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Abstract16

SPICAM-IR, an AOTF spectrometer onboard Mars Express spacecraft with a resolv-17

ing power of 2,000 covering the spectral range 1-1.7 µm has been observing Mars since18

2004. In this wavelength range, it is possible to distinguish between CO2 and H2O ices19

and measure their band depths. We obtained about 200,000 high-fidelity spectra of CO220

ice in different seasons and locations over the Martian polar caps. The spectra have been21

associated with slab ice, fine-grained ice, permanent caps, and dark and dirty ice at the22

cryptic region of the south polar cap. Also, we observed more than 200,000 water ice spec-23

tra, specifically its broad feature around 1.5 µm. Water ice is present at the surface or24

in the atmosphere resulting in a variety of different band depths, often in combination25

with the CO2 ice. We mapped the equivalent width of 1.43 µm CO2 ice band and the26

depth of 1.5 µm water ice band, which are the proxies for grain size, and followed their27

seasonal evolution. From the maps, we produced the edge (outer crocus line) of the CO228

south and north caps for nine Martian Years. The cap edges evolve similarly through29

all years and are in good agreement with previous OMEGA/Mars Express observations.30

We also discuss the impact of the global dust storms on the cap edges. Lastly, we inter-31

pret some of the water ice observations as water ice clouds in the aphelion cloud belt and32

the polar hoods.33

Plain Language Summary34

We used data from SPICAM-IR, the instrument on board the Mars Express orbiter,35

to detect and characterize ices at the surface of Mars. Observing the solar light reflected36

from the surface in the infrared, SPICAM can capture the presence of carbon dioxide37

and water ices and differentiate between them. We collected data during 18 years, which38

translates to 9 Martian Years. This gave us the possibility to study the ices in different39

seasons and compare results in different years. We tracked the edges of seasonal polar40

caps to study the effect of two global dust storms, which cover almost all the planet and41

heat in the atmosphere and the surface. One of these dust storms sped up the recession42

of the south seasonal cap, the effect already noticed in other observations. The effect of43

the second one, which was not yet analyzed by other instruments, is not so clear. We44

have also observed water ice in the atmosphere, the equatorial (so called aphelion cloud45

belt) and polar clouds.46

1 Introduction47

Every Martian Year a considerable part of the Martian atmosphere - nearly 25%48

(Kelly et al., 2006) - condenses into seasonal ice caps that overlay residual caps. That49

ice consists mostly of CO2, the main constituent of the Martian atmosphere, with some50

impurities - water ice and dust. This condensation/sublimation process is one of the ma-51

jor cycles of Mars’ climate (Forget et al., 1998; Hourdin et al., 1993). The advance and52

retreat of seasonal caps have been studied since the first Martian orbiter missions in var-53

ious spectral ranges. The first infrared instruments determined the constituents of the54

caps, and VIS cameras monitored their edges (Herr & Pimentel, 1969; Herr et al., 1972).55

The introduction of thermal infrared (IR) instruments (Christensen et al., 2001; Kief-56

fer et al., 2000) have provided information about climatology of Martian caps over sev-57

eral years. They were also capable of indirectly distinguishing between CO2 and water58

ice due to their sharp contrast in surface temperature and could provide some informa-59

tion about grain sizes of ice. The 160-180 K temperature range inferred from these mea-60

surements was interpreted both as a sub-footprint variable mixture of CO2 ice and soil61

as well as H2O frost (Kieffer & Titus, 2001). TES also identified the so-called ”cryptic62

region”, a dark icy region with CO2 slab ice covered by a layer of dust (Kieffer et al.,63

2000).64
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A new era started with the arrival of the Mars Express in 2003. OMEGA, a hy-65

perspectral imaging spectrometer onboard Mars Express (Bibring et al., 2004) (and CRISM66

(Murchie et al., 2007) later on MRO), has provided an extensive coverage of polar ar-67

eas, mapping the expansion and retreat phases of the seasonal caps (Langevin et al., 2007;68

Appéré et al., 2011; Brown et al., 2010, 2014). Since CO2 and water ice have diagnos-69

tic spectral features in the near-IR and mid-IR, infrared spectrometers can not only ef-70

fectively identify different types of ices (Bibring et al., 2005), but also could retrieve ice71

grain size, study mixtures of ices, layers on top of ice and dust contamination (Bernard-72

Michel et al., 2009). These spectrometers changed the way of observing polar caps, al-73

lowing one to map both CO2 and water ice: for example, the existence of a water ice ring74

surrounding the receding seasonal south polar cap was confirmed. Spectral reflectance75

of ices may change dramatically if a photon travels a different path in the material be-76

fore being reflected. This can then be interpreted in terms of grain size or some combi-77

nation of granular and slab ice. Retrieving grain sizes requires forward modeling of spec-78

tral reflectance and it has been done using multiple models based on different approaches.79

Most of them are based on radiative transfer (Douté & Schmitt, 1998; Hapke, 1981; Flan-80

ner et al., 2007; Andrieu et al., 2018) including a variety of features, such as impurities,81

layered models and slab models (Andrieu et al., 2018). Others are based on ray tracing82

and the Monte-Carlo approach (Shkuratov et al., 1999; Bonev et al., 2002). However,83

in most cases, the models fail to fit observations perfectly. For this reason, many stud-84

ies (Langevin et al., 2007; Appéré et al., 2011; Brown et al., 2010, 2014) focus on map-85

ping band depth of ices and edges of the seasonal cap and do not attempt to quantify86

model parameters.87

Since spring and summer give the best illumination conditions at the poles, sev-88

eral studies focused on that period and allowed tracking the recession of seasonal polar89

caps. OMEGA has documented the spatial distribution of band strength of both ices dur-90

ing the recession of both caps and explained the ”cryptic region” (Langevin et al., 2007,91

2006). The edge of the cap is called the CROCUS line, a concept that was introduced92

in (Kieffer et al., 2000), and stands as the acronym of ”Cap Recession Observations in-93

dicate CO2 has Ultimately Sublimated”. The definition was based on thermal IR, and94

refers to the center of the gap between brightness temperatures of 145K indicative of CO295

ice and 230K, indicative of bare soil. Since a temperature-based criterion was not ap-96

plicable to NIR and MIR ranges, (Schmidt et al., 2009) used different approach with OMEGA,97

defining an outer and an inner crocus lines, corresponding to respectively 1% and 99%98

of CO2 ice in a bin. They also summarized previous results and compared with crocus99

lines derived from TES and OMEGA, and found they were in a good agreement. An-100

other paper, describing seasonal evolution of edges of the caps the in TIR range is (Piqueux101

et al., 2015). Authors used TES and MCS data to explore multiannual evolution of CO2102

polar ice caps during eight Martian Years, finding little variability between different Mar-103

tian Years and a general agreement between observations and models. Another topic that104

has a major impact on Martian climate - global dust storms - is studied. As other in-105

struments (MOC, MARCI, etc.) (Bonev et al., 2002; James et al., 2010), Piqueux et al.106

(2015) using TES and MCS found that global dust storm can speed up the recession of107

south seasonal polar cap. This conforms some of the modeling results that predict global108

(Bonev et al., 2008) increase in sublimation rate, and contradicts others that predict no109

global or only local effect (Hourdin et al., 1993; Kahre & Haberle, 2010; Bonev et al.,110

2002). Another instrument that recently documented cap edges and dust storm influ-111

ence was LNO\NOMAD on Exomars TGO (Cruz Mermy et al., 2022). LNO observed112

ices in very high resolution (λ/∆λ around 10000) narrow band around 2.335 µm, adding113

data to the record of IR observations (Oliva et al., 2022). This dataset confirmed OMEGA114

results, documented MY34 cap edges and impact of GDS, and reported possible detec-115

tions of CO2 ice clouds.116

One instrument, that has also been capable of observing seasonal trends in the NIR117

range over several Martian Years is SPICAM-IR (Korablev et al., 2006), AOTF near-118
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infrared spectrometer on board of Mars Express, covering 9 Martian Years (18 Earth years).119

With its high spectral resolution, SPICAM resolves CO2 ice bands in 1-1.7 µm range120

in detail, showing even very narrow lines that have never been observed by any other spec-121

trometer which has been orbiting Mars up to now. SPICAM-IR nadir data were already122

successfully used for long-term atmospheric studies, such as water vapor and the O2 emis-123

sion mapping (Trokhimovskiy et al., 2015; Guslyakova et al., 2016), but have never been124

used for analysis of the surface reflectance. IR observations at high spectral resolution125

may also be useful for detecting impurities in ice, such as PAHs (Campbell et al., 2021).126

The present paper is dedicated to retrieving the reflectance of polar ices on Mars127

and mapping their seasonal distribution. Section 2 describes the instrument, measure-128

ments, and the complete dataset. Section 3 describes methods of data processing - cor-129

rection of gaseous absorption, estimation of ice presence in the field of view, and correc-130

tion of instrumental effects. Section 4 contains results, spectra of ices from different lo-131

cations, the seasonal and geographical distribution of ices on Mars, and CO2 cap edges132

for both of the poles.133

2 Measurements134

2.1 Description of instrument135

SPICAM is a two-channel spectrometer onboard the Mars Express spacecraft. IR136

channel is an AOTF (Acousto-Optic Tunable Filter) spectrometer with a resolving power137

(λ/∆λ) varying from 1800 to 2200 and spectral range from 1 to 1.7 µm. Its instanta-138

neous field of view (IFOV) is 1◦ in nadir, which yields a 5 to 175 km wide footprint cov-139

ering the surface of Mars. This footprint moves with the motion of MEX, resulting in140

an elongated FOV, that can be up to 10 times longer than the IFOV. SPICAM-IR has141

two detectors, working in orthogonal polarizations. For most of the nadir measurements142

only channel 0 has been used for data analysis due to its higher SNR and its dark cur-143

rent being less sensitive to the detector temperature. SPICAM-IR is an AOTF spectrom-144

eter, which means that every spectral point is measured sequentially and at different lo-145

cations due to FOV motion on the surface. The full spectrum is in 24 seconds. While146

it is possible to always measure like this, nadir measurements are often performed in sev-147

eral spectral windows to capture objects of interest: O2 emission (1259 nm - 1287 nm),148

water vapor (1339 nm - 1440 nm), and ices (1436 nm - 1645 nm). The ice mode is mea-149

sured for only 6 seconds (996 spectral points), with 5.6 ms for each spectral point, which150

offers a good compromise between signal-to-noise, length of a footprint on the surface,151

and sampling rate. Detector noise is higher at the edges of the wavelength range than152

in the center, which limits the usability of data from 1 to 1.1 µm and from 1.6 µm to153

1.7 µm. The sampling rate is higher around 1.38 µm band of water vapor, which was154

the primary target of observations (Korablev et al., 2006).155

Intensity calibration was carried out in flight, using simultaneous observations with156

OMEGA and is described in Korablev et al. (2006). Up to now there has been no sign157

of instrument degradation or change in the radiometric response over the years the in-158

strument has operated. The only complexity in the data treatment is a spectral leak-159

age of the AOTF function (which is equivalent to the instrumental function) described160

in Korablev et al. (2013). However, it has been characterized and is accounted for in the161

forward modeling of SPICAM NIR observations. Even without correction, it does not162

significantly affect retrieval of ice spectral albedo due to the strength of the ice bands.163

It is important to note that since each SPICAM-IR spectral point is a separate mea-164

surement in a narrow spectral filter every point corresponds to a slightly different loca-165

tion on the surface of Mars. If surface albedo changes from one IFOV to the next one,166

it produces an artificial modulation of the continuum. That may look like a wide absorp-167

tion line. Other issues affecting the continuum can be variations in the illumination on168
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Figure 1. Synthetic spectra of CO2 ice with different grain sizes simulated with the Hapke

model. The model is the same as in Berdis et al. (2022). Note that the 300 mm grain size is

likely close to slab ice.

the surface or shadows from the terrain, producing an apparent change in albedo. This169

problem is specific to AOTF spectrometers since diffraction grating-based spectrome-170

ters acquire all points of the spectrum simultaneously.171

2.2 Dataset172

SPICAM-IR started to work in nadir and spot-tracking mode at the end of Mar-173

tian Year 26 (January 2004) and covers all years until Martian Year 35 producing around174

600 orbits per Martian Year, totaling more than 5500. Because the instrument has no175

spatial resolution, it is difficult to resolve the geographical structure of polar caps. Still,176

it is possible average several MY to gather more data or just study specific Martian Years177

with good coverage of needed season. Mars Express orbit is almost polar, with the peri-178

center at 298 km and the apocenter at 10107 km. The same region is revisited every 11179

orbits, with a slight longitudinal shift in between. The dataset covers two global dust180

storms - in years 28 and 34 and the full recession of both caps in several years. Years181

30-34 were covered more sparsely and years 32-34 exhibit only patches of south cap re-182

cession. On the other hand, MY33 is the only year when the edge of condensation of the183

south polar cap was observed. Also, the cryptic region and its evolution were observed184

in different seasons and different Martian Years.185

3 Methods186

3.1 Detecting ice187

Both CO2 and water ice are easily detectable in the NIR range. CO2 ice has a set188

of sharp features, most notable around 1.4 µm and 1.6 µm (Hansen, 2005; Quirico & Schmitt,189

1997) as can be seen on Fig. 1. H2O ice has a broad absorption band centered around190

1.5 µm (Grundy & Schmitt, 1998). Both ice spectra exhibit a huge variability depend-191

ing on impurities (dust, intermixing with ices) and photon path length (which is propor-192

tional to grain size). The grain size effect is shown in Fig. 1 for CO2 ice. It should be193

noted that in some cases the 1.6 µm carbon dioxide band can be confused with water194
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Figure 2. (a) Comparison between intensity measured by SPICAM-IR (blue line) spectrum,

CAVIAR solar spectrum (orange line), and SPICAM-IR data corrected for gaseous absorption

(green line). Water vapour absorption is shaded. All spectra are offset to match SPICAM-IR

data for the sake of clarity. (b) Comparison between reflectance obtained without gaseous correc-

tion (blue line) and with correction (green line). It is shown that the absence of correction will

impact the retrieval of band strength hugely.

ice reflectance. Both ices can be detected in raw data, atmospheric corrected data low-195

ers the detection threshold.196

3.2 Correction of atmospheric absorption197

Since 1.4 µm CO2 ice band is intersecting the 1.43 µm gaseous absorption of at-198

mospheric CO2, it is necessary to model the transmission of atmosphere. Its contribu-199

tion is calculated using Beer-Lambert law:200

I = I0exp(−τ(λ)) (1)

I is measured spectrum, I0 is solar radiation, optical thickness τ :201

τ(λ) =

∫ ∞

0

σ(λ, z)n(z)(
1

µ
+

1

µ0
)dz (2)

µ and µ0 are cosines of incidence and emission angles,202

σ is the absorption cross-section of the gas and n is the concentration of gas on the203

optical path. We calculate cross-sections using HITRAN-2016 (Gordon et al., 2017) with204

Voigt approximation (Humĺıček, 1982). The atmosphere is divided into 50 layers, and205

the parameters of each layer are retrieved from MCD 5.3 (Millour et al., 2015). We take206

into account both CO2 and water, the only gases that have absorption on our wavelength207
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Figure 3. Example of correction from water ice continuum. The shaded area represents inte-

gral for calculating equivalent width. On this spectrum, a few steps of the correction algorithm

from section 3.2 were applied.

range. Most notable absorption bands are 1.43, 1.58 and 1.6 µm for CO2 and 1.38 µm208

for water vapor - all of them can be seen in the figure 2. We use a water vapor mixing209

ratio vertical profile from MCD 5.3. Spectral reflectance is then calculated:210

R =
I(λ)

Isolar

(SMdist)2
µ0

π e−τ(λ)
(3)

where ϕλ is solar spectrum at 1 a.u., SMdist is Solar-Mars distance in a.u., µ0 is the co-211

sine of solar zenith angle. In the case of SPICAM-IR with the high spectral resolution,212

it is important to have precisely measured solar spectrum, since any discrepancies in so-213

lar spectrum and data affect the quality of reflectance. We use CAVIAR solar spectrum214

(Menang et al., 2013), which is measured through the Earth’s atmosphere. The result215

of the atmospheric correction can be seen on Fig. 2.216

3.3 Estimate of the ice band strength217

Indexes of the band depth are widely used in studying ices on Mars. OMEGA and218

CRISM used a depth of 1.43 µm CO2 ice band since it is much less saturated than oth-219

ers (Langevin et al., 2007; Appéré et al., 2011; Brown et al., 2014). This index reflects220

not only the presence of CO2 ice, but also parameters such as grain size, dust/water in-221

clusions, and ice percentage in FOV. In the case of OMEGA spectral resolution, the band222

is described by a few spectral points. SPICAM has a much better sampled band, which223

requires the choice of different metrics. While the minimal value of 1.43 µm band can224

be used for slightly more sensitive detection, it gets saturated easily, preventing to re-225

trieve ice parameters and therefore ice evolution on the surface. We use an equivalent226

width as a more flexible way to measure band strength:227

QCO2 =

∫
(1−R(λ)/Rcontinuum)dλ (4)

Rcontinuum is the reflectance of continuum averaged from 1.367 to 1.375 µm. The equiv-228

alent width shows the strength of the spectral feature and is measured in units of wave-229
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Figure 4. Diversity of ice spectra on south pole. a) Blue: Slab ice in winter, Ls: 144.15,

latitude: -58.7, longitude: 257.58, orbit: 10902A01, 1.43 µm band width: 30.5 nm; b) Orange:

Bright CO2 ice, Ls: 253.08, latitude: -86.23, longitude: 315.70, orbit: 1943A01, 1.43 µm band

width: 16.4 nm; c) Green: Cryptic region with almost no CO2 ice, Ls: 213.12, latitude: -

82.52, longitude: 122.06, orbit: 4169A01, 1.43 µm band width: 1.4 nm; d) Red: Water ice

outside of cap in winter in the Hellas basin, Ls: 117.01, latitude: -42.97, longitude: 83.266, orbit:

20144A03, water ice index: 0.47; e) Purple: South permanent cap in the middle of summer, Ls:

322.85, latitude: -86.06, longitude: 311.33, orbit: 19015A01, 1.43 µm band width: 12.1 nm; f)

Brown: Fine grained CO2 ice in the spring, Ls: 195.30, latitude: -64.90, longitude: 298.47, orbit:

8867A01, 1.43 µm band width: 6.6 nm

length, in our case - in nanometers. Due to SPICAM-IR observations being very dense230

in observing spectral signatures, there are a few spectral regions that can be used for ro-231

bust automatic continuum evaluation. We chose the 1.37 µm range because it lies out-232

side of CO2 ice absorption bands, broad water ice absorption band, 1.27 µm O2 singlet233

delta airglow (1∆g) and does not overlap with major solar lines, not to have any effect234

in possible wavelength misalignment. Metrics for water ice are more straightforward due235

the flatness of the band:236

QH2O = 1− R1465 +R1490 +R1510

3Rcontinuum
(5)

Where Rλ is reflectance at λ (nm). Three regions are chosen to limit the influence of noise237

and are picked around minor CO2 ice bands. It should be noted, that CO2 ice with long238

photon path lengths may result in a small amount (up to 0.12) in this index due to some239

absorption values in this region (see Fig. 1 and section 3.1).240

A more annoying problem arises when evaluating the band depth of CO2 ice, which241

is superimposed to a wide water ice band. In that case, a multiple-step algorithm is per-242

formed. In any spectrum containing water ice absorption, the presence of CO2 ice 1.43243

µm band is checked first. If it is present - the width of the band is calculated iteratively,244

adjusting the continuum shaped by water ice at every iteration. Then the width of the245
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Figure 5. Diversity of ice spectra on north pole and spectrum of water ice clouds. a) Blue:

Deep CO2 ice on North pole, Ls: 14.48, latitude: 85.72, longitude: 134.13, orbit: 5161A01, 1.43

µm band width: 20.6 nm; b) Orange: ”Cryptic”-like spectra in the end of winter, Ls: 332.38,

latitude: 57.47, longitude: 82.96, orbit: 19074A01, 1.43 µm band width: 10.45 nm; c) Green:

Spectrum with high water ice index on North pole, Ls: 107.88, latitude: 84.74, longitude: 34.69,

orbit: 1002A01, water ice index: 0.758; d) Red: Water ice cloud in aphelion cloud belt, Ls:

114.94, latitude: 11.98, longitude: 254.08, orbit: 8336A01, water ice index: 0.146;

band can be calculated (see Fig. 3). A detailed description of the algorithm can be found246

in appendix.247

Yet another problem appears because of the AOTF spectral points acquisition, as248

described in the section 2.1. This may produce features that the algorithm may iden-249

tify as water ice or even CO2 ice. To overcome these false positives we use an algorithm250

that helps decrease their number. We mark the spectrum as distorted by the AOTF if:251

1. There is a slope in reflectance between 1.30 and 1.37 µm252

2. There is a slope in reflectance between 1.36 and 1.37 µm253

3. If reflectance at any of the 1.465, 1.49, and 1.51 µm is more than 1.2Rcontinuum254

Since these regions do not cover the whole spectral range, the spectrum may be dis-255

torted in other areas, though we greatly reduce number of false positive detections. We256

can decrease this ratio to even smaller amounts by rejecting observations with low space-257

craft altitude, and thus a small FOV footprint on the surface (by reducing the impact258

of surface roughness on the spectra acquisition). This procedure makes the impact of these259

problems relatively marginal.260

Index of water ice makes no distinction between water ice on the surface and in the261

atmosphere. However, the 1.5 µm band is not very sensitive to water ice clouds, and SPICAM-262

IR can be used for water ice cloud detection in a very limited way. Nevertheless, in some263

areas - like the aphelion cloud belt - we can clearly observe water ice clouds. The detec-264
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tion limit of water ice in atmosphere varies (QH2O ∼0.08-0.12) from season and latitude265

and is connected with the atmospheric dust spectral slope. Though, water ice clouds can-266

not have more than a certain optical thickness. While the exact determination of these267

values and generally a distinction between water ice clouds and water ice on the surface268

are out of the scope of this paper, we would consider a value of QH2O ∼ 0.12 as a rough269

detection threshold for surface water ice presence, based on maximum bands depth re-270

ported by OMEGA (Langevin et al., 2007).271

4 Results272

4.1 Diversity of ice spectra observed with SPICAM-IR273

Since CO2 ice on Mars was never measured with resolving power ∼ 2000 in this274

spectral region, we present a few signatures from different regions of polar caps at var-275

ious seasons. CO2 ice reflectance varies a lot with grain size (as shown in Fig. 1), ice im-276

purity, and dust percent.277

South pole: Key spectral classes on Mars south pole were identified by OMEGA278

(Langevin et al., 2007). First is a very low albedo spectrum with very strong CO2 sig-279

natures (∼30-38 nm equivalent width of the 1.43 µm band: shown on Fig. 4, a). Langevin280

et al. (2007) identified them as clean CO2 slabs overlaying surface on seasonal cap. We281

observe these features in winter all over the cap, as close to the center of it as coverage282

allows (see detections on Fig. 6). Another spectral class with a less strong equivalent width283

of the 1.43 band of CO2 ice (20-25 nm), but with higher albedo (up to 0.75) is observed284

mostly during the seasonal cap recession in spring (Fig. 4, b). There are also many spec-285

tra with equivalent width of the 1.43 µm band ranging from 6 nm to 38 nm. Patches with286

relatively high albedo (0.6-0.7) and narrow band CO2 ice are observed during early spring287

near the edge of the south cap, which probably corresponds to relatively clear and fine288

grained CO2 snow (Singh & Flanner, 2016; Langevin et al., 2007) (Fig. 4, f). Another289

object of interest is the ”cryptic region”, where there are almost no signatures of CO2290

ice deep into the south seasonal cap during early spring (Fig. 4, c). This region is de-291

scribed and discussed in several papers (Kieffer et al., 2000; Langevin et al., 2006). Kieffer292

et al. (2006) suggested an eruptive venting process that propels and disseminates soil par-293

ticles over the transparent CO2 slab thereby masking CO2 ice signature. We observe this294

region in Martian Years 28-35 except for year 34 because of the absence of coverage of295

that area. Signatures with the lowest amount of CO2 ice signatures are observed mostly296

in Martian Year 28, probably because Martian Year 28 exhibits the best coverage of the297

cryptic region.298

There are also water ice signatures on the South pole. For some observations, we299

can attribute them to ground ice, though the accurate distinction between water ice or300

snow on the surface of Mars and clouds cannot be made so distinctly. Medium deep (0.3-301

0.35) water ice signatures at the South pole are observed during the recession from Ls302

= 160◦ to Ls = 230◦. There are also a few observations of H2O ice signatures with no303

or small amount of CO2 ice in the ”cryptic region” in MY 28 and in Hellas basin in dif-304

ferent MY (Fig. 4, d). The water ice index in these observations also varies between 0.3305

and 0.35. The highest index (0.5-0.55) on the south pole was observed during winter at306

the edge of the seasonal cap or even out of it on the Hellas basin in combination with307

CO2 ice signatures. As discussed by Langevin et al. (2007); Appéré et al. (2011); Singh308

and Flanner (2016) all of these signatures on the cap may be interpreted as either con-309

tamination of CO2 ice with water ice grains or a thin layer of water ice frost on top of310

carbon dioxide.311

The last object of interest on the South cap is the permanent cap, which was ob-312

served in Martian Years 27, 28, 29, 33, 34, 35. Most of the observations present strong,313

quite bright CO2 ice signatures with occasional water ice inclusions (Fig. 4, e).314

–10–



manuscript submitted to JGR: Planets

Figure 6. Seasonal maps of CO2 1.43 µm equivalent width (top), water ice index (middle),

and water ice index in log scale for the morning (bottom).
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North pole: The north pole does not present such a variety of spectral signatures.315

Still, there are also ”cryptic”-like spectra around Ls = 330◦ - Ls = 355◦ with low albedo316

(0.3-0.4) (Fig. 5, b) and strong CO2 ice signatures mixed with strong water ice signa-317

tures (Fig. 5, a). It significantly brightens in spring with a maximum equivalent width318

of 1.43 µm band of 20 nm from Ls = 10◦ to Ls = 20◦. Otherwise, there is little variety319

in CO2 signatures, with the maximum equivalent width being around 21 nm.320

This result is expected because the north pole is more ”wet” than the south pole.321

However, the water ice spectrum does not present much diversity, but there are some in-322

teresting spectra of H2O ice: for example, low albedo, but deep water ice signatures (Fig.323

5, c) on perennial north pole (Ls = 100◦-130◦). Water ice index may be as high as 0.8324

at around Ls = 110◦.325

All of these spectra have the potential for accurate and high precision retrievals of326

parameters: the grain size, identifying slab ice, dust content, and water ice impurity. Com-327

plicated layered models may be considered to fit observed spectra precisely. This in-depth328

exploration lies out of the scope of this paper, yet will be the topic of future work with329

SPICAM-IR data.330

Lastly, we also observe water ice clouds in our spectra (Fig. 5, d). Water ice fea-331

tures are clearly observed near the aphelion cloud belt and on both poles outside the po-332

lar cap. The geographical distribution of these detections also matches patterns reported333

by Szantai et al. (2021). However, However, the sensitivity of detection in the 1.5 µm334

band is significantly lower than 3.1 µm.335

4.2 Seasonal map and average ice distribution336

One way to characterize seasonal polar caps with SPICAM-IR observations is to337

average observations for all longitudes and plot a seasonal map of the equivalent width338

of CO2 ice and water ice band depth in Ls - latitude axis (Fig. 6). This shows the sea-339

sonal dynamics and leverages on the complete SPICAM-IR dataset. These maps also il-340

lustrate the coverage for every Martian Year (see Supporting Information). Map of the341

equivalent width of 1.43 µm band of CO2 ice (Fig. 6, top panel) shows the seasonal evo-342

lution of CO2 ice by combining all years. Coverage of the recession of the south seasonal343

polar cap is good, the only year with bad coverage of it is MY33 (see Figures S2-S7 from344

Supporting Information). Still, after Ls = 220◦ the recession is asymmetric and the edge345

of the cap is not well defined. The recession of the north seasonal cap is also well doc-346

umented and was observed in years 29, 30, and 35. Coverage of the expansion phase of347

both seasonal polar caps is much more patchy due to the observation conditions. As for348

the south seasonal cap, pieces are seen in different years, though most of the observa-349

tions belong to year 33. North pole expansion phase coverage is also patchy for the same350

reasons.351

Water ice seasonal maps (Fig. 6, middle panel) can provide a little less informa-352

tion, due to lower sensitivity to water ice than CO2 ice. Nevertheless, we can monitor353

the edge of the north polar cap and be able to detect the presence of clouds. The av-354

eraged distribution of water ice index shows recession of north polar cap and also strong355

detections on the south pole. While some of the weak detections during the recession of356

the south polar cap can clearly be attributed to water ice frost on the surface, some oth-357

ers may be confused with clouds or very strong CO2 ice. Another thing that is clearly358

seen on this map divided by local time (Fig. 6, bottom panel) is the aphelion cloud belt.359

This distribution also closely matches clouds detected by OMEGA (Szantai et al., 2021;360

Olsen et al., 2021).361
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Figure 7. The outer crocus line by SPICAM-IR and OMEGA are both cryptic and anti-

cryptic parts of the polar cap for Martian Year 27. Data on OMEGA outer crocus line taken

from Schmidt et al. (2009)

Figure 8. Outer crocus line by SPICAM-IR both cryptic and anti-cryptic parts. Circled

points are from Martian Year 28 in figure a and from Martian Year 34 in figure b. On the

background plotted the daily column-integrated dust scenarios for corresponding Martian Year

(Montabone et al., 2015, 2020)
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4.3 Edge of the cap362

Another result that can be retrieved from the SPICAM-IR data is the edge of the363

cap, or rather, the crocus line. This subject is widely discussed by Schmidt et al. (2009):364

using OMEGA data it was shown that the crocus line is different for cryptic (from 60◦365

to 260◦ east longitude) and anti-cryptic parts (from 260◦ to 60◦ east longitude) of the366

south polar cap. OMEGA coverage allows distinguishing between them. Authors of the367

paper also differentiate between inner and outer crocus lines: inner means bin with lower368

than 99% of pixels with CO2 ice coverage which is closest to pole and outer means pixel369

with at least 1% of pixels that are covered with CO2 ice that is closest to the equator.370

With SPICAM-IR, we cannot determine the ”CROCUS line”, which is specific to ther-371

mal IR instruments, neither the ”inner crocus line”, because it is very hard to distinguish372

between subpixel mixing of CO2 ice and soil and small grain size. But we can determine373

the outer crocus line, which corresponds in our case to the first detection of CO2 ice on374

our track (for more details see appendix). For consistency and comparison with previ-375

ous measurements by OMEGA (Fig. 7) we use the same definitions as in previous works.376

The detections are very consistent for both instruments and show close correlation.377

As for seasonal variations, both north and south CO2 cap behavior is very consis-378

tent from year to year, similar to Piqueux et al. (2015) and Schmidt et al. (2009). Though,379

it is known that global dust storms have an effect on the south polar cap recession (Bonev380

et al., 2002; Bonev et al., 2008; Piqueux et al., 2015). SPICAM-IR captured two dust381

storms (Fig. 8) that took place in different seasons: MY28 in southern summer (L2 270◦-382

320◦) and MY34 in spring southern (L2 200◦-270◦). The impact of the MY28 dust storm383

was already documented by MCS (Piqueux et al., 2015) and MARCI (James et al., 2010;384

Calvin et al., 2017). Both instruments observed smaller cap extent compared to non-dusty385

years, but since it was already the end of the recession, the mass of sublimed CO2 was386

not too big (authors aim to measure mass of CO2 rather than cap edge). However, these387

late dust storms are something that may impact the layer of CO2 on the residual cap388

and also affect its stability. The effect of the MY28 on cap edge measured by the SPICAM-389

IR can be seen in Fig. 9, showing less extent compared to the climatology. The MY34390

dust storm was not reported by any instrument but is very close to the MY25 GDS in391

atmospheric dust loading and timing (Montabone et al., 2020). TES in MY25 (Piqueux392

et al., 2015) reported global acceleration of the recession of the polar cap in bright ar-393

eas (anti-cryptic part of the cap) starting from the Ls = 190◦ to Ls = 225◦. In MY34,394

SPICAM-IR performed first observations of the seasonal cap edge around Ls = 230◦, show-395

ing no effect or even a little more extent of seasonal cap compared to climatology (Fig.396

8). This discrepancy can be explained by two reasons: the timing of SPICAM-IR obser-397

vations is after the end of the accelerated recession observed by TES and different def-398

initions of cap edge. Piqueux et al. (2015) reported less extent of CROCUS line, but the399

CO2 frost cover was the same (or even greater) as in non-dusty years. Since we define400

the cap edge as the last detection of CO2 ice, it may not reflect the accelerated reces-401

sion in the same way as TIR instruments do.402

North polar cap was also reported to be impacted by a dust storm (Piqueux et al.,403

2015). It is much harder to observe effect of them on north pole because the dusty sea-404

son occurs during the fall and winter in the northern hemisphere and thus the polar night405

at high latitudes. Otherwise, there are not many variations between different years (see406

Fig. 10).407

4.4 Mapping ices distribution408

While SPICAM-IR was not designed as a mapping spectrometer and measures only409

along-track, we still can construct spatial maps (figure 11, Figure S1 in Supporting In-410

formation). One of the features that is clearly seen with this data representation is the411

cryptic region in the southern hemisphere. Only two years have enough coverage of the412
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Figure 9. Outer crocus line for the south cap for all Martian Years combined. Orange points

represent anti-cryptic part (from 260◦ to 60◦ east longitude) and cryptic part (from 60◦ to 260◦

east longitude). Data from these pictures is available in the Supporting Information.

Figure 10. Outer crocus line for the north cap for all Martian Years combined. Different

colors represent different Martian Years. Data from these pictures is available in the Supporting

Information.

–15–



manuscript submitted to JGR: Planets

Figure 11. Map of CO2 1.43 µm equivalent width in logarithmic scale for Martian Years 28

and 29 binned by 1.4 by 0.7 degrees in south polar projection.

cryptic region, these are 28 and 29. While other years contribute to monitoring cap edge413

and seasonal maps, their spatial coverage does not allow to observe any structures. Our414

limit of detection (see appendix) is 1.5 nm and it can clearly be seen that between Ls415

= 200◦ and Ls = 210◦ there are regions that are close to the detection limit of SPICAM-416

IR. While the cryptic region in year 28 resembles what was seen by OMEGA in Mar-417

tian Year 27 (Langevin et al., 2007), data from Martian Year 29 shows a moderate cor-418

relation with both previous year and OMEGA observations.419

5 Conclusion420

We used the calibrated 1B level SPICAM-IR spectra to produce reflectance data421

throughout all nine Martian Years of observations. To obtain the reflectance, we corrected422

for the atmospheric gaseous absorption using Mars Climate Database 5.3 and HITRAN2016.423

We obtained about 200,000 high-resolution (λ/δλ ∼ 2,000) high signal-to-noise spec-424

tra of CO2 ice in different seasons and geographic areas of Martian polar caps. These425

spectra include slab ice, fine-grained ice, spectra of permanent caps, and spectra of dark426

and dirty ice at the cryptic region of the south polar cap of Mars. Also, we were able427

to observe water ice spectra, specifically the 1.5 µm wide band. We observed it on the428

surface and in the atmosphere and obtained a variety of different spectra of water ice,429

usually combined with CO2 ice.430

We were also able to quantify ice presence with different metrics, the equivalent431

width for the CO2 ice and the band depth index for the water ice. We have used slightly432

modified index of H2O ice as used for OMEGA and CRISM analysis (Langevin et al.,433

2007; Appéré et al., 2011; Brown et al., 2014). We composed seasonal maps of these quan-434

tities and obtained an average seasonal distribution allowing to track the spring reces-435

sion of both caps in detail. SPICAM-IR appears to be sensitive to water ice clouds in436
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nadir, though we are not always able to distinguish the atmospheric signature from ground437

ice or impurities in CO2 ice. We were also able to obtain spatial maps of ice distribu-438

tion on the surface for two Martian Years, showing the formation and evolution of the439

cryptic region, though sparsely. Lastly, we produced the edge (outer crocus line) of CO2440

south and north cap. SPICAM-IR observations showed very consistent cap edges and441

the impact of two global dust storms. MY 28 dust storm did speed up the end of the re-442

cession of the south polar cap, which is consistent with thermal data and modeling, though443

the effect of MY 34 global dust storm was not so clear, possibly because of the limited444

coverage. We compared our data with OMEGA observations in MY 27 (Schmidt et al.,445

2009), revealing a good agreement between the two instruments.446

There is still an unexplored potential in SPICAM-IR data. Next steps with this447

dataset may be retrieving ice parameters using models of spectral reflectance and an-448

alyzing co-located observations with other instruments (SPICAM-UV, OMEGA, and CRISM).449

There is also an opportunity to analyze more precisely water ice cloud distribution. The450

whole dataset already contains around 1.5 million spectra of the martian surface and con-451

tinues to grow.452

Data Availability Statement453

SPICAM 1A and 1B data used is available at ESA Planetary Science Archive (PSA):454

https://archives.esac.esa.int/psa/#!Table%20View/SPICAM=instrument. Indexes for455

CO2 and H2O ices (and other metadata) for each orbit with signal-to-noise ratio more456

than 20 is available at https://doi.org/10.5281/zenodo.7082888. Data from Figures 4-457

6, 9 and 10 is also available at https://doi.org/10.5281/zenodo.7082888. Data from Fig-458

ure 7 is can be found in Schmidt et al. (2009), dust optical depth from Figure 8 can be459

found at http://www-mars.lmd.jussieu.fr/mars/dust climatology/index.html.460

Software Availability Statement461

MCD5.3 used for atmospheric correction is available at http://www-mars.lmd.jussieu.fr/mars/access.html462

Appendix A Estimating carbon dioxide ice band depth when water463

ice is present464

In the case of both ice signatures present in the spectrum (4, e or 5, a), it is im-465

portant to accurately subtract the water ice spectrum. This is done in a few steps:466

1. Identify if water ice is present in the spectrum; if not present - proceed to the straight467

evaluation of the band with equation 5468

2. Normalize spectrum by dividing the whole spectrum on Rcontinuum469

3. Select two regions which are out of the main CO2 ice absorption band. As the first470

step, the first region is 1.367 - 1.375 µm and the second is 1.465 - 1.475 µm471

4. Calculate linear interpolation between mean reflectance of these regions472

(a) If 40% of points in reflectance spectrum between these two regions are located473

below this interpolation line - CO2 ice is present474

(b) If not - offset both spectral regions by 2 nanometers closer, repeat from the start475

of point 4476

(c) If this shift is 20 nm - there is no CO2 ice477

5. Find signal to noise ratio of the spectrum to find the degree of polynomial to fit478

the spectrum479

(a) If signal to noise is less than 20 - degree=1480

(b) If signal to noise is less than 45 - degree=2481
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(c) Else - degree=5482

6. Fit the region (from 1.34 to 1.375+offset·1.2 µm and from 1.465-offset to 1500 µm)483

with a polynomial of a chosen degree. In the majority of cases degree is 5.484

7. Evaluate polynomial with retrieved parameters at CO2 band region, subtract if485

from spectrum and proceed to equation 5486

This procedure proved to be very robust and produced stable results in almost every case.487

The sample result can be seen in figure 3 and Movie S2 in Supporting Information.488

Appendix B Cap edge detection method489

For every orbit which has at least 5 detections of CO2 ice, we take the track and490

split it in half by the point of minimum (or maximum) latitude. Then we use sliding win-491

dows with a size of 5 and look at how much of the observations in this window meet the492

threshold of CO2 ice detection (∼2 nm equivalent width of the band). If 3 out 5 of the493

observations in this window meet the threshold, then all of the points in the window are494

marked with CO2 ice presence. The outer crocus line is the point closest to the equa-495

tor for each track. Sometimes, orbit ends (or starts) in the middle of the cap - in that496

case, we check if the outer crocus line is the last or first point in the orbit - if it is true,497

that point is rejected. If this point longitude is from 60◦ to 260◦ east longitude, then we498

say it belongs to the cryptic part of the pole, otherwise, it belongs to the anti-cryptic499

part.500
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