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Abstract

Water ice clouds form in the mesospheres of terrestrial planets in the solar system (and most likely elsewhere) by vapor

deposition at low pressures and temperatures. Under these conditions a range of crystalline and amorphous phases of ice might

form. The phase is important because it influences nucleation kinetics, density, vapor pressure over the solid, growth rates

and particle shape. In the past the temperature range over which these different phases exist has been defined on the basis

of depositing ice at low temperature and warming it while observing phase changes. However, the direct deposition of ice at

a range of temperatures relevant for the terrestrial planets has not been systematically investigated. Here we present X-ray

Diffraction (XRD) measurements of water ice deposited at temperature intervals between 88 and 145 K in a vacuum chamber.

XRD patterns showed that low density amorphous ice was formed at [?] 120 K, stacking disordered ice I formed from 121 –

135 K and hexagonal ice I formed at 140 and 145 K. Direct deposition results in the stable hexagonal phase at much lower

temperatures than when warming stacking disordered ice. All three phases of water ice observed here are possible in clouds in

the mesospheres of Earth and Mars, while on Venus only amorphous ice is likely to form.
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Key Points 

• Low density amorphous ice was formed at 88-120 K, stacking disordered ice I 

formed from 121-135 K and hexagonal ice I formed at 140-145 K. 

• Direct deposition results in the stable hexagonal phase at much lower 

temperatures than when warming stacking disordered ice. 

• All three phases of ice are possible in clouds in the mesospheres of Earth and 

Mars, while on Venus only amorphous ice is likely to form. 

Abstract 

Water ice clouds form in the mesospheres of terrestrial planets in the solar system 

(and most likely elsewhere) by vapor deposition at low pressures and temperatures. 

Under these conditions a range of crystalline and amorphous phases of ice might form. 

The phase is important because it influences nucleation kinetics, density, vapor 

pressure over the solid, growth rates and particle shape. In the past the temperature 

range over which these different phases exist has been defined on the basis of 

depositing ice at low temperature and warming it while observing phase changes.  

However, the direct deposition of ice at a range of temperatures relevant for the 

terrestrial planets has not been systematically investigated. Here we present X-ray 

Diffraction (XRD) measurements of water ice deposited at temperature intervals 

between 88 and 145 K in a vacuum chamber. XRD patterns showed that low density 

amorphous ice was formed at ≤ 120 K, stacking disordered ice I formed from 121 – 

135 K and hexagonal ice I formed at 140 and 145 K. Direct deposition results in the 

stable hexagonal phase at much lower temperatures than when warming stacking 

disordered ice. All three phases of water ice observed here are possible in clouds in 

the mesospheres of Earth and Mars, while on Venus only amorphous ice is likely to 

form. 

Plain Language Summary 

Ice clouds made up of water ice crystals can form in the thin upper atmospheres 

(mesospheres) of terrestrial planets, where the temperatures are very cold (< 150 K 

or < - 190°F or < -123°C). Under these conditions a range of crystalline (hexagonal, 

cubic, or a mixture of both known as stacking disordered ice) and amorphous (lacking 

a defined crystal structure) phases of ice might form. The phase is important because 

it influences a range of cloud properties. Experimentally, rather than warming ice 

formed at low temperature (as has been done in the past) we deposit the ice directly 

between 88 – 145 K. Measurements showed that the amorphous, stacking disordered 



   
 

   
 

and hexagonal phases of water ice (ice I) can form depending on the specific 

temperature and direct deposition results in the hexagonal phase at much lower 

temperatures than when warming ice. All three phases of water ice observed here are 

possible in clouds in the mesospheres of Earth and Mars, while on Venus only 

amorphous ice is likely to form. 

Index Terms 

0320 Cloud physics and chemistry, 0343 Planetary atmospheres, 5422 Ices, 3311 

Clouds and aerosols, 0305 Aerosols and particles 

Keywords 

Mesospheric clouds, Martian Clouds, Venusian Clouds, Amorphous ice, Stacking 
disordered ice, Hexagonal ice 
 

1. Introduction 

Water ice clouds can form in the coldest regions of rarefied planetary upper 

atmospheres, where particles grow through deposition from the vapor phase. Despite 

the very low partial pressures of water in the upper atmospheres of Venus, Earth and 

Mars, the temperatures can be low enough (~<150 K, depending on the planet) to lead 

to large supersaturations and the formation of ice particles. At these temperatures 

multiple metastable forms of ice can exist, but the phases that can form remain poorly 

defined. In this paper we focus on understanding the phase of ice that forms in this 

class of very cold clouds which exist in the upper atmospheres of three of the terrestrial 

planets in the solar system.  

In Earth’s upper mesosphere (80-90 km), nanoparticles composed primarily of water 

ice form between 100 and 150 K, producing clouds known as Polar Mesospheric 

Clouds (PMCs) or noctilucent clouds (NLCs) [Thomas, 1991; Hervig et al., 2001; Rapp 

and Thomas, 2006]. In the Martian atmosphere, water ice clouds have also been 

observed planet wide at altitudes (30 – 90 km) where temperatures can drop to < 120 

K [Forget et al., 2009; Vincendon et al., 2011; Fedorova et al., 2020]. In addition, water 

ice particles may serve as seeds for CO2 ice particles in the Martian mesosphere 

[Plane et al., 2018]. On Venus, the possibility of water ice clouds has been 

hypothesised by Turco et al. [1983]. At the mesopause (~120 km) temperatures can 

drop below 100 K, leading to supersaturated conditions conducive for ice particle 

formation [Mahieux et al., 2015; Chamberlain et al., 2020]. Icy grains containing H2O 

are also present in the Inter-Stellar Medium (ISM) and past the frost line within the 

solar system, where it is cold enough (≤ 150 K) for m-sized ice particles to form [Gillett 

and Forrest, 1973; D’Angelo and Podolak, 2015]. Examples of temperature profiles for 

Earth, Mars and Venus, with calculated saturation ratios with respect to hexagonal ice 

I are shown in Figure 1. Super-saturated regions with respect to water ice are apparent 

in the mesospheres of all three planets, with temperatures where S ≥ 1 ranging from 

~140 K down to < 80 K.  

In the case of PMCs on Earth, the prevailing view is that ice particles are predominantly 

crystalline ice I based on satellite observations, but the specific crystalline phase is 



   
 

   
 

undetermined [Hervig and Gordley, 2010]. However, the transitory presence of Low-

Density Amorphous (LDA) ice should not be ruled out. LDA ice may nucleate 

homogeneously depending on the temperature and supersaturation, but may rapidly 

transition to a crystalline phase [Murray and Jensen, 2010]. Also, it has been proposed 

that the initial phase that would nucleate in PMCs is always LDA ice irrespective of the 

nucleation mechanism [Nachbar et al., 2018b]. Crystallization timescales at different 

temperatures for this LDA ice then become important for the evolution of cloud 

particles under these low temperature conditions [Jenniskens and Blake, 1996]. For 

Martian and Venusian mesospheric clouds the temperature minima are generally more 

extreme than the mesopause on Earth and the phase of ice which forms has not been 

considered in the literature.  

In total, water ice is known to exist in 19 distinct polymorphs, as well as low and high 

density amorphous forms [Loerting et al., 2011; Salzmann et al., 2011; Falenty et al., 

2014; del Rosso et al., 2016; Millot et al., 2018; Thoeny et al., 2019]. Under the low 

temperature and pressure conditions in planetary upper atmospheres, Ice I is the only 

crystalline phase expected to form. Historically, ice I was thought to exist as hexagonal 

ice (ice Ih) or cubic ice (ice Ic) polymorphs [Hobbs, 1974], however it has become 

apparent that most samples of ice identified as being cubic were actually made of ice 

consisting of interlaced layers of cubic and hexagonal sequences, known as stacking 

disordered ice (ice Isd) which has trigonal symmetry [Hobbs, 1974; Hansen et al., 2008; 

Kuhs et al., 2012; Malkin et al., 2012; Malkin et al., 2015; Salzmann and Murray, 2020]. 

It was only very recently that true ice Ic has been made [del Rosso et al., 2020; 

Komatsu et al., 2020; Salzmann and Murray, 2020], but the synthesis routes were not 

relevant for atmospheric ice formation. Both ice Ih and Ic structures are made up of 

honeycomb layers of hydrogen bonded water molecules, structural differences arise 

due to the way these layers are arranged. For ice Ih, each layer is a mirror image of 

the last, for ice Ic each layer is shifted, while a mixture of both stacking sequences 

leads to ice Isd.  

The specific phase formed in these clouds is important as it influences the properties 

of the particles that form, including the nucleation kinetics, density, vapor pressure 

over the solid, growth rates and particle shape. These factors then impact the growth 

and sedimentation of the ice particles, a process which redistributes water vapour, 

resulting in a layer with depleted water mixing ratio and below that a layer of enhanced 

water vapour where the particles sublime [Hervig et al., 2015]. In Earth’s mesosphere 

this is thought to alter odd hydrogen and oxygen chemistry [Murray and Plane, 2003; 

2005a], and particle phase may also influence the heterogeneous chemistry on 

mesospheric ice particles [Plane et al., 2004; Murray and Plane, 2005b; Mangan et 

al., 2017a]. Similar processes and interactions may occur in the atmospheres of Venus 

and Mars. Both the boundary between amorphous and crystalline ice formation, and 

the specific crystal structure of ice formed, is of interest. All of this suggests a complex 

range of possibilities for the form of Ice I, and how much LDA ice is present in planetary 

upper atmospheres, both of which may depend on factors including deposition 

temperature, particle warming, saturation ratio and pressure. 

Previous experimental studies of the crystal structure of ice I below 200 K have 

typically deposited the ice at a single base temperature and observed structural 



   
 

   
 

changes via warming [Shilling et al., 2006; Kuhs et al., 2012; Murray et al., 2015a]. 

Indeed, the amorphous to crystalline boundary has primarily been investigated this 

way, in terms of the transition, rather than determining the temperature at which the 

ice is no longer amorphous at deposition [Jenniskens and Blake, 1994; 1996; Smith 

et al., 1996]. In contrast, in the present study we use X-ray Diffraction (XRD) to 

investigate the effect of changing initial deposition temperature on the crystal structure 

of ice I between 88 -145 K by vapor depositing ice at regular temperature intervals. 

 

Figure 1. Example temperature profiles and saturation ratios for H2O ice in the upper 

atmospheres of Earth, Mars and Venus. Saturation is defined using H2O vapor mixing 

ratios of 5 ppm (Earth), 0.7 ppm (Mars) and 2 ppm (Venus) [Forget et al., 1999; Hervig 



   
 

   
 

et al., 2009; Chamberlain et al., 2020]. Saturation ratios were calculated using the 

Nachbar et al. [2019] amorphous correction to the vapor pressure over ice Ih [Murphy 

and Koop, 2005]. The atmospheric profile for Earth was taken from the Solar 

Occultation for Ice Experiment (SOFIE) database (http://sofie.gats-inc.com), event 

profile 56463 [Marshall et al., 2011]; for Mars, the Mars Pathfinder entry profile 

[Magalhães et al., 1999]; and for Venus, an averaged profile at 70 - 80º Lat [Mahieux 

et al., 2012]. 

2. Methods 

To investigate the crystal structure of H2O under different deposition conditions, we 

used a temperature-controlled stage within a vacuum chamber, probed using the 

powder X-ray Diffraction (XRD) technique which we have employed previously to 

study deposition of H2O ice [Shilling et al., 2006; Murray et al., 2015a]. Shown in Figure 

2, the experimental system described briefly below is in the same configuration as 

described in Mangan et al. [2017b] for CO2 deposition, with some modifications to 

allow for H2O vapor deposition. 

The X-Ray diffractometer (Bruker D8 Advance) was configured in a standard 

reflectance geometry and equipped with a Cu K-α X-ray source (λ=1.540598 Å). 

Diffracted X-rays from a sample mounted on an Anton Paar TTK 450 temperature-

controlled stage were detected by a VÅNTEC detector (shown in Fig. 1). The TTK 450 

chamber was pumped by a Pfeiffer Duo 2.5A vacuum pump allowing a pressure range 

of 1 × 10−3 – 1 × 103 mbar. The stage was cooled with liquid nitrogen to temperatures 

down to 88 ± 0.2 K, measured using a Pt-100 probe inserted into the sample support. 

The temperature was controlled using a Eurotherm PID controller and resistive 

heaters. The aluminium sample support was covered with a borosilicate glass slide 

(160 μm thickness) adhered using a thin layer of vacuum grease. 

For each experiment the environmental chamber was first pumped to a pressure of < 

1 × 10-2 mbar. The sample support was then cooled from room temperature at a rate 

of 20 K min-1 to the specific deposition temperature (110 – 145 K at deposition 

temperature increments of 5 K, one experiment at 88 K, as well as 1 K increments 

around 120 K), at which temperature a diffraction pattern was recorded (2θ = 20 - 50°) 

to ensure no ice frosting had occurred on the glass slide. Water vapor was produced 

by flowing dry N2 (10 sccm) through two bubblers containing deionised water cooled 

to 278 K. This wet flow was combined downstream of the bubblers with a dry N2 flow 

of 290 sccm, before entering the front of the chamber via a needle valve, with a stable 

total chamber pressure in each experiment of 10 mbar (20 mbar at 88 K) maintained 

by throttling the vacuum pump. Low resolution, 30 second scans at 2θ = 22 - 30° were 

taken during 20 minutes of ice growth to monitor the signal (examples at 121 K are 

shown in Figure 3). The humid N2 flow was then stopped and a high resolution XRD 

pattern (5-minute scan) with increments of 2θ = 0.0426 for 2θ = 20 - 50° measured. 2θ 

values were corrected against a silicon standard, accounting for peak shifting due to 

sample height. 



   
 

   
 

 

Figure 2. Diagrams of the experimental set-up, including; a front on view of the vacuum 

chamber with temperature-controlled stage (TTK 450), detector and X-ray source 

(left), top down view of the experiment including the H2O vapor flow system (right).  

 

Figure 3. XRD patterns of ice growth at 121 K monitored over 20 minutes at 2θ = 

22 - 30°. The patterns are offset for clarity. 

3. Results 



   
 

   
 

Figure 4 shows the background corrected diffraction patterns of water ice grown for 

20 minutes and deposited at intervals from 88 – 145 K at 10 mbar (88 K measurement 

taken at 20 mbar) are compared with calculated patterns for ice Isd, Ih and Ic. The 

diffraction patterns at 110, 115 and 120 K show an absence of defined Bragg peaks 

with two broad amorphous features. The first, centred around 24º and a broader, 

weaker feature at >35º centred around 40 – 45º are consistent with LDA ice [Dowell 

and Rinfret, 1960; Shilling et al., 2006]. The diffraction pattern taken at 88 K 2θ = 22 - 

30º also shows the broad feature centred at 24º, suggesting LDA ice is deposited from 

88 – 120 K. 

In order to probe the specific conditions at which the deposited ice is no longer 

amorphous, experiments were undertaken at 1 K intervals, over a smaller temperature 

range (119 – 122 K), shown in Figure 5. The presence of crystalline ice, with defined 

sharp Bragg peaks is seen consistently in diffraction patterns of ice deposited at 121 

K and above. The experimental peak positions at 24º, 40º and 48º are consistent with 

the simulated patterns of Ic and ice Ih. The shoulder peak at 23º is consistent with ice 

Ih, but the remaining prominent ice Ih peaks are missing (26º, 33.5º and 44º). 

Combining these inconsistencies with the feature from 23 - 26º shows that neither pure 

ice Ih or Ic formed at 121-135 K and instead the crystalline ice formed is consistent with 

ice Isd. Ice Isd can have a range of  cubicities and memory in the stacking sequences, 

but the shape of the pattern (particularly around 23 - 26º) suggests that this ice is 

roughly 50% cubic and 50% hexagonal sequences which are randomly arranged 

[Malkin et al., 2015; Salzmann and Murray, 2020]. 

The experiments at 140 and 145 K show marked differences from the ice Isd deposited 

at 120 -135 K. Firstly, the 40º and 23º peaks are no longer present and neither is the 

broad feature from 23 - 26º suggesting the ice formed is no longer ice Isd. At 140 K, 

only two main peaks are present; a high intensity 24º peak (consistent with ice Ih and 

Ic) and a weaker intensity 43º peak (only seen in the simulated pattern for ice Ih). The 

absence of stacking disordered features and a peak in the diffraction pattern at 2θ that 

is only found in ice Ih leads to the conclusion that at 140 K the ice formed is ice Ih, 

growing with strong preferred crystallographic orientation (we explain this below) 

rather than ice Ic or Isd. Further evidence for pure ice Ih forming can be found in the ice 

deposited at 145 K, where two additional small Bragg peaks appear at 26º and 33.5º 

that are only found in ice Ih. These findings on the structure of ice I with deposition 

temperature are discussed in the context of the literature in the following section. 

The relative intensities of the patterns of crystalline ice are a poor match to the ideal 

simulated patterns because the samples exhibit preferred crystallographic orientation. 

The simulated patterns are derived assuming a large population of randomly 

orientated crystallites are present. However, in our XRD experiments this is not the 

case and the vapor deposited ice shows evidence of varying degrees of preferred 

orientation. This occurs because of ordering of the crystallites via oriented growth on 

the sample surface. In the case of the diffraction patterns shown here, the crystallites 

are partially ordered, leading to varying intensities of the Bragg peaks for ice Isd and in 

the case of ice Ih, missing peaks relative to the simulated pattern. While the strong 

preferred orientation precludes further detailed analysis of these diffraction patterns 

(such as stacking probability in ice Isd), we can identify the phases. 



   
 

   
 

Table 1.  Experimental saturation ratios for liquid (Sliq), ice Ih (Sice Ih) and the LDA ice 

correction to Sice Ih (SLDA ice).   

sample temperature / K Sliq a Sice Ih a SLDAice 
b 

88 3.09 × 1016 1.86 × 1017 9.57 × 1015 

110 2.83 × 1010 1.11 × 1011 1.08 × 1010 

115 2.80 × 109 1.03 × 1010 1.11 × 109 

120 3.35 × 108 1.15 × 109 1.38 × 108 

125 4.74 × 107 1.54 × 108 2.01 × 107 

130 7.77 × 106 2.39 × 107 3.41 × 106 

135 1.45 × 106 4.24 × 106 6.55 × 105 

140 3.05 × 105 8.51 × 105 1.42 × 105 

145 7.14 × 104 1.90 × 105 3.39 × 104 

 a [Murphy and Koop, 2005], b [Nachbar et al., 2019]. 



   
 

   
 

 

Figure 4. XRD patterns of H2O ice, vapor deposited at temperatures from 88 -145 K. 

Included at the top of the figure are predicted patterns of ice Ih, Ic and Isd (assuming 

randomly arranged and equal probability of ice Ih and Ic sequences). A summary of 

the experimental conditions is shown in Table 1. The patterns are offset for clarity. 



   
 

   
 

 

Figure 5. XRD patterns of vapor deposited ice close to the amorphous- crystalline 

boundary of ice I at 115 – 122 K. The patterns are offset for clarity. 

4. Discussion 

4.1 The amorphous – stacking disordered boundary at 120 K. 

In this study we observe LDA ice at deposition temperatures of ≤ 120 K while ice Isd is 

formed at 121 – 135 K. The formation of LDA ice at the coldest deposition conditions 

investigated here is consistent with other studies looking at very low temperature ice 

[Dowell and Rinfret, 1960; Hobbs, 1974; Jenniskens and Blake, 1994]. Also, the 

observation in this study that ice Isd is the coldest observed crystalline form of ice I 

formed by direct vapor deposition is consistent with other literature, whether the ice 

was produced by direct vapor deposition or via warmed LDA ice. Using a similar 

experimental setup, Murray et al. [2015a] warmed amorphous ice at 1 K min-1 from 

110 K and observed crystallisation to ice Isd at 120 K. However, this crystallisation 

behaviour in warmed ice is often seen at temperatures much higher than 120 K. For 

example, in Jenniskens and Blake [1994], the transition from amorphous to crystalline 

ice was gradual, where warming at 1 - 2 K min-1 caused changes in diffraction patterns 

at 131 K. In another example, Hallbrucker et al. [1989] observed a structural relaxation 

at 136 ± 1 K prior to the onset of crystallisation in amorphous ice generated via hyper-

quenching water. In other studies, complete crystallization upon warming was not 



   
 

   
 

observed until 150 - 160 K [Johari et al., 1991; Jenniskens and Blake, 1994; Smith et 

al., 1996; Mitlin and Leung, 2004; Shilling et al., 2006].  

The gradual transition to crystalline ice observed in the literature is in stark contrast to 

what is observed in Figure 5, where the diffraction patterns of ice deposition at ≥121 

K show a completely crystalline structure with defined Bragg peaks. Outside of the 

features associated with ice Isd, the diffraction patterns show no evidence of the broad 

features associated with amorphous ice. Hobbs [1974] provides a summary of the 

early experimental research into ice I at low temperatures, covering 16 studies 

highlighting that the amorphous-crystalline boundary was observed to start and 

complete over a wide range of temperatures (approximately 110 – 160 K). However, 

at least some of these diffraction studies may have misinterpreted the broad feature 

between 23 - 26º in ice Isd as evidence for the persistence of amorphous ice to 

relatively high temperatures [Dowell and Rinfret, 1960]. Hence, we suggest that the 

phase transition temperatures reported in some of these earlier studies may not 

always be reliable. 

In a study of the vapor pressure of low temperature ice I, Nachbar et al. [2018a] 

concluded that because the same nano-crystalline ice polymorph was observed both 

by warming of amorphous ice and direct vapor deposition, amorphous ice is the initial 

phase formed by vapor deposition below 160 K before crystallization occurs above 

130 K. Crystallization timescales could play a part in the temperature dependent 

behaviour of deposited ice and are an important variable atmospherically. The higher 

in temperature the amorphous ice is, the quicker crystallization occurs [Dowell and 

Rinfret, 1960; Jenniskens and Blake, 1996]. Isothermal experiments by Jenniskens 

and Blake [1996] showed amorphous ice warmed to and then held at 125 K took ~5000 

seconds to show evidence of crystallinity in the diffraction patterns. In contrast, in our 

study there was a maximum crystallization timescale of about 1800 s and we observe 

crystalline ice deposited at this temperature. In the present study evidence of defined 

Bragg peaks associated with crystalline ice are present in the first scans taken only 

300 s from the onset of deposition at 121 K (shown in Figure 3), while crystallization 

timescales are several days at this temperature according to Jenniskens and Blake 

[1996]. If amorphous ice forms first then it must have crystallized on timescales shorter 

than were observable in this experiment, in contrast to slower crystallization in 

annealed ice from other studies. 

4.2 The deposition of ice Ih at relatively low temperatures 

A striking observation in our study was the very low temperature (140 – 145 K) at 

which deposition produced ice Ih, as shown in Figure 4. This result contrasts with the 

results of a number of previous studies: amorphous ice warmed from the deposition 

temperature of 110 K by Murray et al. [2015a] was found to be ice Isd  from 120 K all 

the way up to the highest temperature measured (160 K). In neutron diffraction 

experiments of annealed ice deposited initially under liq N2 temperatures, Kuhs et al. 

[2012] showed that the ice was stacking disordered up to the 175 – 190 K range. A 

fraction of cubicity was still apparent during isothermal experiments over the course of 

12 hours, especially at the lowest (175 K) temperature studied. While LDA ice warmed 

from 90 K by Shilling et al. [2006] was still in the form ice Isd at 180 K and persisted for 



   
 

   
 

at least 60 minutes. The literature review in Hobbs [1974] shows that ice Ih is typically 

observed from ~170 – 200 K. Experiments by Dowell and Rinfret [1960] suggested 

conversion to ice Ih occurs at ≥ 140 K. However, there is a caveat in that these early 

studies were carried out before stacking disorder in ice I was recognised. It appears 

from the discussion in Dowell and Rinfret [1960] that the peak at ~23º was interpreted 

as evidence for ice Ih, but we now know that this peak is consistent with ice Isd [Malkin 

et al., 2015]. Overall, these literature studies suggest that ice Isd persists to 

temperatures as high as 190 K, in strong contrast to our study where we deposited 

directly.  To verify that our experimental system was not promoting ice Ih, we deposited 

LDA ice at 110 K and warmed it to 160 K (see Figure 6). The ice at 160 K was ice Isd, 

similar to the findings of Murray et al. [2015a] and the other studies listed above. Hence 

there does appear to be a strong difference between the ice phase produced through 

direct deposition and that of ice deposited at low temperatures and warmed.  

 

Figure 6. XRD patterns of H2O ice, vapor deposited at 110 K and then warmed to 160 

K. Included at the top of the figure is a predicted pattern for stacking disordered ice, 

ice Isd (assuming randomly arranged and equal probability of ice Ih and Ic sequences). 

The patterns are offset for clarity. 

The effect of saturation ratio (and therefore growth rate) on the formation of ice is an 

experimentally and atmospherically relevant variable that could influence which 

polymorph of ice I is produced. In this study the flow of water vapor and the chamber 

pressure was fixed, leading to higher saturation ratios with respect to the solid phase 

at the lower temperatures (Table 1:  at 145 K the saturation ratio (SLDAice) is ~3 x 104 

while at 110 K it is ~1 x 1010). Hudait and Molinero [2016] grew ice I between 200 to 

260 K in a modelling study and concluded that the crystal structure was linked to 

growth rate and therefore also linked to saturation ratio. Ices formed at higher 

saturation ratios (> 1.6 x 104) were found to form ice Isd, with ice Ih forming at lower 

saturation ratios. This trend in saturation although not directly comparable is consistent 

with the data observed here, where the highest temperatures (140 - 145 K) and lowest 

saturation ratios (~(0.3 – 1) x 105) leads to ice Ih formation. This may also be the 



   
 

   
 

situation in planetary atmospheres where supersaturation is driven primarily by 

temperature with relatively constant water mixing ratio. 

We now turn to why ice Ih is favoured when deposited at and above 140 K, whereas 

ice Isd is favoured at these temperatures when ice is deposited at lower temperatures 

and warmed. This issue is related to the fact that ice Isd is favoured when ice is grown 

from liquid water. Hudait and Molinero [2016] concluded that there is a significant 

surface energy cost of ice Isd over ice Ih. In fact, the energy cost against cubic ice 

sequences at the ice-vapour interface is about 25 times greater than that in the ice-

liquid interface [Hudait and Molinero, 2016; Hudait et al., 2016]. This means that when 

ice grows from the vapour, there is a strong thermodynamic driver for any cubic 

sequences to relax to the hexagonal configuration. This is only overcome at relatively 

high growth rates (at high supersaturation) where the cubic sequences are buried in 

the ice structure before they get a chance to relax to the more stable hexagonal 

configuration.  Similarly, when ice grows from an aqueous environment, the growth is 

rapid relative to reorganisation, locking the ice in the kinetic product, i.e. ice Isd [Malkin 

et al., 2015]. This also offers an insight into why ice Isd is produced at temperatures 

≤ 135 K and persists when warmed to higher temperatures. At low temperatures ice 

Isd is favoured in part because the rate of reorganisation at the surface slows with 

decreasing temperature, but also because the supersaturation and growth rate 

increases for a given mixing ratio of water vapour [Hudait and Molinero, 2016].  The 

metastable cubic sequences are then locked within the ‘bulk’ ice, so when the ice is 

warmed, the stacking disorder persists until the vapour transport route becomes 

relatively rapid (on an hour-minute time scale) at temperatures above ~190 K [Murphy, 

2003].  It has been suggested in the past that ice Isd crystals might grow in cirrus clouds 

in the Earth’s Tropical Tropopause Layer (TTL) (180 - 200 K) [Murray et al., 2005; 

Kuhs et al., 2012], but our results suggest that even if aqueous droplets freeze to ice 

Isd, subsequent growth will result in ice Ih. This finding is consistent with the molecular 

simulations by Hudait and Molinero [2016], although some stacking faults in 

predominantly hexagonal structures might be possible, and would be consistent with 

observed trigonal symmetry in some ice crystals [Kuhs et al., 2012; Murray et al., 

2015b].  

5.  Implications for clouds in planetary mesospheres 

The experimental results presented in this study suggest that deposition of LDA ice, 

ice Isd and ice Ih may be possible across just a 20 K temperature range, with 

implications for the crystal phase present in these clouds. It should be noted, as 

discussed in the previous section, that a range of temperatures have been reported 

for each ice I phase in the literature, and so a range of conditions for each may be 

possible atmospherically. 

A comparison of the super-saturated regions (regions kinetically favourable for stable 

ice crystals with S ≥ 1) are shown in Figure 1 for the upper atmospheres of Earth, Mars 

and Venus at fixed water vapor mixing ratios (see the figure caption for values). It is 

worth noting that super-saturation is exponentially dependent on temperature and only 

linearly dependent on the water vapor mixing ratio, making temperature the key driver. 



   
 

   
 

The implications of the experimental results presented here are discussed for water 

ice clouds on each planet. 

5.1 Earth 

The temperature profile shown for Earth is a satellite measurement from June 30th, 

2012 at 67ºN, which represents a typical cold profile seen during the northern 

hemisphere PMC season occurring between late May and late August. In the 

mesosphere of Earth, the temperature range where S ≥ 1 for the profile shown is 

approximately 125 – 140 K at 84 – 88 km altitude, around the mesopause altitude. 

Generally, PMC ice particle temperatures exist in the range of 120 - 150 K [Hervig and 

Gordley, 2010]. PMCs which scatter enough light to be optically visible tend to occur 

several km below the cold point of the mesopause (when they can appear as NLCs to 

a ground-based observer), but ice particles are thought to also exist close to the 

mesopause as evidenced by the presence of Polar Mesospheric Summer Echoes 

(PMSEs) [Rapp and Lübken, 2004; Russell III et al., 2010]. These ice particles are 

thought to nucleate near the cold point, and then grow and sediment to form the visible 

cloud [von Zahn and Berger, 2003; Rapp and Thomas, 2006]. 

The evidence from this study and others suggests most PMCs that form between 120 

and 135 K will be ice Isd crystals. As the ice particles sediment and reach warmer 

temperatures, the ice Isd structure will likely persist [Murray et al., 2015a]. Ice crystals 

that sediment into regions warmer than ~140 K may then grow through the deposition 

of ice Ih. At the mesopause, conditions are sometimes cold enough that LDA ice 

particles can form, as previously suggested [Lubken et al., 2009; Murray and Jensen, 

2010]. Upon warming these LDA ice particles would likely transition to ice Isd so that 

LDA ice is probably a transient phase and will not be present in the bulk of PMCs, 

consistent with previous satellite measurement which indicate crystalline ice 

dominates PMCs [Hervig and Gordley, 2010]. However, LDA ice may be important in 

the early stages of cloud development. For example, the equilibrium vapour pressure 

of LDA ice is substantially larger than crystalline ices, hence this may drive a mass 

transfer process analogous to the Werner-Bergeron-Findeisen process in Earth’s 

tropospheric clouds composed of mixtures of liquid water and ice [Murray et al., 2012; 

Nachbar et al., 2018b]. In this process, a few particles of crystalline ice grow at the 

expense of LDA particles, potentially leading to a reduced number of hydrometeors of 

larger size. Overall, it is striking that all three phases of ice may be present and 

important in the evolution of mesospheric clouds on Earth.  

5.2 Mars 

For Mars, as can be seen from the Mars Pathfinder entry profile shown in Figure 1, 

the situation is distinct to that on Earth. A colder temperature profile, with a wide 

altitude range of extreme cold temperatures leads to a large saturated region (S ≥ 1 

for < 135 K at 58 – 87 km in this profile), one that is significantly more supersaturated 

than for Earth. Mars lacks a significant ozone layer and a clear mesopause, leading to 

a much more variable altitude at which the temperature minimum occurs. This 

temperature minimum is influenced heavily by dynamical processes such as gravity 

waves causing a much larger range of altitudes (30 – 90 km) in the atmosphere 

(especially in the mountainous equatorial regions for solar longitude Ls = ~0 - 150º) 



   
 

   
 

where water ice clouds are typically observed [Vincendon et al., 2011; Fedorova et al., 

2020; Heavens et al., 2020].  

Water ice clouds observed in the mesosphere (~80 km) with the strongest temperature 

minima (~80 K) will likely form as particles of LDA ice which could transform to ice Isd 

at warmer temperatures, in a similar way to PMCs on Earth. Observations during the 

dust storm season have highlighted the presence of water ice at altitudes of ~80 – 90 

km at temperatures < 150 K, suggesting that ice Isd and ice Ih may also be possible for 

these warmer mesospheric clouds [Fedorova et al., 2020]. Similarly, clouds forming in 

the lower mesosphere (< 60 km) are more likely to lead to ice Isd and possibly ice Ih 

particle formation depending on the specific conditions. Water ice clouds can also form 

all the way down to the Martian surface (~0 – 30 km) at temperatures from ~180 – 215 

K, under similar temperature conditions to TTL cirrus on Earth, and so should also 

form primarily particles of ice Ih [Whiteway et al., 2009; Wilson and Guzewich, 2014]. 

5.3 Venus 

The profile shown in Figure 1 for the Venusian upper atmosphere is taken from the 

SOIR Instrument onboard the Venus Express satellite in the 70 - 80º latitude region 

[Mahieux et al., 2012]. A temperature minimum (~80 K) is observed in this profile 

around an altitude of 125 km, although the temperature can drop as low as 60 K based 

on other observations [Mahieux et al., 2015]. This temperature minimum is often 

observed around 120 – 130 km for measurements taken at the terminators, though 

the extent of the temperature minima is variable. The super-saturated region shown 

here occurs at temperatures < 130 K, over a 119 – 129 km altitude range. The 

Venusian mesosphere where ice clouds may form is more rarefied (~10-5 Pa) than the 

coldest regions observed on Earth and Mars (1 – 10-2 Pa), hence much more extreme 

temperature minima are required for nucleation. It is suggested that if clouds form at 

these high altitudes they will likely produce small subvisible nanoparticles [Turco et 

al., 1983]. Small particles of water ice forming at ~60 - 120 K could persist as LDA ice 

and are unlikely to undergo significant crystallization to ice Isd before sublimation under 

warmer conditions. The temperatures on Venus are probably too high to form the high 

density counterpart of LDA ice, HDA ice, which requires vapour deposition below 38 

K to form [Jenniskens and Blake, 1994]. Given the need for temperatures below 130 

K to produce supersaturated air, Venus is the only atmosphere discussed here where 

ice Ih is unlikely to form and where the dominant phase may be LDA. 

5.4 Ice nucleation and crystal shape 

It is thought that an amorphous phase is the initial material to nucleate when particles 

nucleate homogeneously from the vapour, since the nucleation barrier for the 

formation of an amorphous cluster is smaller than for a crystalline cluster [Huang and 

Bartell, 1995; Murray and Jensen, 2010]. Of particular relevance to planetary 

mesospheric clouds, Nachbar et al. [2018a] concluded that the initial phase that forms 

for temperatures < 160 K is always LDA ice. Furthermore, an ice activation model 

using the bulk properties of LDA ice was also able to satisfactorily reproduce 

heterogeneous ice nucleation experiments at ~140 - 150 K  [Duft et al., 2019]. The 

mesospheric clouds discussed for Earth, Mars and Venus all form below 150 K, 

suggesting that at least the nucleation kinetics of ice particles forming by deposition in 



   
 

   
 

these atmospheres will be governed by the properties of LDA ice, including associated 

parameters such as vapor pressure, surface tension and density. Depending on the 

temperature, timescale, growth rate and size of the ice particles, the initial amorphous 

clusters formed below 160 K may transform to ice Isd. If the temperature is low enough 

(≤ 120 K) or either growth or particle lifetime is limited, they can instead persist as LDA 

ice. Hudait and Molinero [2016] suggest that at the high supersaturations possible in 

experiments and in planetary upper atmospheres (e.g. S = 106 – 108), crystalline ice 

Isd is more likely to form than ice Ih. This saturation range is comparable to that seen 

over the 120 – 135 K range in this study (1.4 x 108 – 6.6 x 105) where ice Isd is 

observed. Precipitation of particles from colder to warmer regions, short-lived 

perturbations of the temperature profile cause by gravity waves, and the effect of 

varying supersaturation, provides the possibility of multiple phases being present in 

these clouds. The phase that grows then determines the possibilities for the overall 

shape of the crystal. 

The lack of long-range order in LDA ice suggests that once the particles grow large 

enough that the shape is no longer significantly influenced by the addition of a single 

water molecule (diameter of a H2O molecule ~0.27 nm), they will be approximately 

spherical. Crystals with a structure of ice Isd (the likely most abundant crystalline phase 

in the mesospheric clouds for Earth and Mars) are trigonal, forming columns or plates 

with aspect ratios larger  than spherical particles [Murray et al., 2015b]. Crystals of ice 

Ih will also be anisotropic and will lead to columns and plates, albeit with six-fold 

symmetry. Ice Ic (which is not expected to form for the clouds discussed here based 

on experimental evidence), would form more compact isotropic crystals. For PMCs on 

Earth, the expectation of primarily ice Isd and ice Ih is consistent with observations of 

high aspect ratio, non-spherical crystals [Rapp et al., 2007; Hervig and Gordley, 2010]. 

For Mars, the elongated crystal shapes of the tropospheric water ice (ice Ih) clouds 

differentiate them from CO2-I ice clouds, which form more compact crystal shapes 

similar to ice Ic, such as cubes and octahedra [Mangan et al., 2017b]. 

6. Conclusions 

Diffraction patterns of unannealed, vapor deposited water ice at 10 mbar (20 mbar at 

88 K) have been presented in this study at temperatures from 88 – 145 K. LDA ice 

was found to form at deposition temperatures of 88 – 120 K with a boundary at ~120 

K between amorphous and crystalline ice deposition. Ice Isd was deposited at ~120 – 

135 K and ice Ih at 140 and 145 K. LDA ice was also annealed from 110 up to 160 K 

producing ice Isd, highlighting the difference in crystal structure between ice deposited 

directly at a particular temperature and ice deposited at lower temperature and then 

warmed to the same temperature. 

The crystal structure of ice I in the mesospheric clouds of Earth, Mars and Venus was 

inferred from the experiments undertaken in this study. For Earth and Mars conditions 

should exist for all three phases of ice I to occur, with the predominant structure in 

mesospheric clouds likely to be ice Isd, and LDA ice under extreme low temperature 

conditions. In contrast, lower altitude clouds on Earth and Mars are likely to be 

comprised of ice Ih particles. On Venus, clouds that may form around 125 km would 

likely be LDA ice. Particles of ice Isd and Ih will form anisotropic crystals, such as 



   
 

   
 

needles and plates, while LDA ice should lead to more spherical particles. Overall, the 

results of this study show that amorphous, metastable stacking disordered and stable 

hexagonal ice may form and influence the properties of clouds in the mesospheres of 

terrestrial planets.  
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