
1 
 

 1 

 2 

 3 

 4 

 5 

 6 

Rainfall on Noachian Mars: 7 

Nature, timing, and influence on geologic processes and climate history 8 

 9 

Ashley M. Palumbo1, James W. Head1, and Lionel Wilson2 10 

1. Department of Earth, Environmental and Planetary Sciences, Brown University, 11 

Providence RI 02912, USA 12 

2. Lancaster Environment Centre, Lancaster University, Lancaster LA1 4YQ, United 13 

Kingdom 14 

 15 

Submitted to: Icarus Journal 16 

 17 

 18 

Keywords: rainfall; climate; Noachian; erosion  19 



2 
 

Abstract 20 

The formation of martian geologic features, including degraded impact craters, valley networks, 21 

and lakes, has been interpreted to require a continuously “warm and wet” Noachian climate, with 22 

above-freezing surface temperatures and rainfall. More specifically, it has been argued that a 23 

change in the nature of rainfall in the Noachian, from a diffusive rain splash-dominated erosional 24 

regime to an advective runoff-dominated erosional regime, is the best explanation for the 25 

observed temporal differences of erosion style: the degradation of craters has been interpreted to 26 

be due to rain splash throughout the Noachian, while the formation of valley networks and lakes 27 

has been interpreted to be due to more erosive and abundant fluvial activity at the 28 

Noachian/Hesperian transition. However, the presence of a long-lived “warm and wet” climate 29 

with rainfall is difficult to reconcile with climate models which instead suggest that the long-30 

lived climate was “cold and icy”, with surface temperatures far below freezing, precipitation 31 

limited to snowfall, and most water trapped as ice in the highlands. In a “cold and icy” climate, 32 

fluvial and lacustrine activity would only be possible during transient warm periods, which could 33 

produce “warm and wet” conditions for a relatively short period of time. In this work, we (1) 34 

review the geomorphic evidence for Noachian rainfall and the various rainfall-related erosional 35 

regimes, (2) explore climate model predictions for a “cold and icy” climate and the potential for 36 

short-lived “warm and wet” excursions, and (3) attempt to characterize the transition from 37 

diffusive to advective erosional rainfall regimes through analysis of atmospheric pressure and 38 

rainfall dynamics with the goal of providing insight into the nature of the Noachian hydrological 39 

cycle and thus, the Noachian climate. We conclude that (1) if rainfall occurred on early Mars, 40 

raindrops would have been capable of transferring sufficient energy to initiate sediment transport 41 

regardless of atmospheric pressure, implying that rain splash would have been possible 42 
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throughout the Noachian, and (2) in contrast to previous findings, maximum possible raindrop 43 

size does not depend on atmospheric pressure and, as a result, simple parameterized relationships 44 

suggest that rainfall intensity (rainfall rate) does not depend on atmospheric pressure. Therefore, 45 

our results, based on the implementation of a simple parameterized relationship for rainfall 46 

intensity, predict that there would not have been a transition from rain splash-dominated erosion 47 

to runoff-dominated erosion related solely to decreasing atmospheric pressure in the Noachian; 48 

we suggest that future work should test this conclusion with more advanced methods of 49 

calculating rainfall intensity. This finding is not necessarily consistent with the hypothesis of 50 

Craddock and Lorenz (2017) that the long-lived Noachian climate was “warm and wet” with 51 

continuous rainfall and that rainfall intensity changed as a function of atmospheric pressure 52 

declining through time; our findings do not preclude the possibility that early Mars was 53 

predominantly “cold and icy”. Remaining unknown is the mechanism(s) for the observed 54 

geomorphic transition in erosion style, and whether melting of surface snow/ice and runoff 55 

during a punctuated heating episode in an otherwise “cold and icy” climate could explain the 56 

formation of the valley networks and lakes in the absence of rainfall. 57 

  58 



4 
 

I. Introduction 59 

Observations of martian surface features, including the valley networks (e.g. Fassett & 60 

Head, 2008a; Hynek et al., 2010) and open- and closed-basin lakes (e.g. Cabrol & Grin, 1999; 61 

Fassett & Head, 2008b; Goudge et al., 2015), indicate that overland fluvial flow and lacustrine 62 

activity occurred on early Mars. Evidence suggests that this fluvial and lacustrine activity was 63 

most intense in the Late Noachian-Early Hesperian (LN-EH, ~3.7 Ga) (Fassett & Head, 2008a); 64 

the majority of valley networks and lakes are on LN-EH-aged terrains (Fassett & Head, 2011). 65 

This implies that the nature of the climate and erosional regime in the LN-EH was much 66 

different from the nature of the climate and erosional regime both earlier in the Noachian and 67 

later in the Hesperian and Amazonian (Howard et al., 2005; Irwin et al., 2005), with the LN-EH 68 

interpreted to be characterized by relatively more rainfall and overland flow (e.g. Craddock & 69 

Howard, 2002; Ramirez & Craddock, 2018). However, overland flow, a potentially effective 70 

form of advective erosion (sediment transport and erosion due to movement via currents of fluid 71 

movement), is not the only signature of liquid water activity on the early martian surface: 72 

Noachian-aged impact craters commonly have degraded rims, shallow floors, and lack visible 73 

ejecta deposits and central peaks, features that cannot easily be explained without the influence 74 

of diffusive erosion (Craddock & Howard, 2002) in addition to advective erosion. Interestingly, 75 

younger Hesperian and Amazonian-aged craters do not display these characteristics. Researchers 76 

have postulated that rain splash, an effective form of diffusive erosion, was important in the 77 

Noachian and was predominantly responsible for the observed crater degradation (e.g. Craddock 78 

& Howard, 2002); rain splash is a diffusive process through which sediment transport is initiated 79 

by the collision of raindrops with the surface. Many other forms of advective and diffusive 80 

erosion exist, such as aeolian erosion, mass wasting, or micrometeorite bombardment. However, 81 
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rainfall-related mechanisms, including rain splash and overland flow, are interpreted to be the 82 

only diffusive and advective erosional mechanisms that are effective enough to leave the 83 

observed surficial expression and are not expected to have continued into the Hesperian and 84 

Amazonian (Craddock and Howard, 2002). It is important to note that Craddock and Howard 85 

(2002) discuss other possible explanations for these characteristics, including solifluction as the 86 

dominant diffusional process and surface runoff from snowmelt, but they find that rain splash 87 

and rainfall-driven runoff is the “simplest way of explaining” their observations (Craddock and 88 

Howard, 2002). 89 

Thus, the paradigm for Noachian erosion follows: diffusive erosion from rain splash is 90 

interpreted to have been dominant throughout most of the Noachian, leading to the degradation 91 

of crater rims and erosion of ejecta deposits, and advective erosion from rainfall and surface 92 

runoff is interpreted to have been dominant at the LN-EH boundary, leading to the formation of 93 

the valley networks and lakes (e.g. Craddock and Howard, 2002; Craddock & Lorenz, 2017). In 94 

addition to this role of rainfall, some valley networks are sourced from lakes and required lake 95 

overspill to form, suggesting the presence of abundant liquid water on the surface in the LN-EH. 96 

In this paradigm for martian erosion, at later times throughout most of the Hesperian and 97 

Amazonian, temperatures are interpreted to have to been too cold to permit rainfall, thereby 98 

explaining the absence of degraded craters, valley networks, and lakes on these younger terrains 99 

(e.g. Craddock and Howard, 2002). 100 

To explain these erosional regimes and the persistence of rainfall in the Noachian and 101 

LN-EH, researchers commonly call upon the hypothesis that the early martian climate was 102 

“warm and wet” (e.g. Craddock et al., 1997, 2018; Craddock & Howard, 2002; Craddock & 103 

Lorenz, 2017), characterized by global mean annual temperature (MAT) above freezing and 104 
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rainfall (Ramirez & Craddock, 2018) (Fig. 1). Note that this “warm and wet” climate may have 105 

been arid to semi-arid in comparison with Earth; however, relatively more rainfall is expected to 106 

have occurred in the Noachian (especially in the Late Noachian) than at other times during 107 

martian history. The abundance and rates of rainfall (rainfall intensity) are expected to have 108 

changed throughout the Noachian, causing the shift from a diffusive rainfall-related erosional 109 

regime (rain splash and infiltration; crater degradation) to an advective rainfall-related erosional 110 

regime (runoff and fluvial erosion; valley networks and lakes) (Craddock & Lorenz, 2017). 111 

In contrast to this evidence for warm temperatures and rainfall, recent climate modeling 112 

studies (e.g. Forget et al., 2013; Kasting, 1991; Wordsworth et al., 2013) have not been able to 113 

successfully reproduce long-lived “warm and wet” conditions on early Mars. Due to the 114 

influence of the faint young Sun, these recent models instead predict that the long-lived 115 

background Noachian climate was “cold and icy”, characterized by temperatures far below 116 

freezing (global mean annual temperature ~225 K) and most surface water trapped as snow and 117 

ice in the highlands. In this “cold and icy” climate scenario, fluvial and lacustrine activity would 118 

only be possible during periods of punctuated or transient heating, which could have produced 119 

short-lived “warm and wet” conditions (global MAT >273 K), for example, in the LN-EH (Fig. 120 

1). 121 

Analysis of the predicted nature and persistence of these two Noachian erosional regimes 122 

may provide important insight into whether the climate was continuously “cold and icy” (with 123 

periods of punctuated heating to permit fluvial activity) or “warm and wet” (with rainfall 124 

throughout the Noachian, but varying in rate and intensity as a function of time). In this 125 

contribution, we revisit the nature and evolution of the early martian climate through an analysis 126 

of rainfall-related processes in an effort to understand the link between the geomorphic 127 
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observations and the characteristics of the early climate. Specifically, we (1) review the 128 

geomorphic evidence for rainfall in the Noachian and the two rainfall-related erosional regimes, 129 

(2) explore predictions from some recent climate modeling studies regarding the characteristics 130 

of the Noachian climate and the potential for short-lived “warm and wet” excursions in an 131 

otherwise “cold and icy” climate, (3) attempt to characterize the transition from a diffusive to an 132 

advective erosional regime through mathematical relationships in an effort to link the geology 133 

with climate model predictions, and (4) conclude by outlining outstanding questions and 134 

potential avenues of future research. 135 

 136 

II. Rainfall in the Noachian: Predictions based on geomorphology 137 

Craters of different ages (spanning the Noachian era) are preserved in various stages of 138 

degradation, implying that erosive activity was operating nearly continuously throughout the 139 

Noachian (Craddock et al., 1997; Craddock & Howard, 2002). Specifically, older Noachian 140 

craters have experienced more erosion than younger Noachian craters (e.g. Craddock et al., 141 

1997; Craddock & Howard, 2002; Forsberg-Taylor et al., 2004; Howard, 2007; Jones, 1974) and 142 

smaller diameter craters appear to have eroded more quickly than larger diameter craters 143 

(Craddock et al., 1997). Rainfall is likely to have played an important role in the observed 144 

erosion, including degradation of crater rims, shallowing of crater floors, and erosion of ejecta 145 

deposits (e.g. Craddock and Howard, 2002). Specifically, diffusive activity from rain splash may 146 

be required to explain the observed crater degradation (e.g. Craddock and Howard, 2002). It is 147 

important to note that other additional erosive activity may be required to explain the observed 148 

crater-related erosion in its entirety, including the possible role of some forms of advective 149 

erosion, such as backwasting (Forsberg-Taylor et al., 2004). In addition to this, valley networks 150 
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and lakes imply that a predominantly advective erosional regime, with surface runoff and fluvial 151 

activity (in addition to continued diffusive rain splash), was important in the LN-EH (e.g. 152 

Howard et al., 2005; Irwin et al., 2005).  153 

This geologic evidence for rainfall and various rainfall-related processes, including rain 154 

splash and overland flow, that were shaping the surface in the Noachian has led researchers to 155 

postulate that there were two different aqueous rainfall-related erosional regimes in the Noachian 156 

(e.g. Craddock & Howard, 2002; Craddock & Lorenz, 2017). First, the rainfall-related erosional 157 

regime in the Early-to-Mid Noachian is interpreted to have been dominated by diffusive 158 

processes, specifically rain splash. In this rain splash-dominated erosional regime, rainfall rates 159 

were generally too low to exceed the infiltration capacity of the regolith; most rainfall infiltrated 160 

into the subsurface, surface runoff was minimal or negligible, and rainfall-related erosion was 161 

mostly diffusive (e.g. Craddock & Howard, 2002). Second, and subsequently, the rainfall-related 162 

erosional regime in the LN-EH is interpreted to have been dominated by advective processes, 163 

specifically surface runoff and overland flow. In this runoff-dominated regime, rainfall rates 164 

were sufficiently high such that rainfall exceeded the infiltration capacity of the regolith and 165 

runoff occurred (e.g. Craddock et al., 1997; Craddock & Howard, 2002; Howard, 2007). Rain 166 

splash erosion is still expected to have occurred, but the dominant rainfall-related erosive 167 

mechanism was surface runoff. This shift in rainfall-related erosional regime through time is 168 

interpreted to be consistent with (1) the increasing degree of degradation of Noachian craters as a 169 

function of age and (2) the presence of the LN-EH valley networks and lakes (e.g. Craddock et 170 

al., 1997; Craddock and Howard, 2002). Prior to the LN-EH, erosion was more effective than in 171 

the current Amazonian regime, albeit less effective than in the LN-EH: in the Early-to-Mid 172 

Noachian, rain splash acted to degrade crater rims and effectively remove ejecta deposits, and in 173 
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the LN-EH more intense rainfall was responsible for enhanced crater erosion and formation of 174 

the observed fluvial and lacustrine features (e.g. Craddock & Lorenz, 2017). In summary, “A 175 

change in the nature of rainfall during the history of early Mars appears to be the best solution 176 

for the observed temporal differences between the style of erosion during the Noachian as 177 

represented by modified impact craters (e.g. Craddock and Howard, 2002) followed by more 178 

enhanced erosion during the Noachian/Hesperian transition as typified by valley networks 179 

(Fassett & Head, 2008a; Howard, 2007; Howard et al., 2005; Irwin et al., 2011; Matsubara et al., 180 

2013)” (Craddock and Lorenz, 2017). Thus, this geomorphic hypothesis provides important 181 

predictions regarding the required climatologic characteristics of the Noachian that can be 182 

explored further with climate models. 183 

 184 

III. Rainfall in the Noachian: Predictions based on climate models 185 

 Recent climate modeling studies suggest that the long-lived background Noachian 186 

climate was more likely to have been “cold and icy” than “warm and wet” (e.g. Forget et al., 187 

2013; Kasting, 1991; Wordsworth et al., 2013). In a “cold and icy” climate, global MAT is 188 

predicted to be ~225 K. Additionally, if atmospheric pressure exceeded a few tens of millibars in 189 

the Noachian, many recent 3-dimensional global climate models (GCMs) predict that the surface 190 

and atmosphere would have been thermally linked together, producing an adiabatic cooling 191 

effect and causing temperature variations to have been dominantly dependent on altitude, rather 192 

than latitude (e.g. Forget et al., 2013). Because of this adiabatic cooling effect, in a “cold and 193 

icy” climate, most surface water is predicted to be trapped in the highlands as snow and ice. 194 

Temperatures are predicted to be far too cold for rainfall to occur and, thus, it is difficult to 195 
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reconcile these Noachian rainfall-dominated erosional regimes with results from recent climate 196 

modeling studies (e.g. Forget et al., 2013; Wordsworth et al., 2013, 2015). 197 

 Several studies have focused on how to reconcile the advective rainfall-related LN-EH 198 

erosional regime, which is interpreted to be required to explain the valley networks and lakes, 199 

with this “cold and icy” climate scenario. Some researchers have suggested that LN-EH fluvial 200 

and lacustrine activity, driven by rainfall and/or snowmelt, could occur during periods of 201 

punctuated heating (e.g. Head & Marchant, 2014; Wordsworth, 2016). There may have been 202 

specific punctuated heating events in the LN-EH that produced short-lived “warm and wet” 203 

conditions in an otherwise “cold and icy” climate, potentially explaining the peak in advective 204 

erosion (Fig. 1). Some researchers refer to this as a ‘climatic optimum’ (for additional evidence 205 

for and discussion of this climatic optimum, see Howard et al., 2005; Irwin et al., 2005; Howard, 206 

2007. 207 

 Multiple LN-EH punctuated/transient heating mechanisms have been proposed, including 208 

impact cratering-induced heating (e.g. Palumbo & Head, 2018b; Segura et al., 2008; Toon et al., 209 

2010), volcanism-induced heating (e.g. Halevy & Head, 2014; Johnson et al., 2008; Kerber et al., 210 

2015; Mischna et al., 2013), spin-axis/orbital variations and summertime melting (e.g. Kite et al., 211 

2013; Mischna et al., 2013; Palumbo et al., 2018), transient greenhouse-rich atmospheres (e.g. 212 

Wordsworth et al., 2017), and the presence of high-altitude clouds (e.g. Forget & Pierrehumbert, 213 

1997; Segura et al., 2008; Urata & Toon, 2013). We identify these as ‘punctuated’ or ‘transient’ 214 

heating mechanisms because the associated heating would have occurred for a finite period of 215 

time shorter than the duration of the LN-EH era, ranging from days to hundreds of thousands of 216 

years (note that other mechanisms have also been proposed which could have led to warm 217 

periods of up to ~10 million years in duration, such as climate cycling forced by the carbonate-218 
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silicate cycle; Batalha et al., 2016). Studies of the heating potential of each of these punctuated 219 

heating mechanisms have shown that the most likely candidates to have been sufficiently active 220 

in the LN-EH to have increased global MAT to >273 K in a long-lived background “cold and 221 

icy” climate are transient greenhouse-rich atmospheres and the presence of high-altitude water 222 

clouds. Next, we review these two punctuated heating mechanisms to determine whether short-223 

lived “warm and wet” conditions could have persisted in a long-lived background “cold and icy” 224 

climate and, further, whether abundant rainfall, surface runoff, and advective erosion is expected 225 

to have occurred during these transient warm excursions in the LN-EH. 226 

 Transient greenhouse-rich atmospheres. When considering reasonable source and sink 227 

constraints, many greenhouse gases are incapable of producing sufficient greenhouse warming 228 

on early Mars (e.g. see review by Forget et al., 2013). However, recent work has shown that, 229 

while methane and hydrogen alone are not very strong greenhouse gases, the molecules collide 230 

with other CH4/H2 molecules and atmospheric CO2 molecules and the collision induced 231 

absorption (CIA) effects lead to new and stronger absorptions (e.g. Wordsworth et al., 2017). 232 

Ongoing work aims to constrain the magnitude of associated heating and concentration of these 233 

gases that are required to increase global MAT to >273 K on early Mars (e.g. Ramirez et al., 234 

2014; Turbet et al., 2019; Wordsworth et al., 2017), but preliminary results suggest that it is 235 

possible with reasonable concentrations of H2 or CH4 (Wordsworth et al., 2017). This punctuated 236 

heating mechanism could have occurred in the LN-EH; H2 and CH4 could have been introduced 237 

to the atmosphere through volcanism (e.g. Ramirez, 2017; Ramirez et al., 2014), or 238 

serpentinization (Holm et al., 2015) and/or clathrate breakdown (Kite et al., 2017), respectively. 239 

 High-altitude clouds. Given the correct cloud characteristics, including cloud height, 240 

clouds can scatter IR radiation back towards the surface, producing a greenhouse effect. 241 
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Researchers have hypothesized that high-altitude CO2 clouds (e.g. Forget & Pierrehumbert, 242 

1997) and high-altitude H2O clouds (e.g. Segura et al., 2008; Urata & Toon, 2013; for additional 243 

modeling studies of the effects of high altitude H2O clouds, see Madeleine et al., 2012, 2014) 244 

could have significantly heated the early martian surface. However, recent 3D GCM studies have 245 

shown that (1) high-altitude CO2 ice clouds can only bring sufficient heating if there is ~100% 246 

cloud coverage (e.g. Urata & Toon, 2013), which is unlikely (Forget et al., 2013; Wordsworth et 247 

al., 2013), and (2) heating associated with high-altitude H2O clouds can increase global MAT to 248 

>273 K for centuries or longer (Mischna et al., 2019), but these clouds can only form in very arid 249 

conditions (Urata & Toon, 2013; Kite et al., 2019) and require very low precipitation rates (Urata 250 

& Toon, 2013). 251 

 Characteristics of a transiently-heated climate. In order to determine whether abundant 252 

rainfall and surface runoff is expected to have occurred during these periods of transient or 253 

punctuated heating, some researchers have used GCMs to explore the characteristics of 254 

greenhouse-heated and high-altitude cloud-heated climates. 255 

 First, we review the model-predicted characteristics of greenhouse-heated climates. 256 

Palumbo and Head (2018a) used a 3D GCM to simulate a greenhouse-heated atmosphere by 257 

using gray gas as a proxy for greenhouse heating. Interestingly, for climates with global MAT 258 

~275 K, above the melting point of water and consistent with the canonical view of a “warm and 259 

wet” climate (e.g. Ramirez & Craddock, 2018), (1) the highest elevation regions, including parts 260 

of the Tharsis rise, are below freezing year-round and act as surface cold traps for water, (2)  261 

precipitation is dominated by snowfall, and (3) rainfall is negligible (Palumbo & Head, 2018a). It 262 

is important to note that Wordsworth et al. (2015) showed that rainfall is possible in an ‘above-263 

freezing’ climate scenario (global MAT ~283 K, similar to present-day Earth) with an oceanic 264 
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water source in the northern lowlands. However, the presence of oceans is uncertain, particularly 265 

in the Noachian (e.g. Head et al., 2018), and the model-predicted distribution of rainfall is not 266 

well-correlated with the distribution of valley networks (Wordsworth et al., 2015).  267 

 Next, we review the model-predicted characteristics of high-altitude H2O cloud-heated 268 

climates. We do not discuss high-altitude CO2 cloud-heated climates here because 100% cloud 269 

coverage is required to bring sufficient heating and is unlikely (e.g. Forget et al., 2013). Urata 270 

and Toon (2013) used a 3D GCM and showed that specific conditions are required to produce 271 

high-altitude H2O clouds and associated warm temperatures (above ambient, but not necessarily 272 

above freezing): (1) ice crystal sizes around 10 um or larger, which is consistent with thin cirrus 273 

clouds on Earth, (2) low conversion rate of clouds to precipitation which is required to increase 274 

the lifetime of water in the atmosphere and permit the formation of thicker clouds (note that this 275 

did not naturally occur in the simulations; Urata and Toon (2013) had to force such low 276 

precipitation rates), (3) near ~100% cloud coverage to effectively reduce the cloud albedo which, 277 

although potentially consistent with thin cirrus clouds on Earth, has been suggested to be 278 

unlikely for early Mars (e.g. Forget et al., 2013), and (4) the surface must be inherently dry with 279 

limited surface water reservoirs. More recently, Kite et al. (2019) and Mischna et al. (2019) used 280 

a 3D GCM to explore the formation of high-altitude H2O clouds on early Mars and found that it 281 

is only possible in very arid conditions, which is consistent with the earlier findings of Urata and 282 

Toon (2013). Even for global MAT ~290 K, the small amount of available surface water is cold-283 

trapped in the highest elevation areas of the Tharsis rise and, as a result, rainfall is predicted to be 284 

negligible (e.g. Kite et al., 2019; Mischna et al., 2019). Note that the warm case from Urata and 285 

Toon (2013), their case 17 in table 3, does not find stable/equilibrated global MAT >273 K, even 286 

though the initial starting condition is global MAT ~300 K; instead they find that “the globally 287 
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averaged surface temperature is several degrees below the melting temperature of ice, but several 288 

areas of the planet, including the Hellas region and the tropics, have annually averaged 289 

temperatures near melting”. 290 

 It is important to note that, because topography was the dominant control on the 291 

Noachian climate, the above results are dependent upon the topography that is implemented into 292 

the models. These works used present-day topography in their simulations, which is consistent 293 

with the major volcanic rises and impact basins having formed by the LN-EH (Fassett & Head, 294 

2011). However, a better understanding of Noachian topography may improve the accuracy of 295 

model-predicted characteristics of the early climate.  296 

 In summary, these transient “warm and wet” climates (which may have occurred due to 297 

punctuated/transient heating events in a long-lived, background “cold and icy” climate) do not 298 

appear to have been characterized by rainfall. Thus, if the LN-EH valley networks and lakes 299 

were formed during a period of transient heating in a long-lived “cold and icy” climate, we 300 

conclude that either (1) the transient warm climate was warmer than those simulated by Palumbo 301 

and Head (2018a) (e.g. global MAT >275 K), removing any surface cold traps and potentially 302 

permitting rainfall, (2) a different, currently unidentified, transient heating mechanism exists that 303 

causes rainfall, potentially through the introduction of large amounts of water vapor to the 304 

atmosphere, (3) the observed fluvial and lacustrine activity was not caused by rainfall and runoff, 305 

but by snow/ice melting and runoff, or (4) the climate models that predict “cold and icy” 306 

conditions, albeit being the most up-to-date, complex, and physically self-consistent, do not 307 

perfectly capture the atmospheric physics, the long-lived Noachian climate was actually “warm 308 

and wet”, not “cold and icy”, and rainfall was continuous throughout the Noachian. 309 
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Additionally, it is important to note that rainfall and related processes occurring 310 

throughout the Noachian, as required by the proposed diffusive erosion mechanism of rain splash 311 

(e.g. Craddock et al., 1997; Craddock & Howard, 2002), are not consistent with a continuous and 312 

long-lived “cold and icy” climate with punctuated/transient heating in the LN-EH; all 313 

precipitation would be snowfall in a “cold and icy” climate, not rainfall. If the long-lived 314 

background climate was “cold and icy”, then this signature of diffusive erosion throughout the 315 

Noachian must be explained by other mechanism(s). One explanation for this could be one or 316 

more episodes of transient/punctuated heating in the Early- to Mid-Noachian that produced some 317 

rainfall, but not runoff, causing period(s) of diffusive erosion by rain splash. 318 

   319 

IV. Determining whether the nature of the rainfall-related erosional regime depends on 320 

atmospheric pressure  321 

How, then, can we explain the erosional regimes that are required to account for the 322 

widespread Noachian-aged degraded craters and LN-EH valley networks and lakes? Are 323 

different erosional regimes caused by changing rainfall intensity as a function of decreasing 324 

atmospheric pressure? Further, what approach can be undertaken in order to reconcile the 325 

geologic signature of rainfall with the climate models that apparently cannot reproduce 326 

conditions with abundant rainfall? Recent work utilized measurements of fossilized raindrop 327 

imprints in conjunction with equations for the relationship between raindrop velocity and 328 

atmospheric pressure in order to estimate the atmospheric pressure on early Earth (Kavanagh & 329 

Goldblatt, 2015; Som et al., 2012). Craddock and Lorenz (2017) called upon this type of method 330 

to provide insight into the evolution of the early martian atmosphere and the process(es) that 331 

could have been responsible for the changing nature of rainfall. On the basis of basic equations 332 
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and relationships, the authors hypothesized that the long-lived Noachian climate was “warm and 333 

wet”, with above-freezing temperatures and rainfall, and that the rainfall erosional regime could 334 

have shifted from rain splash-dominated to runoff-dominated as a function of decreasing 335 

atmospheric pressure through time (Craddock & Lorenz, 2017) as the atmosphere was slowly 336 

being lost to space (Fig. 2). Specifically, Craddock and Lorenz (2017) found that (1) rain splash-337 

related erosion may not be possible for atmospheric pressures >4 bar, (2) rainfall intensity 338 

sufficient to cause surface runoff cannot exist for atmospheric pressures <~1.5 bar, and (3) 339 

lighter rain is more probable for higher atmospheric pressures, ~3-4 bar, which is more 340 

consistent with a rain splash-dominated erosional regime, and heavier rain is more probable for 341 

lower atmospheric pressures, ~1.5 bar, which is more consistent with a runoff-dominated 342 

erosional regime. These conclusions suggest that multiple rainfall regimes could have existed as 343 

atmospheric pressure declined through time, which Craddock and Lorenz (2017) interpreted to 344 

be generally consistent with the evidence for both diffusive and advective rainfall-related 345 

erosional regimes in the Noachian. 346 

In this section, we revisit the mathematical equations and relationships which relate 347 

rainfall to atmospheric properties (following the general approach of Som et al., 2012; Craddock 348 

and Lorenz, 2017) in order to test the hypothesis that different erosional regimes could have 349 

existed under different atmospheric pressure regimes. This test provides insight into the 350 

plausibility that the long-lived Noachian climate was “warm and wet” with continuous rainfall, 351 

because the changing nature of rainfall throughout the Noachian is predicted to have been 352 

controlled by decreasing atmospheric pressure (Craddock and Lorenz, 2017). Although this does 353 

not explain the required persistence of warm temperatures that cannot be reproduced by current 354 

climate models, it may explain the physical mechanism for the interpreted shift in erosional 355 
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regime. Alternatively, if this shift in erosional regime cannot be explained by different 356 

atmospheric pressure regimes, we consider that an alternate explanation for the different 357 

erosional regimes must exist; such an alternative explanation may not require a long-lived “warm 358 

and wet” climate. By improving our understanding of the role that atmospheric evolution has on 359 

rainfall intensity and erosional regime, we strive to place tighter constraints on the predicted 360 

conditions that climate models must reproduce. To do this, we introduce the mathematical 361 

relationships for (1) the energy transfer from raindrops colliding with the martian surface, which 362 

provides important information about raindrop velocity, and, from there, (2) the maximum stable 363 

raindrop size capable of passing through the martian atmosphere. Then we discuss the 364 

implications of our findings for rainfall intensity and different erosional regimes. 365 

The energy transferred as a raindrop collides with the martian surface can be 366 

approximated by assuming that all of the kinetic energy of the falling raindrop is transferred to 367 

the surface upon collision, potentially initiating sediment movement. The kinetic energy, E, is 368 

equal to 0.5 m v2 where m is the mass of the raindrop and v is its velocity. Assuming a spherical 369 

raindrop (a good approximation for all but the largest raindrops, e.g., Craddock and Lorenz, 370 

2017; Som et al., 2012) of diameter d, the mass is equal to (/6) d3 water where water is the 371 

density of the raindrop. The simplest possible analysis would assume that any raindrop reaching 372 

the surface had attained its terminal velocity, vt, defined as the maximum velocity that a raindrop 373 

can reach due to the balance between the gravitational and drag forces acting on it. The terminal 374 

velocity defined in this way is found by equating the weight of the drop, m g, where g is the 375 

acceleration due to gravity, to the drag force exerted on the raindrop by the atmosphere, 0.5 a Cd 376 

(/4) d2 vt
2, where a is the atmosphere density and Cd is a drag coefficient of order unity. Thus, 377 

the terminal velocity is given by:  378 
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𝑣𝑡 =  (
4 𝑑 𝜌𝑤𝑎𝑡𝑒𝑟𝑔

3𝐶𝑑𝜌𝑎
⁄ )

1
2⁄

 379 

And hence the kinetic energy, E, of a raindrop that is traveling at terminal velocity is given by 380 

𝐸 =  
1

9

𝜌𝑤𝑎𝑡𝑒𝑟
2𝑔

𝐶𝑑𝜌𝛼
𝜋𝑑4 381 

Given these assumptions, the relationships between raindrop diameter, d, terminal velocity, vt, 382 

and kinetic energy, E, as a function of changing atmospheric pressure are shown in Fig. 3. 383 

Although these equations for terminal velocity and kinetic energy provide important 384 

insight into the maximum possible velocity that a raindrop could attain as it passes through the 385 

atmosphere, and thus, the maximum energy that could be transferred to the surface for a given 386 

raindrop size, raindrop formation and evolution is more complicated than these simple equations 387 

can account for. Specifically, understanding more about how raindrops form, actual velocities at 388 

which they pass through the atmosphere, and how and why they might breakup is required for us 389 

to estimate maximum stable raindrop diameter and begin discussions about rainfall intensity and 390 

the erosive ability of the rainfall on early Mars.  391 

Raindrops reaching the surface of a planet have a range of sizes as a result of their 392 

formation mechanism. Drops nucleate in clouds by condensation of water vapor onto extremely 393 

small nuclei. These nuclei can be dust particles derived from the surface due to the action of the 394 

wind or the results of the evaporation or disintegration of small meteoroids in the planetary 395 

atmosphere. The drops grow by ongoing water condensation and by collision-aided size sorting 396 

in turbulent eddies in the clouds (Falkovich et al., 2002). Upon saturation, droplets will leave the 397 

base of the cloud as precipitation. Droplets leaving the base of the cloud accelerate towards their 398 

terminal velocity, vt, which is potentially reached when the weight of the droplet exactly 399 

balances the atmospheric drag force, as described above. However, as the drop velocity and the 400 
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drag force acting on the raindrop increase, interaction between the stress distribution on the 401 

surface of the raindrop and the surface tension at the water-gas interface causes deformational 402 

instabilities (e.g. Villermaux and Bossa, 2009). For relatively large raindrops, this instability is 403 

reached before the terminal velocity is attained, and the drop breaks up catastrophically into a 404 

spectrum of smaller sizes. If the initial drop was large enough, some of these secondary drops 405 

may themselves be large enough to breakup before reaching their terminal velocity.  406 

For any raindrop of diameter d that is falling at velocity v, this deformational instability 407 

occurs when the Weber number, We, equal to [(a v2 d) /  (where  is surface tension), becomes 408 

greater than a critical value Wecrit. We note that Kolev (2005, his chapter 8) discusses the 409 

influence of dynamic, viscous and surface tension forces on falling raindrops in great detail, and 410 

shows that the instability of falling raindrops also depends on the Ohnesorge number, Oh, equal 411 

to [ / (a  d))1/2], where  is the atmosphere gas viscosity. Oh must be less than ~4 to ensure 412 

drop instability, but for falling raindrops on both Earth and Mars this requirement is readily met 413 

with Oh being on the order of 10-2 to 10-4, so we do not discuss Oh in any further detail, here. 414 

The value of the critical Weber number is variously taken to be close to 6 (Villermaux and 415 

Bossa, 2009), 8 (Craddock and Lorenz, 2017) or 12 (Kolev, 2005). We follow Craddock and 416 

Lorenz (2017) in assuming the value 8 for the Weber number, so the critical velocity to ensure 417 

breakup, or the ‘break-up velocity’, is vb = [(8 ) / (a d)]1/2.  Thus, the break-up velocity depends 418 

on the atmospheric density, a, and hence atmospheric pressure, and on the surface tension, 419 

which depends weakly on atmospheric temperature. Over the 0-20° C temperature range of 420 

relevance here, surface tension, , ranges from 0.0756 N/m to 0.0728 N/m (see 421 

https://www.engineeringtoolbox.com/water-surface-tension-d_597.html for a larger range of 422 

https://www.engineeringtoolbox.com/water-surface-tension-d_597.html
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temperatures). We implement a value of 0.0728 N/m, again following Craddock and Lorenz 423 

(2017).  424 

Therefore, the maximum velocity that a raindrop reaches as it passes through the 425 

atmosphere is either the terminal velocity, vt, if vt < vb, or the break-up velocity, if vb < vt and 426 

thus the raindrop will break-up before reaching terminal velocity. Table 1 shows the result of 427 

calculating both the terminal velocity, vt, and the break-up velocity, vb, for a range of raindrop 428 

diameters and atmospheric pressures/densities on early Mars. Consider the second column, for d 429 

= 1 mm. In every case the terminal velocity is much less than the break-up velocity, so for all of 430 

the atmospheric conditions shown, the maximum velocity that a 1 mm diameter raindrop would 431 

have reached as it passed through the atmosphere is its terminal velocity; 1 mm diameter 432 

raindrops will reach their terminal velocity without breaking up due to drop instabilities. Now, 433 

consider the final column, for d = 15 mm. In every case the terminal velocity is greater than the 434 

breakup velocity, so for all of the atmospheric conditions shown, the maximum velocity that a 15 435 

mm diameter raindrop would have reached as it passed through the atmosphere is its break-up 436 

velocity; 15 mm diameter raindrops would have broken up due to drop instabilities before 437 

reaching their terminal velocity. Therefore, we show that larger raindrops (e.g. 15 mm diameter) 438 

will have a maximum velocity equal to their break-up velocity, while smaller raindrops (e.g. 1 439 

mm diameter) will have a maximum velocity equal to their terminal velocity. Raindrops that are 440 

capable of reaching their terminal velocity without breaking up are stable as they pass through 441 

the atmosphere and raindrops that are not capable of reaching their terminal velocity are unstable 442 

as they pass through the atmosphere because they will break up. The critical result from Table 1 443 

is that for every set of atmospheric conditions, the transition between stability and instability 444 

(reaching terminal velocity and not reaching terminal velocity) takes place at the same raindrop 445 



21 
 

diameter, termed the maximum stable raindrop diameter, dmax = 10.797 mm (Table 1). The 446 

velocity marking the transition varies with the atmospheric conditions but, in contrast to 447 

Craddock and Lorenz (2017), we find that the maximum stable raindrop diameter is independent 448 

of atmospheric pressure. This result, that the maximum stable raindrop diameter, dmax, is 449 

independent of atmospheric pressure, is consistent with findings from previous numerical and 450 

experimental studies of raindrop dynamics (e.g. Villermaux and Bossa, 2009). 451 

 From the maximum stable raindrop diameter, dmax, we can estimate rainfall intensity. 452 

Rainfall intensity is useful for estimating regimes where rainfall exceeds infiltration capacity, 453 

permitting surface runoff. A parameterized relationship for rainfall intensity and median raindrop 454 

size has been developed for rainfalls on Earth (e.g. Marshall and Palmer, 1943) and follows: 455 

𝐷50 =  𝛼𝐼𝛽 456 

where D50 (mm) is the median raindrop size, approximated to be half of the maximum stable 457 

raindrop diameter (following Craddock and Lorenz, 2017), I is rainfall intensity (measured in 458 

mm/hr), and α and β are coefficients that have been approximated from empirical measurements 459 

of terrestrial rainfalls to range from ~0.80-1.28 and 1.23-2.92, respectively (e.g. Craddock and 460 

Lorenz, 2017 and references therein). Thus, larger median raindrop sizes are correlated with 461 

more intense rainfall. However, because maximum stable raindrop diameter does not depend on 462 

atmospheric pressure (Table 1), the estimated median raindrop size within a given rainfall, D50, 463 

will also be independent of atmospheric pressure, and, as a result, the rainfall intensity will be 464 

independent of atmospheric pressure, in contrast to the findings of Craddock and Lorenz (2017). 465 

Table 2 shows a calculation of rainfall intensity for different values of α and β. 466 

Thus, our assessment based on this parameterized relationship for rainfall intensity 467 

suggests that a change in rainfall intensity as a function of time is not predicted to occur as a 468 
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result of decreasing atmospheric pressure. Recall that such a change in rainfall intensity is 469 

required to explain the shift from a diffusive to advective rainfall-related erosional regime in a 470 

long-lived “warm and wet” climate (Craddock and Lorenz, 2017). Our results suggest that either 471 

(1) the long-lived climate was “warm and wet” and a mechanism other than decreasing 472 

atmospheric pressure was responsible for the shift in rainfall intensity and rainfall-related 473 

erosional regime, or (2) the long-lived climate was “cold and icy” and the peak in fluvial and 474 

lacustrine activity and advective erosion in the LN-EH was due to punctuated heating, ice 475 

melting, and surface runoff, not rainfall. 476 

However, it is important to note that this parameterized relationship comes from 477 

observations of rainfall of varying intensity and measurements of raindrop counts on Earth (e.g. 478 

Marshall & Palmer, 1943; Bennett et al., 1984), has been confirmed for rainfall on Earth when 479 

averaged over time and space (Brodie and Rosewell, 2007), and has been confirmed with 480 

numerical experiments of rainfall on Earth (e.g. Villermaux & Bossa, 2009). Despite this 481 

confirmation of the accuracy of this parameterized relationship for describing rainfall on Earth, 482 

we must reiterate the potential importance of the fact that this relationship was derived under 483 

terrestrial conditions based on rainfall on Earth. As such, we should revisit the mathematical 484 

equation that was simplified and approximated to arrive at this parameterized relationship 485 

(𝐷50 =  𝛼𝐼𝛽) in order to confirm that this relationship can be directly applied to Mars and, more 486 

specifically, that the constants  and  do not actually depend on atmospheric pressure (we 487 

already confirmed above that the only other variable, D50, does not depend on atmospheric 488 

pressure). In other words, we look to confirm our finding that rainfall intensity does not depend 489 

on atmospheric pressure. To do this, we can revisit the mathematical derivation of rainfall 490 

intensity, which is shown in equations 4 and 5 in Villermaux and Bossa (2009). 491 
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Specifically, rainfall intensity is mathematically described as the integral over raindrop 492 

diameter of the number of drops of a given size, times the volume of a raindrop of a given size, 493 

times the free-fall velocity (the maximum velocity) of a raindrop of a given size passing through 494 

the atmosphere (e.g. Villermaux & Bossa, 2009). Equation 5 from Villermaux and Bossa (2009) 495 

shows that rainfall intensity can be expressed in the following way (with variable names updated 496 

to match the conventions that we have implemented here): 497 

𝐼 =  𝑛0  
𝜋

6
 √

𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑎
√𝑔𝐷50

9
2⁄ ∫ 𝑥

7
2⁄ 𝑝(𝑥)𝑑𝑥 498 

Where n0 represents the average spatial density of raindrops and depends on temperature, and the 499 

integral is a term approximately equal to the raindrop size distribution. Of course, the derivation 500 

of maximum/median stable raindrop diameter and the parameterized relationship for rainfall 501 

intensity have already confirmed that rainfall intensity depends on gravity. The new information 502 

that is brought to light here is that rainfall intensity also depends on √
𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑎
; rainfall intensity 503 

does in fact depend on atmospheric pressure. This atmospheric pressure term originates from the 504 

maximum velocity term in the integral in equation 4 from Villermaux and Bossa (2009), because 505 

maximum raindrop velocity depends on atmospheric pressure (as we have shown previously in 506 

our derivations of vt and vb, as well). Studies of rainfall intensity on Earth have assumed √
𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑎
 507 

to be constant because the variation in atmospheric pressure on present-day Earth is so small that 508 

the term varies negligibly (e.g. Villermaux and Bossa, 2009); this term is canonically wrapped in 509 

what we refer to as  in the parameterized relationship for rainfall intensity discussed above. 510 

Such an assumption is appropriate for assessments of rainfall on present-day Earth; however, 511 

when considering how atmospheric pressure has changed over billions of years on Mars, we 512 
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cannot assume that the variation in this term would be negligible. Specifically, if we consider 513 

atmospheric pressure ranging from 0.5 to 10 bar (0.903 kg/m3 to 18.062 kg/m3), then √
𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝛼
 514 

would range from 33 to 7.5, a factor of ~5 difference. This relationship shows that, if all else 515 

remains constant, more intense rainfall would have in fact occurred under lower atmospheric 516 

pressure conditions than under higher atmospheric pressure conditions (e.g. as atmospheric 517 

pressure decreased in the Noachian, rainfall intensity may have increased). In order to fully 518 

understand whether rainfall intensity could increase substantially enough to cause variations in 519 

erosive style, though, would require additional information that is not available at this time. 520 

Specifically, raindrop size distributions and estimates for n0 on Earth come from observations 521 

and measurements, which cannot be made for martian rainfall and have not yet been modeled. 522 

However, a quick speculation follows. As atmospheric pressure decreases, interactions between 523 

molecules in the atmosphere would also become less common, as a result potentially decreasing 524 

the integral of the drop size distribution and the value of n0. Therefore, although the value of 525 

√
𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝛼
 would increase, the values of no and the integral term should systematically decrease. 526 

Whether these factors completely counteract one another, however, is yet to be determined. 527 

 We can summarize our discussion about rainfall intensity with two key points: 528 

(1) By implementing the parameterized relationship for rainfall intensity that has been 529 

proven to be accurate for rainfall on Earth, we find that rainfall intensity does not depend 530 

on atmospheric pressure. This is true because maximum stable raindrop diameter does 531 

not depend on atmospheric pressure and, also for this reason, is in contrast to the finding 532 

of Craddock and Lorenz (2017). This finding suggests that decreasing atmospheric 533 

pressure on early Mars would not have directly led to increased rainfall intensity. 534 



25 
 

(2) We have explored further the equations that originally led to this parameterized 535 

relationship for rainfall on Earth and find that rainfall intensity does actually depend on 536 

atmospheric pressure, albeit in a different way than assumed by previous studies (e.g. 537 

Craddock and Lorenz, 2017). However, the exact nature of the relationship between 538 

rainfall intensity and atmospheric pressure cannot be estimated at this time because there 539 

are other variables in the equation that are currently unknown for putative martian 540 

rainfalls. 541 

 542 

V. Discussion and Conclusions 543 

The geomorphic evidence for rainfall in the Noachian has been interpreted to mean that 544 

there were two distinct rainfall-related erosional regimes on Mars, including a rain splash-545 

dominated diffusive erosional regime in the Early-to-Mid Noachian and a runoff-dominated 546 

advective erosional regime in the LN-EH (e.g. Craddock and Lorenz, 2017). However, many 547 

recent climate modeling studies have had difficulty reproducing a climate scenario in which 548 

abundant rainfall occurs (e.g. Forget et al., 2013; Wordsworth et al., 2013): rainfall does not 549 

occur in a “cold and icy” climate and rainfall is negligible in greenhouse-heated and high 550 

altitude-cloud heated transient warm climates that may have occurred in an otherwise “cold and 551 

icy” climate. In this research, we set out to test the hypothesis that the two Noachian rainfall-552 

related erosional regimes can be reconciled by a long-lived climate that was “warm and wet” 553 

with continuous rainfall because rainfall intensity would have changed through time as a 554 

function of decreasing atmospheric pressure, leading to the different rainfall-related erosional 555 

regimes (as described by Craddock and Lorenz, 2017). This proposed relationship between 556 

rainfall intensity and atmospheric pressure specifically suggests that higher atmospheric 557 
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pressures are consistent with rain splash-dominated erosion and lower atmospheric pressures are 558 

consistent with runoff-dominated erosion (down to a given pressure threshold where 559 

temperatures conducive to liquid water would no longer be possible). We mathematically test 560 

this hypothesis by determining whether rainfall intensity depends on atmospheric pressure. This 561 

is critical for our understanding of the evolution of the martian hydrological cycle and for 562 

placing tighter constraints on the hydrological system characteristics that climate models must 563 

reproduce. 564 

Our findings are summarized below. 565 

1. Based on our calculations of the kinetic energy transferred as raindrops collide with 566 

the surface, we find that raindrops on Mars would be capable of transferring sufficient 567 

energy to initiate sediment transport regardless of atmospheric pressure (rain splash; 568 

Fig. 3). 569 

2. Maximum stable raindrop size does not depend on atmospheric pressure. This is in 570 

contrast to the findings of Craddock and Lorenz (2017). 571 

3. A parameterized relationship for rainfall intensity has been identified on Earth based 572 

on experiments, observations, and mathematical approaches. When we apply this 573 

relationship to Mars, we find that rainfall intensity does not vary as a function of 574 

atmospheric pressure. This finding is inconsistent with the hypothesis that rainfall 575 

intensity changed as atmospheric pressure declined through time in a long-lived 576 

“warm and wet” Noachian climate with continuous rainfall. We note that the 577 

constants in this parameterized relationship come from observations of rainfall on 578 

present-day Earth and that appropriate assessments of these constants for early Mars 579 

is not currently possible. However, these constants do depend on atmospheric 580 
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pressure in a way that has previously not been considered in assessments of martian 581 

rainfall, and thus, this topic warrants future study. Future work should aim to better 582 

constrain the parameters in the original mathematical equation for rainfall intensity 583 

(e.g. Villermaux and Bossa, 2009) in order to better understand the relationship 584 

between rainfall intensity and atmospheric pressure, which is more complicated than 585 

the simple parameterized relationship suggests. 586 

Many outstanding questions remain, including: 587 

1. If the long-lived Noachian climate was “warm and wet”, what mechanism can explain 588 

the apparent shift in rainfall intensity from the Early-to-Mid Noachian to the LN-EH? 589 

2. If the long-lived Noachian climate was “cold and icy”, what mechanism is 590 

responsible for producing a period of intense fluvial and lacustrine activity in the LN-591 

EH? 592 

3. Is melting of surface snow/ice and runoff capable of producing sufficient advective 593 

erosion to explain the formation of the valley networks and lakes, or is rainfall 594 

required? 595 

4. How can continuous diffusive erosion throughout the Noachian be reconciled with a 596 

“cold and icy” climate in the absence of rainfall? 597 
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Figures and Tables 762 

 763 

Fig. 1 Schematic diagram of relationship between global MAT, rainfall intensity/fluvial activity, 764 
and time for the case of (A) a long-lived “warm and wet” climate, slowly cooling through time as 765 

the atmosphere is lost, and (B) a long-lived “cold and icy” climate with periods of punctuated 766 
heating in the LN-EH. Horizontal dashed line is at 273 K. The units for rainfall intensity and 767 
fluvial activity are ‘none’, ‘light’, ‘heavy’ and are purposefully non-descript as we aim to only 768 
place relative estimates in this schematic diagram. For reference, the Early Noachian began ~4.1 769 

Ga when Hellas basin formed, the Late Noachian-Early Hesperian boundary occurs ~3.7 Ga, and 770 
the Late Hesperian ended ~3 Ga. Punctuated heating events in a long-lived “cold and icy” 771 
climate are illustrated here as spikes in temperature. The magnitude and duration of a punctuated 772 
heating event would depend on the mechanism causing the heating; we have illustrated a range 773 

of different possibilities and are not referencing one specific heating mechanism. The number of 774 
required punctuated heating events is also not well-constrained and may have been only a few or 775 
many. Note that more intense (higher temperature) punctuated heating events would have led to 776 

more intense melting and fluvial activity. 777 

  778 
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 779 

Fig. 2 Schematic diagram of the relationship between time, atmospheric pressure and erosional 780 

regime as proposed by Craddock and Lorenz (2017). In the Early-to-Mid Noachian, atmospheric 781 
pressure was above 1.5 bar but less than 4 bar, which is consistent with rain splash-dominated 782 
erosion (further, a recent study suggests that atmospheric pressure was less than 2 bars by the 783 

Middle Noachian; Warren et al., 2019). In the LN-EH, atmospheric pressure is less than 1.5 bar 784 
but high enough to still permit temperatures above 273 K (for the purpose of this illustration, we 785 
draw the lower limit for LN-EH atmospheric pressure at ~1 bar), which is consistent with runoff-786 
dominated erosion. Throughout the Late Hesperian and Amazonian, atmospheric pressure is too 787 
low for temperatures to be above 273 K and rainfall does not occur. 788 
 789 
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 790 

Fig. 3 Results of calculations for mathematical relationships between raindrop diameter and 791 
terminal velocity (top) and raindrop diameter and kinetic energy (bottom). Results are shown for 792 

atmospheric pressure ranging from 0.1 to 10 bar. In both plots, the region shaded gray represents 793 
conditions that are not possible on Mars because the raindrop diameter is larger than the 794 
maximum raindrop diameter that can pass through the martian atmosphere and successfully 795 
reach the surface, 10.8 mm. In the bottom plot, the region shaded red represents kinetic energy 796 
values that are incapable of initiating transport of sedimentary particles (note that the area shaded 797 

red is very small), the region shaded yellow represents kinetic energy values that are incapable of 798 
initiating transport of sand-sized particles and larger, but not silt, and the region shaded green 799 
represents kinetic energy values that are capable of initiating transport of all sedimentary 800 

particles, including silt. These plots show that both rain splash-related erosion (sediment 801 
transport) could occur for the entire atmospheric pressure range considered here. Please note that 802 
the sedimentary particle sizes discussed here are within reason; we are not accounting for things 803 
as large as boulders, for example. 804 
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 806 

atmospheric 

pressure 

(bar) 

atmospheric 

density 

(kg/m3) 

d (mm) 0.5 1 3 5 7 9 10.797 12 15 

0.5 0.903 
vt (m/s) 1.66 2.35 4.08 5.26 6.23 7.06 7.73 8.15 9.11 

vb (m/s) 35.93 25.40 14.67 11.36 9.60 8.47 7.73 7.33 6.56 

1 1.806 
vt (m/s) 1.18 1.66 2.88 3.72 4.40 4.99 5.47 5.76 6.44 

vb (m/s) 25.40 17.96 10.37 8.03 6.79 5.99 5.47 5.19 4.64 

4 7.225 
vt (m/s) 0.59 0.83 1.44 1.86 2.20 2.50 2.73 2.88 3.22 

vb (m/s) 12.70 8.98 5.19 4.02 3.39 2.99 2.73 2.59 2.32 

5 9.031 
vt (m/s) 0.53 0.74 1.29 1.66 1.97 2.33 2.44 2.58 2.88 

vb (m/s) 11.36 8.04 4.64 3.59 3.04 2.68 2.44 2.32 2.07 

10 18.062 
vt (m/s) 0.37 0.53 0.91 1.18 1.39 1.58 1.73 1.82 2.04 

vb (m/s) 8.03 5.68 3.28 2.54 2.15 1.89 1.73 1.64 1.47 

 807 

Table 1. Variation of the terminal velocity, vt, and breakup velocity, vb, for a range of rain drop 808 

diameters, d, under Mars atmospheric pressures between 0.5 and 10 bar.  809 



39 
 

 810 

  Rainfall intensity (mm/hr) 

Maximum 

raindrop 

size (mm) 

Median 

raindrop 

size (mm) 

=0.8, 

=1.23 

=1.28, 

=1.23 

=0.8, 

=2.92 

=1.28, 

=2.92 

10.8 5.4 4.9 3.1 2.2 1.4 

Table 2. Results of calculations to estimate rainfall intensity as a function of raindrop size. We 811 

characterize rainfall intensity in terms of “light” and “moderate” rain (Craddock & Lorenz, 2017; 812 

Kittredge, 1948)*. 813 

 814 

* Notes: 815 

(1) Kittredge (1948) focused on terrestrial rainfall rates with respect to erosion in highly-816 

vegetated regions and we acknowledge that a more useful method for characterizing rainfall 817 

intensity be with respect to infiltration capacity of the martian regolith instead of highly-818 

vegetated regions on Earth for many reasons, including the lack of vegetation on the martian 819 

surface. 820 

(2) This approximation of rainfall intensity does not account for intermittency in rainfall events; 821 

this method only predicts an average rainfall rate. Nonetheless, we see that both light and 822 

moderate rainfall are possible given the range of possible values for α and β. Note that rainfall 823 

intensity does not depend on atmospheric pressure. 824 

(3) “Light rain” is defined as rainfall rates 1-3.4mm/hr and “moderate rain” is defined as rainfall 825 

rates >3.4 mm/hr. 826 

 827 

 828 

 829 

 830 


