flanner
(2016), the albedo of CO2 snow is much higher in the near-infrared than that of water snow, and so it is logical
to suggest that clouds composed of CO2 would reflect a greater proportion of the near-IR than would occur
under H2O clouds. The transmitted irradiation was then measured using a pyranometer (CS300, Campbell

Figure 1. Schematic of experimental setup for CO2 ice e-folding scale measurements.
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Scientific Ltd.) able to detect wavelengths from 300 to 1,100 nm. It is important to note that e-folding scale
measurements are independent of total irradiance, although this was found to be quite consistent when
measured with the pyranometer prior to the experiment commencement for each sample, varying from
119.7 to 123.5 mV.

Four measurements were made at each ice thickness: one in the center of the sample and three further mea-
surements at different points, approximately 120° offset from center. This ensured that the measurements
were made over a range of cracked and clear ice, which should therefore be representative of the ice condi-
tions which occur naturally. This is consistent with the findings of Hansen (1999), who reported how some
areas of the seasonal CO2 caps evolve with time (and increasing insolation through early spring) from low
albedo and high emissivity to brighter, fractured, and lower emissivity regions.

Reliable albedo measurements are difficult to obtain, and so, to avoid these additional uncertainties, only
measurements made using a minimum thickness of ice are considered in the calculations. This is consistent
with the methods of Kaufmann and Hagermann (2015).

4. Results and Discussion

The four measurements made at different locations in the sample for each sample ice thickness have been
averaged and plotted in Figure 2. We estimate errors in ice thickness to be ±1 mm, with errors in light inten-
sity readings to be negligible in comparison. While there is some scatter, the data can be approximated to the
exponential curve fitted to each sample data set.

Figure 2. (left) Mean light intensity data plotted against ice thickness, with exponential curves plotted in dotted lines. These are an approximate fit to demonstrate
these data can be modeled by an exponential function. (top right) Sample 3 at a thickness of 26 mm, overlying text to demonstrate transparency. This is a
standard method of visually judging transparency of ice samples, first reported by Behn (1900). (bottom right) Sample 4 at a thickness of 26 mm, overlying the same
example text.
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As each sample was prepared and used, the technique was refined and
better quality, more transparent ice was produced. This accounts for
the general increase in intensity of light propagating through the sam-
ples. Figure 2 shows samples 3 and 4 at the same thickness. It is impor-
tant to note that, while sample 4 appears to have a greater amount of
cracks through it, in between the cracks, the ice is more transparent
than in sample 3, which has a more clouded or milky appearance, espe-
cially outward of the center. This is reflected in the data, with overall
better light propagation through the sample and significantly higher
light intensities at smaller ice thicknesses.

In order to calculate the e-folding scale from light intensity measure-
ments, Kaufmann and Hagermann (2015) used 5 mm of snow thickness
for their measurements. However, as ice is more transparent than snow,
a greater thickness will be required for these e-folding scale measure-
ments. After studying the data, an example using the average data
points for each sample thickness can be seen in Figure 3. It was decided
8 mm should be sufficient to reliably eliminate albedo variations. The
inclusion of the light intensity measurements from samples <8 mm
thick can alter the e-folding scale results from 3% to 20%, based on
our results. Subsequently, 8 mm is taken as the zero point x = 0, with
all other measurements normalized accordingly. Further to this, all
tests were made within a black chamber, which shielded from
ambient radiation andminimized reflections which could interfere with
the results.

However, on closer inspection of these data, it can be seen that
there are some sudden drops in light intensity at certain thicknesses
through individual samples. This trend is even more pronounced when
studying the raw data—especially the minimum and maximum values.
Consequently, these have been plotted in Figure 4. By analyzing the
data in this way, we can identify when the large cracking events

occurred in the samples (example of the effect of cracking on light intensity measurements shown red).
Cracks due to thermal expansion were a problem throughout the duration of these experiments and seem
to be a common problem reported in the literature when making measurements with CO2 ice (e.g.,
Portyankina et al., 2016). This is because CO2 ice has a large thermal expansion coefficient (Manzhelii et al.,
1971), which is an order of magnitude greater than that of water ice. This results in cracking which tempora-
rily negates the increase in transparency with decreasing ice thickness, and so complicates the data analysis.
The more transparent and better quality the sample at the start, the more cracking episodes occur, and the
greater the effect on the light penetration measurements. This is why samples 3 and 4 allow for better light
penetration overall, but the data are more scattered.

As a consequence, we have conducted the e-folding scale calculations on an exponential curve fitted to the
data, repeated for the minimum light intensity measurements—representative of highly cracked ice or
“milky” ice states; maximum light intensity measurements—representative of the most ideal and transparent
samples, and then the average light intensity measurements. This range of different states for the ice samples
have value, as they are representative of the different states of a natural ice slab as it would occur in the
Martian polar regions. Here the ice caps are thought to evolve over time from low albedo smooth slab ice
through to bright, highly fractured ice in the Martian spring (Hansen, 1999).

The e-folding scale calculated using minimum light intensity measurements for samples 1 and 2 is higher
than that calculated using the maximum data (see Table 1). This can be explained by the fact that these sam-
ples started out more opaque or “milky,” and so light penetration was lower than in the other samples. As
measurements commenced, the minimum amount of light able to penetrate through the sample increased
steadily. However, additional cracks would reduce the maximum light intensity, and so the rate of increase in
light penetration was slower than that for the minimum results. In contrast, samples 3 and 4 were muchmore

Figure 3. The average light intensity measurements plotted for each sample
thickness, including all data points (darkest shading), implementing a 5 mm
thickness cutoff (midshading), as used for the e-folding scale measurements of
water snow by Kaufmann and Hagermann (2015), and a 8-mm cutoff (rest of
data). The data should approximate to a straight line when plotted against the
log of light intensity, and it can be seen the measurements made using the
thinnest of samples deviate from this linear trend consistently. The point at
which this deviation begins was identified as 8 mm.
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transparent at the beginning, and so any cracks forming would affect the minimum and maximum readings
more equally than in samples 1 and 2. Consequently, we have more confidence in the results obtained from
samples 3 and 4.

We therefore find that it is reasonable to give an e-folding scale value of ζ = 35.7 ± 7.7 mm for cracked, higher
albedo CO2 ice. For perfectly smooth, unblemished slab ice ζ = 65.1 ± 6.3 mm would be more applicable.
However, we would urge caution with using the highest estimations of the e-folding scale, for in reality,
any thermal variations, such as the diurnal insolation cycle, are likely to cause thermal cracking of the CO2 slab
ice. One possible application of this would be at the end of the polar night in the “Cryptic” region, with a thick,
clean CO2 ice slab, as described by Pilorget et al. (2011), which is rapidly followed by the onset of dark spot, or
spider, formation, which then contaminates the ice with dust from the underlying regolith. For other scenar-
ios where the slab would be illuminated diurnally with solar radiation, we would recommend the use of
ζ = 47.6 mm for an average CO2 ice slab.

Figure 4. The (left) minimum, (middle) maximum, and (right) meanmeasurements of light intensity through CO2 ice samples are plotted at varying ice thicknesses. A
line of best fit is plotted, and the exponential function of this line is then used to calculate the e-folding scale. Much of the scatter around these lines are due to
cracking events within the ice sample (e.g., if all 4 measurements happen to have beenmade over cracks rather than perfect ice, themaximum light intensity which is
possible to pass through the sample will not have been recorded).

Table 1
e-Folding Scale Results Based on the Minimum, Maximum, and Mean Light Intensity Measurements for Each Sample

Sample no.

e-Folding scale, ζ (mm)

Min intensity Max intensity Mean intensity

1 40.00 28.57 32.58
2 43.48 30.30 33.33
3 35.71 58.82 47.62
4 35.71 71.43 47.62
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5. Conclusions

The e-folding scale of pure CO2 slab ice has been investigated using broad spectrum solar radiation. While
e-folding scale values range from 35.7 ± 7.7 mm to 65.1 ± 6.3 mm, we would recommend the use of
47.6 mm for “normal” conditions. This is due to the large amount of thermal cracking which occurs during
irradiation of the ice. This means that the upper value range is applicable for fresh, stable slab ice which
exhibits minimal cracking, such as that seen in the polar regions in early to midwinter on Mars. Equally, the
lower values for the e-folding scale are appropriate for settings where highly cracked and thermally altered
CO2 slab ice occurs, as observed in late winter time and early spring during ice cap retreat, when dendritic
troughs (spiders) and dark spots appear due to the increase in diurnal temperatures, which results in a much
greater amount of thermal cracking and higher albedo conditions (Hansen, 1999).
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