
manuscript submitted to Geophysical Research Letters 

 

1 

Global Comparative Basin Hypsometric Analysis of Earth and Mars: Implications 2 

for Early Mars Climate 3 

J. Fang
1
, W. Luo

1
, A. D. Howard

2
, R. A. Craddock

3
, E. A. Oliveira

4
, R. S. Pires

4
 4 

1
Northern Illinois University, DeKalb, IL, USA 5 

2
Planetary Science Institute, Tucson, AZ, USA 6 

3
Smithsonian Institution, Washington, DC, USA 7 

4
University of Fortaleza, Fortaleza, Ceará, Brazil 8 

Corresponding author: Wei Luo (wluo@niu.edu)  9 

Key Points: 10 

 Early Martian climate was likely more arid than hyper-arid Earth or the duration of more 11 

humid conditions on Mars was short-lived. 12 

 Differences in some hypsometric attributes between Mars and the Moon suggest that 13 

water erosion was likely sourced from precipitation. 14 

 Impact cratering played an important role in preconditioning the Martian surface while 15 

interfering with subsequent fluvial erosion. 16 

  17 

mailto:wluo@niu.edu)


manuscript submitted to Geophysical Research Letters 

 

Abstract 18 

While there is a consensus that water played at least some role in the formation of various 19 

Martian landforms, including valley networks (VNs), the specific mechanisms and climate 20 

conditions are still debated. Basin hypsometric curves, reflecting elevation distributions, offer 21 

insights into past processes and climates. Our study presents a global-scale comparison of basin 22 

hypsometry on Mars, Earth, the Moon, and artificial fractal surfaces. Results indicate Martian 23 

VN formation likely occurred under a climate more arid than hyper-arid Earth, or under more 24 

humid periods that were short-lived. Differences in hypsometric attributes between Mars and the 25 

Moon suggest VN formation on Mars involved precipitation-driven water flow. Additionally, 26 

impact cratering significantly influenced Martian surface conditions, potentially disrupting 27 

fluvial erosion processes. This comparative analysis sheds light on the complex interplay of 28 

climatic factors and geological processes in Martian landscape evolution. 29 

Plain Language Summary 30 

Many lines of evidence suggest that water has shaped the landscapes of Mars, especially its 31 

valley networks (VNs), but exactly how this happened and what the climate was like at the time 32 

are still up for debate. Here we study and compare how basin shape changes with elevation on 33 

Mars, Earth, the Moon, and some artificial surfaces. Our findings suggest that when the VNs 34 

formed on Mars, the climate was likely drier than Earth's, or there were only brief periods of 35 

wetter conditions. We also noticed differences between Mars and the Moon, indicating that the 36 

water responsible for carving the VNs on Mars likely came from rainfall. We also found that 37 

impact cratering played a big part in shaping the Martian surface and could have messed with the 38 

way Martian valleys formed. This research helps us understand how Mars' landscapes formed 39 

and evolved over time. 40 

1 Introduction 41 

The current climatic  conditions on Mars do not support liquid water on its surface.  42 

However, a wealth of geologic and geomorphic evidence, including the presence of valley 43 

networks (Ansan & Mangold, 2013; Hynek et al., 2010; Hynek & Phillips, 2003; Luo & 44 

Stepinski, 2009; Mangold et al., 2004), alluvial fans and deltas (Wilson et al., 2021), and 45 

paleolake sediments (Fassett & Head, 2008; Goudge et al., 2016, 2016; Rapin et al., 2019), 46 

points to the past role of water as a key agent in shaping the landscape we observe today 47 

(Craddock & Howard, 2002; Ramirez & Craddock, 2018). Valley networks (VNs), which are 48 

dendritic/linear features similar to river valleys on Earth, are widely distributed on the southern 49 

highlands of Mars, mostly in the ancient Noachian terrains (~3.7Ga). This implies that Mars was 50 

at least warm enough for some period of time to support liquid water (Craddock & Howard, 51 

2002; Hynek & Phillips, 2003; Luo & Stepinski, 2009; Ramirez & Craddock, 2018). However, 52 

some climate models have difficulties in creating such early warm and wet conditions, mainly 53 

due to the Martian orbit that is farther away from the Sun and the faintness of the young Sun at 54 

the time when the VNs were forming (e.g., Wordsworth 2016). This has led to many debates 55 

about VN’s formation processes and early Mars climatic conditions. A number of alternative 56 

hypotheses have been proposed that try to reconcile the discrepancy between climate models and 57 

geologic/geomorphic evidence. For example, the climate might have been only episodically 58 

warm and wet due to brief and intense volcanic activity with associated outgassing of greenhouse 59 
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gasses and aerosols (Halevy & Head, 2014); VNs could be created by groundwater sapping 60 

associated with magma intrusion and hydrothermal activities, thus not requiring continuous 61 

warm and wet conditions (Gulick, 1998); VNs could also be carved by melt water during short-62 

lived episodes of top-down melting of thick cold-based ice on the equatorial highlands (Fastook 63 

& Head, 2015; Forget et al., 2013; Wordsworth et al., 2013, 2015) or localized basal melting and 64 

erosion by subglacial flows (Grau Galofre et al., 2020). There appears to be a general consensus 65 

that water played at least some role in the formation VNs; however, the specifics of water’s 66 

involvement and the climatic conditions still remain elusive (Baker et al., 2015; Ehlmann et al., 67 

2011; Ramirez et al., 2020; Ramirez & Craddock, 2018; Turbet & Forget, 2019; Wordsworth, 68 

2016).  69 

Quantitative morphometric analysis of the landforms at basin scales can provide valuable 70 

information regarding past processes and climatic conditions. Basin hypsometry is one such 71 

morphometric analysis technique. Here we report a comprehensive global-scale comparison of 72 

hypsometric attributes of basins on Mars and Earth, along with additional basins extracted from 73 

the Moon and artificial fractal surfaces, aiming to derive a better understanding of the early Mars 74 

climate, particularly in testing whether the sources of water carving the VNs were from 75 

precipitation or other non-precipitation mechanisms such as local melting.  76 

1.1 Previous studies on hypsometric analysis 77 

The hypsometric curve of a basin represents the statistical distribution of elevations. It plots the 78 

relative area of the basin at or above a certain elevation to the relative elevation (Strahler, 1952). 79 

The shape of the curve reflects the development stage of the basin and erosional processes 80 

(Harlin, 1978; Luo, 2000; Strahler, 1952). Montgomery et al. (2001) qualitatively showed that 81 

hypsometry is positively correlated with climatically driven variations in geomorphologic 82 

processes across a hemisphere-scale climatic gradient of the Andes in South America. However, 83 

a more quantitative hypsometric analysis to establish the relationship between basin hypsometry 84 

and climate, especially at global scale, has not been conducted. Hypsometric curve can be treated 85 

as a cumulative probability distribution and its shape can be quantitatively characterized by 86 

statistical attributes, including hypsometric integral (HI), skewness (SK), kurtosis (KUR), 87 

density skewness (DSK), and density kurtosis (DKUR)] (Harlin, 1978; Luo, 2000, 2002). HI 88 

represents the area under the curve and it indicates the amount of erosion of the basin (the lower 89 

the HI value, the more the erosion) (Harlin, 1978; Strahler, 1952). SK depicts the asymmetry of a 90 

distribution (or how skewed the tail of the distribution is) relative to a normal distribution. 91 

Higher SK value (i.e., more positively skewed) signifies more erosion in the upper reaches of the 92 

basin (Harlin, 1978).  KUR portrays the peakedness of a distribution relative to a normal 93 

distribution and it represents the erosion in both upper and lower reaches of the basin (Harlin, 94 

1978). DSK and DKUR are the skewness and kurtosis of the density function of the distribution 95 

and they characterize the rate of basin slope change and mid-basin slope, respectively (Harlin, 96 

1978). Two example basins (one with erosion concentrated in the lower reach of the basin, the 97 

other with headward erosion extended to the upper reach of the basin) from the original Harlin 98 

(1978) paper are reproduced in Fig. S1 to help readers understand the meaning of these attributes. 99 

The physical meaning of each attribute is summarized in Table 1 (Harlin, 1978). This study 100 

intends to compare these quantitative attributes from a spectrum of topographic surfaces to better 101 

understand the early Mars climate conditions and processes forming the VNs. 102 
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Table 1 Physical Meaning of Hypsometric Attributes
a
 103 

Parameter Meaning  

Integral (HI) Mass left after erosion 

Skewness (SK) Amount of erosion in the upper reach of basin 

Kurtosis (KUR) Erosion in both upper and lower reaches of basin 

Density Skewness (DSK) Rate of slope change 

Density Kurtosis (DKUR)  Mid-basin slope 
a
Compiled after Harlin (1978). 104 

  105 

2 Data and Methods 106 

2.1 Data 107 

The basis for conducting our study was digital elevation model (DEM) data, from which 108 

watershed boundary and hypsometric attributes were extracted. For Earth, a void-filled DEM at 3 109 

arc-seconds resolution (approximately 90-m at the equator) from HydroSHEDS core dataset was 110 

used (Lehner & Grill, 2013). The dataset covers only 60° north and 56° south latitudes of the 111 

Earth, which represents about 80% of the earth land surface.  This is sufficient for the purpose of 112 

comparing fluvial systems on Earth to VNs on Mars. In addition, Global Aridity Index (AI) and 113 

the Potential Evapotranspiration Climate Database (Zomer et al., 2022) were used for Earth 114 

climate information.  115 

The main topographic data set for Mars was the Mars Obiter Laser Altimeter (MOLA) – 116 

High Resolution Stereo Camera (HRSC) Blended DEM (Fergason et al., 2018), with a spatial 117 

resolution of 200 m. For the Moon, we used the Lunar Orbiter Laser Altimeter (LOLA) DEM 118 

with a spatial resolution of 118 m at the equator. To examine the end member condition of a 119 

primitive surface with no geologic modification processes, we generated a number of fractal 120 

surfaces with a Hurst exponent, H, ranging from 0.05 to 0.35 (fractal dimension D = 3-H for a 121 

3D surface, (Franceschetti & Riccio, 2007)).   122 

2.2 Basin boundaries  123 

Basin boundary is critical for conducting any hypsometric analysis. For Earth, there is 124 

abundant data for many watershed basin boundaries. However, for Mars and the Moon we had to 125 

extract the basin boundary from the DEM data. It has been shown in previous studies that 126 

applying the traditional flow-based algorithm for extracting watershed boundaries (e.g., the D8 127 

algorithm) on Earth to planetary bodies can be problematic and requires many parameter 128 

tweaking (Ansan & Mangold, 2013; Mest et al., 2010; Stepinski & Coradetti, 2004), mainly due 129 

to impact craters that modified the landscape subsequent to valley network formation. Luo et al. 130 

(2023) successfully adapted the parameter-free Invasion Percolation-Based Algorithm (IPBA) 131 

(Fehr et al., 2009; Oliveira et al., 2019) to extract Martian drainage basins from mapped VNs. 132 

The IPBA algorithm is particularly suited for our purpose of extracting basin boundaries for the 133 

Moon and fractal surfaces using DEM data, because the algorithm does not assume flow of 134 

water. The Martian basin boundaries from Luo et al. (2023) was adopted, but we only included 135 
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basins that have a drainage density greater than 0.003 km
-1

 (using VN data of Alemanno et al. 136 

(2018)) for analysis, because some lower density areas were complicated by lava flows (Fig. 1). 137 

To extract basin boundaries of the Moon, we first used the geomorphon method to classify  the 138 

landscape into 10 types (e.g., pit, valley, ridge, etc.) based on the relative elevations of the cell 139 

under consideration and surrounding cells along the line of sight in 8 cardinal directions 140 

(Jasiewicz & Stepinski, 2013). Next, we  input the local pit and valley geomorphon types as 141 

sinks to the IPBA algorithm to extract basin boundaries “draining” to those sinks. To speed up 142 

the processing, the LOLA DEM was resampled at 500 m, similar to that of the MOLA DEM, to 143 

extract the basin boundaries (but the hypsometric attributes were extracted based on original 144 

DEM resolution). Luo et al. (2023) have shown that the resulting watershed boundaries are not 145 

sensitive to different resolutions. We selected basins with a size >100 km
2
 for the Moon and 146 

>100×100 cells for the fractal surfaces for analysis (Fig. 1). For Earth, Luo et al. (2023) have 147 

demonstrated that the IPBA extract boundaries are practically the same as the HydroBASINS 148 

level 6 data for the conterminous US as long as the proper stream lines are provided as sinks, so 149 

we chose HydroBASINS level 6 data for the global Earth basin boundaries (Fig. 1). The purpose 150 

of these selections is to have more meaningful comparison between these different surfaces.  151 

 152 

(a) 
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 153 

 154 

Figure 1. Basins selected for analysis: (a) terrestrial basins (separated into humid and hyper-arid 155 

basins); (b) Martian basins (filled polygons indicate selected basins, with VN density greater 156 

than 0.003 km
-1

); (c) basins on the highland of the Moon.  157 

 158 

2.3 Extraction of hypsometric attributes 159 

Previous studies commonly employed the 3
rd

 order polynomials to fit hypsometric curves 160 

and then derive hypsometric attributes based on the polynomial function (Harlin, 1978; Luo, 161 

(b) 

(c) 
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2000). However, it has been shown that the 3
rd

 order polynomials may not accurately capture the 162 

hypsometric curve's intricate shape, and various alternative formulae have been proposed 163 

(Bajracharya & Jain, 2022; Liffner et al., 2018; Vanderwaal & Ssegane, 2013). Here, we adopted 164 

a 9
th

 order polynomial function to fit the hypsometric curve, and the five statistical attributes 165 

were obtained analytically from the fitted function, thus avoiding the potential numerical errors 166 

associated with directly using unsmoothed discrete data. More details are provided in Supporting 167 

Information Text S1. 168 

3 Results and Interpretation 169 

3.1 General hypsometric attribute values 170 

Fig. 2 is the boxplot of the hypsometric attributes of Earth, Mars, the Moon, and fractal 171 

surfaces. We divided Earth into humid and hyper-arid areas based on Aridity Index (AI) (Zomer 172 

et al., 2022): AI > 0.65 as humid and AI ≤0.05 as hyper-arid (UNEP, 1997). Table S1 shows the 173 

sample size and summary statistics of each surface type. Some example basins and hypsometric 174 

attributes are shown in Fig. S2. The scatter plots of hypsometric attributes for terrestrial and 175 

Martian basins are shown in Fig. S3. 176 

Observations: Overall, there are general and consistent trends of HI values increasing 177 

while the other parameter values decreasing in the following order: humid Earth, hyper-arid 178 

Earth, Mars/Moon, fractal surfaces (Fig. 2). The scatter of the data also consistently decreases in 179 

the same order, with humid Earth having the most scatters and fractal surfaces the least (Fig. 2). 180 

The scatter plots (Fig. S3) also show that there are overlaps between Mars and Earth hypsometric 181 

attributes while Earth attributes are much more scattered than those of Mars. There are also some 182 

correlations between different attributes (Fig. S3). 183 

Interpretations: Since HI represents the mass left after erosion (Table 1), the increasing 184 

trend of HI indicates that the amount of erosion is the largest in humid locations on the Earth 185 

(least mass left) and the least in the fractal surfaces where there is no erosion at all. This trend is 186 

likely associated with the availability of water, where the most available amounts of water would 187 

be located in humid regions on Earth while there would be no water involved at all in the fractal 188 

surfaces. This also suggests that the Martian climate during VN formation was likely more arid 189 

than hyper-arid Earth, or that the duration of more humid conditions on Mars was short-lived. 190 

The higher values of SK, KUR, DSK and DKUR for humid Earth basins than their hyper-arid 191 

counterparts are also consistent with more available water, resulting in more headward erosion 192 

(SK), more erosion in both the upper and lower reaches of the basin (KUR), higher slope change 193 

within the basin (DSK), and a higher midbasin slope (DKUR) (see Table 1). Similarly, for fractal 194 

surfaces with no water erosion at all, these last 4 hypsometric attributes have the smallest values. 195 

The values of all 5 hypsometric attributes for the Moon and Mars falling in between Earth and 196 

fractal surfaces suggest that the Moon and Mars surfaces are more eroded/modified than the 197 

primitive fractal surfaces, but not as eroded/modified as the hyper-arid Earth. The scattering of 198 

the data (Earth most, fractal surface least) is consistent with the fact that Earth is the most 199 

geologically active and dynamic planet and has undergone a multitude of erosional processes, 200 

whereas Mars and the Moon are geologically less active in comparison. The similarity in 201 

hypsometric values between Mars and the Moon may reflect the initial “pre-conditioning” by 202 
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impact cratering processes on both surfaces (Grant & Fortezzo, 2006), which is explored further 203 

below. 204 

 205 

 206 

Figure 2. Boxplot of hypsometric attributes of Earth, Mars, Moon and fractal surface. (Note the 207 

vertical scales are different.) 208 

3.2 Welch’s t-test between different surfaces 209 

To further explore the differences between all Martian basins in this study and those of 210 

other surfaces, we conducted Welch’s t-test analyses. Our null hypothesis was that the 211 

hypsometric attributes are the same (assuming the variances are different). We also selected 212 

basins in regions on Mars that have high/low crater density and high/low valley density (Fig. S4) 213 

for comparison with basins on the Moon to further explore the role of impact cratering. The 214 

results are shown in Table 2 and are discussed below.  215 

Table 2 Welch’s t-tests between different groups 216 

Row Comparing Groups HI SK KUR DSK DKUR 

1 Hyper-arid Earth – Humid Earth  ** ** ** ** ** 

2 All Mars – humid Earth ** ** ** ** ** 

3 All Mars – hyper-arid Earth ** ** ** ** ** 

4 All Mars – Fractal ** ** ** ** ** 

5 Moon – Fractal ** ** ** ** ** 

6 All Mars – Moon s * * s ** 
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7 B(crater↑) – Moon  s s s s s 

8 C(VN↓) – Moon s s s s s 

9 A(crater↓) – Moon ** ** ** ** s 

10 A(crater↓) – B(crater↑) ** ** ** ** s 

11 D(VN↑) – C(VN↓) * s s s s 

12 D(VN↑) – Moon  ** * s ** s 

       

13 Model fluvial – Moon ** ** s s ** 

**significant at 99% confidence level; *significant at 95% confidence level; s=similar (not significant) 217 

A(crater↓)=low crater density area; B(crater↑)=high crater density area;  218 

C(VN↓)=low VN density area; D(VN↑)= high VN density area. 219 
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3.2.1 Comparison to all Martian basins 220 

Observations: The first five rows of Table 2 show the differences between humid Earth and 221 

hyper-arid Earth, all of Mars and hyper-arid Earth, all of Mars and humid Earth, all of Mars and 222 

Fractal Surfaces, and the Moon and Fractal Surfaces are all statistically significant at 99% 223 

confidence level across all hypsometric attributes. The differences between all Mars and the 224 

Moon are not significant for HI and DSK, but are significant for remaining attributes (SK, KUR, 225 

DKUR) at 95% confidence level.  226 

Interpretations: The results in the first 5 rows of Table 2 suggest that the climatic conditions or 227 

processes responsible for modifying the different surfaces are significant and real. For example, 228 

the difference between humid and hyper-arid Earth is obviously due to water availability. The 229 

difference between Mars and hyper-arid Earth suggests that water availability also played a key 230 

role and Mars was likely more arid than the hyper-arid areas on Earth. This is consistent with 231 

previous studies (e.g., Luo et al. 2023).  The differences between Mars and fractal surfaces and 232 

between the Moon and fractal surfaces can be explained by the fact that fractal surfaces have no 233 

erosion at all, whereas Mars and the Moon surface have been both modified by impact cratering 234 

and Mars likely had additional modification by water and additional processes, such as eolian 235 

and potentially glacial processes.  The differences in HI and DSK between Mars and the Moon 236 

are not statistically different (Table 2 Row 6). This suggests that globally the erosion processes 237 

on Mars (fluvial and otherwise) were not significant enough to overcome signals of impact 238 

cratering, which preconditioned the initial surfaces, resulting in values of HI and DSK similar to 239 

those of the Moon. HI represents the mass left after erosion and HI alone is known to be not very 240 

diagnostic of processes (e.g., Harlin, 1978; Luo, 2000). The similar values of DSK between Mars 241 

and the Moon indicate that rate of slope change within the basins of the two planetary bodies are 242 

similar. This is consistent with findings of Grant and Fortezzo (2006), who found overall 243 

similarity of hypsometry of many basins on Mars and the Moon (independent of whether they 244 

are occupied by valleys) and similar topographic profiles between cratered basins on Mars and 245 

some fluvial basins on Earth. They interpreted the similarity as resulting from  impact cratering 246 

processes that have preconfigured Martian basins for relatively efficient fluvial drainage and thus 247 

required little modification for efficient discharge of water and sediment on Mars. As discussed 248 

in the next subsection, we disagree with their last interpretation that the impact cratering makes 249 

relatively efficient drainage; on the contrary, impact cratering interferes and disrupts fluvial 250 

development, leaving surface less modified and more similar to the Moon.  251 

However, the differences in head-ward erosion (SK), erosion in upper and lower reaches 252 

of basin (KUR), and midbasin slope (DKUR) between Mars and Moon are statistically 253 

significant (Table 2 Row 6). Considering the alternative hypotheses regarding the source of 254 

water for carving the VNs on Mars from precipitation vs melting ice/snow (e.g., Fastook & 255 

Head, 2015; Grau Galofre et al., 2020), water sourced from the atmosphere (i.e., precipitation) 256 

can explain this observation better because only precipitation can reach all parts of the basins at 257 

the same time and would make these 3 attributes different from those of the Moon. If the water is 258 

sourced from melting of ice and/or snow, the erosion would likely be concentrated more in the 259 

lower reach of the basin. This interpretation combined the earlier interpretation that Mars climate 260 

might be more arid than hyper-arid conditions on Earth suggest that early Mars climate might be 261 

overall arid but punctuated with episodic wet periods and it is during these wet periods that VNs 262 

were carved. This interpretation is also consistent with other recent studies (e.g., Cang & Luo, 263 
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2019; Luo et al., 2023). 264 

3.2.2 Comparison using high/low crater and valley density regions on Mars 265 

To further explore the role of impact cratering, we selected regions on Mars that have high and 266 

low crater density and valley density for comparison (see Fig. S4 for locations). For this 267 

subsection, we will describe the observation and offer our interpretations. There are no 268 

statistically significant differences between the higher crater density area (Fig. S4 Box B) on 269 

Mars and the Moon in all hypsometric attributes (Table 2 Row 7). The same is true between low 270 

VN density area (Fig. S4 Box C) on Mars and the Moon (Table 2 Row 8). This suggests that in 271 

high crater density area, the impact cratering interfered/frustrated the fluvial erosion and 272 

integration, making the erosion less effective and the resulting landscape not much different from 273 

an initial impact cratered surface (thus looking similar to the Moon surface). The low VN density 274 

area has the same effect, suggesting weak fluvial erosion does not make much difference in the 275 

impact cratering preconditioned surface. 276 

The low crater density area (Fig. S4 Box A) is statistically different from the Moon in all 277 

parameters except DKUR (Table 2 Row 9); the same is true between low crater density (Fig. S4 278 

Box A) and high crater density (Fig. S4 Box B) areas (Table 2 Row 10). This suggests that in 279 

low crater density area on Mars, the interference and frustration by impact cratering is less severe 280 

and thus fluvial erosion could make a significantly big difference in the initial impact cratered 281 

Martian surface.   282 

For completeness, we also compared the high VN density area with the Moon as well as with the 283 

low VN density area. The high VN density area (Fig. S4 Box D) and low VN density area (Fig. 284 

S4 Box C) are statistically different only in HI, while similar with the rest of the hypsometric 285 

attributes (Table 2 Row 11). This can be explained by the fact that the crater density in the high 286 

VN density area (Fig. S4 Box D) is also general higher (with mean crater density value of 17.55 287 

counts/km
2
 and a standard deviation of 2.05 counts/km

2
) than the low VN density area (Fig. S4 288 

Box C, mean crater density value 6.98 counts/km
2
 and standard deviation of 1.68 counts/km

2
), 289 

which is also obvious visually (Fig. S4). The effect of impact cratering in the high valley 290 

network drainage density area appears to have countered many of the effects of fluvial erosion 291 

on basin hypsometry, making only the overall mass left after erosion (HI) different.  292 

3.2.3 Comparison of simulated cratered surface and the same surface after fluvial erosion  293 

The difference between high VN density area and the Moon are significant in HI, SK, and DSK, 294 

but insignificant in KUR and DKUR (Table 2 Row 12). To explain this, we used the MARSSIM 295 

model (Howard, 1994, 2007) to simulate cratered surfaces undergoing fluvial erosion and we ran 296 

the simulations 994 times. Two representative example outputs and their associated hypsometric 297 

curves and attributes are shown in Fig. S5. The descriptive statistics of the 994 simulations are 298 

shown in Table S1 and the Welch’s t-test between the simulation and the Moon data is shown in 299 

Table 2 (Row 13). It can be seen that continuous intensive fluvial erosion on an initial cratered 300 

surface can generate significantly different hypsometric attributes (HI, SK, DKUR) from those of 301 

Moon, especially the overall erosion and precipitation that can reach the crater wall, creating the 302 

difference in HI (overall erosion) and SK (upper reach of the basin), similar to what we observe 303 
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in high VN density areas on Mars (Row 12). Further modeling is needed to understand the 304 

difference/similarity in other hypsometric attributes.  305 

4 Summary 306 

We applied hypsometric analysis technique to Mars and Earth on a global scale and compared a 307 

set of 5 hypsometric attributes between the two planets, along with those derived from the Moon 308 

and fractal surfaces. We found a general trend of HI increasing and the rest of the hypsometric 309 

attributes decreasing in the order of humid Earth, hyper-arid Earth, Mars, the Moon and Fractal 310 

Surfaces. We interpret this trend as indicating that Mars climate was more arid than hyper-arid 311 

on Earth or that the duration of more humid conditions on Mars was short-lived. Based on the 312 

meaning of the SK, KUR, DKUR, and the fact that these 3 attributes show significant difference 313 

between Mars and the Moon, we interpret this as consistent with the VNs having been carved by 314 

water sourced from precipitation. Our results also show that impact cratering played an important 315 

role in preconditioning the Martian surface and interfering with fluvial erosion. Simulations 316 

using the MARSSIM landscape evolution model confirmed our interpretation of the role of 317 

impact cratering and the source of water coming from precipitation in explaining the basin 318 

hypsometry on Mars.  However, further studies are needed to understand the full process in 319 

detail. Future work will focus on conducting more forward computer modeling using MARSSIM 320 

(Howard, 1994) to simulate the modification of the initial cratered surfaces by different erosional 321 

processes (e.g., eolian, lava flow, mass wasting) and under different climate scenarios (e.g., 322 

alternating wet and dry conditions) to see if which erosional process and scenario can produce 323 

the hypsometric attributes that best match what we observe in this study. 324 
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https://astrogeology.usgs.gov/search/details/Moon/LRO/LOLA/Lunar_LRO_LOLA_Global_LDEM_118m_Mar2014
https://csdms.colorado.edu/wiki/Model:MARSSIM
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The IPBA software code is available on GitHub (https://github.com/erneson/IPBA). The 344 

computer code for processing the data will be made available in GitHub at the publication time.  345 
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