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P L A N E T A R Y  S C I E N C E

Changing spatial distribution of water flow charts major 
change in Mars’s greenhouse effect
Edwin S. Kite1*, Michael A. Mischna2, Bowen Fan1, Alexander M. Morgan3,4, 
Sharon A. Wilson3, Mark I. Richardson5

Early Mars had rivers, but the cause of Mars’s wet-to-dry transition remains unknown. Past climate on Mars can be 
probed using the spatial distribution of climate-sensitive landforms. We analyzed global databases of water- 
worked landforms and identified changes in the spatial distribution of rivers over time. These changes are simply 
explained by comparison to a simplified meltwater model driven by an ensemble of global climate model simula-
tions, as the result of ≳10 K global cooling, from global average surface temperature    

_
 T    ≥ 268 K to    

_
 T    ~ 258 K, due to 

a weaker greenhouse effect. In other words, river-forming climates on early Mars were warm and wet first, and 
cold and wet later. Unexpectedly, analysis of the greenhouse effect within our ensemble of global climate model 
simulations suggests that this shift was primarily driven by waning non-CO2 radiative forcing, and not changes in 
CO2 radiative forcing.

INTRODUCTION
Mars’s climate 3.6 to 3.0 billion years (Ga) ago was at least occasionally 
warm enough for rivers and lakes (inferred to have been habitable) 
[e.g., (1–4)), but the surface today is a cold desert. Few constraints 
exist on Mars’s atmospheric greenhouse effect during the wet-to-dry 
transition (4). Was early Mars temperate or icy, was the environmen-
tal catastrophe abrupt or gradual, and what caused the change? The 
prevailing view is that the cause of Mars’s drying-out was loss of 
atmospheric CO2. Mars’s atmosphere today is so thin (~6 mbar, CO2- 
dominated) that it is close to the triple point of water, so lakes on 
early Mars probably formed under a thicker atmosphere (5–7). CO2 
is, in the modern inner solar system, a key greenhouse gas for regu-
lating climate change (8). However, even when H2O vapor feedback 
is considered, additional non-CO2 warming is needed to warm early 
Mars enough for rivers (9). Therefore, changes in non-CO2 radiative 
forcing are an alternative explanation for Mars’s wet-to-dry transi-
tion. The relative importance of these two mechanisms has not been 
investigated, so the prevailing explanation of the wet-to-dry transi-
tion remains untested.

Here, we reconstruct the history of Mars’s greenhouse effect using 
geologic proxies for past river activity that time-resolve Mars’s de-
sertification. We compare the proxy data to a climate model to re-
trieve changes in the greenhouse effect and also to assess the extent 
to which the changes were the result of changes in CO2 radiative 
forcing versus non-CO2 radiative forcing. Last, we discuss the im-
plications for the cause of the cooling and drying-out of Mars.

Our approach uses Mars’s geologic record of precipitation-fed 
water runoff (meltwater and/or rain) spanning multiple eras [e.g., 
(3–4) and references therein] (fig. S2). Early on (>3.6 Ga ago), spa-
tially pervasive and regionally integrated valley networks formed (10). 
Later, 3.6 to 3.0 Ga ago (and perhaps still later), spatially patchy 
alluvial fans (and some deltas) formed [e.g., (2–3)]. The fans most-
ly did not result from localized impact-induced precipitation and 

record a time span of >20 million years of river flow (2,11). Data sug-
gest that during this period, conditions were only intermittently wet 
enough for surface runoff [e.g., (4, 12–15)]. The early period of val-
ley networks and the later formation of alluvial fans show distinct 
spatial distributions of rivers (Fig. 1). (We exclude rivers not formed 
by precipitation, e.g., associated with groundwater outbursts, as well 
as other features that might record nonprecipitation processes; see 
the Supplementary Materials.) We use the shifts in the spatial distri-
bution of precipitation-fed rivers (Fig. 1) to assess past changes in 
the strength of the atmospheric greenhouse effect. In broad outline, 
this approach has been attempted previously, using Viking data to 
analyze pre–valley network era changes (16). Here, we study post–
valley network era change using new data and new models, and draw 
a different conclusion.

RESULTS
Charting the decline of Mars’s surface habitability
Given its potential as a probe of the ancient greenhouse effect, it is 
perhaps unexpected that Mars’s paleo-river distribution has not pre-
viously been analyzed for latitude/elevation trends with correction 
for detectability biases. We analyze river-distribution databases for 
>3.6-Ga valley networks (17) and for <3.6-Ga rivers (see the Supple-
mentary Materials) (18). Both databases are corrected for postfluvial 
resurfacing (i.e., detectability/preservation bias), masking out the
areas shown in dark gray in Fig. 1 (the basis for this masking is ex-
plained in the Supplementary Materials).

To plot the elevations of <3.6-Ga rivers, we used the mean of 
the Mars Orbiter Laser Altimeter (MOLA) elevation of each of the 
eroded topographic catchments draining into observed fans and 
deltas. To plot the elevations of >3.6-Ga rivers, we used the topo-
graphic elevation of points midway along each (erosional) valley 
segment. Therefore, the comparison of the elevations of eroded 
pre–3.6-Ga landforms to the elevations of eroded post–3.6-Ga land-
forms is an apples-to-apples comparison (Fig. 2).

Contrary to uncorrected catalogs, valley networks formed pref-
erentially at higher elevations than later-stage fluvial features (Fig. 2). 
At high elevations during the valley network era, there must have 
been a source of water (snow, ice, or rain), and to produce runoff, 
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the surface temperature, Tsurf, must have exceeded 273 K, at least in-
termittently [e.g., (9, 19)]. A very strong atmospheric greenhouse 
effect is required during the early (valley network, >3.6 Ga) era.

We neglect postfluvial true polar wander (TPW) because it was 
likely minor (see the Supplementary Materials). Indirect geologic 
proxies have been used to infer post–valley network TPW (20), but 
these are affected by resurfacing biases. If post–valley network 
TPW was ~20°, then the finding that valley networks formed at high 

elevation (Fig. 2) would be unaffected. Wiggling of the southern mid-
latitude band of <3.6-Ga rivers is well explained by coupling between 
atmospheric water transport and topography, without TPW (21).

Global climate model
Surface liquid water requires a supply of H2O (e.g., snow or rain) 
and temperatures above freezing. Temperature would not be limit-
ing if Mars had a very strong greenhouse effect, and surface liquid 

Fig. 1. Changing spatial distribution of water flow on Mars. (Top) Distribution of >3.6-Ga [Late Noachian/Early Hesperian (LN/EH)] rivers (17). Color: River elevation. 
Gray: Excluded region (low/no detection probability). Rivers plotting within gray region are shown by black dots. Rovers: C, Curiosity at Gale crater; P, Perseverance at 
Jezero crater; T-1, Tianwen-1 rover (Zhurong). Elevation contour spacing is 3 km. (Bottom) Distribution of <3.6-Ga [Late Hesperian/Amazonian (LH/A)] rivers (18).

Fig. 2. Decline over time in elevation of water-worked landforms, corresponding to a shift from >3.6-Ga elevation control to <3.6-Ga latitudinal banding. 
Normalized frequencies (±1) of the elevation (left) and latitude (right) distribution of fluvial features on early Mars (valley networks) and later Mars (fans/deltas). Figures S3 
to S5 give more details and sensitivity tests.
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water would occur, at least seasonally, wherever H2O was available. 
If (as on Earth) the coldest parts of the surface act as a cold trap for 
snow and ice, then H2O would be available at locations where snow/
ice is most stable, on a planetary surface that had only (3 ± 2)% of 
Earth’s area-averaged H2O abundance (22). By contrast, on a planet 
with a greenhouse effect that was weaker (but still stronger than on 
modern Mars), temperature would be limiting and liquid water could 
occur only in relatively warm locations.

To explore how changing patterns of surface temperature (Tsurf) 
and snow/ice stability are driven by changes in Pco2 (partial pres-
sure of CO2), non-CO2 radiative forcing, and orbital forcing, we 
used the Mars Weather Research and Forecasting Model (MarsWRF) 
global climate model (GCM) (see Materials and Methods) (23–24). 
CO2 greenhouse warming is insufficient to explain pre–3.0-Ga rivers 
on Mars (7). Similar to (25–26), our model represents the unknown, 
non-CO2 greenhouse-warming agent by a gas with wavelength- 
independent “gray” opacity () in the thermal infrared, with no 
opacity at solar wavelengths, and which does not contribute to total 
pressure. In previous modeling work investigating leading candi-
date agents of non-CO2 greenhouse warming, these agents contrib-
ute little to total pressure [probably <20%; (19)] and are fairly well 
mixed horizontally; therefore, this representation is reasonable. CO2 
and the gray gas are the only species in the model. Solar luminosity 
is set to 80% of the modern value (27). Surface albedo and thermal 
inertia are set to uniform values of 0.2 and 250 J m−2 K−1 s−½, respec-
tively, which are close to Mars’s average bare-ground values. The 
model is run to equilibrium, and all output subsequently discussed 
is from the analysis of final-year output.

Our approach is to simply represent key physical processes in a 
fast-running model with relatively few adjustable parameters, includ-
ing three-dimensional (3D) topography as is necessary for compar-
ison to paleo-river spatial distributions. This approach sits between 
that of 1D/2D models and fully coupled GCMs. The most important 
limitation of our approach is that we do not simulate rainfall, al-
though (as described below) we do test for the internal consistency 
and plausibility of meltwater runoff.

First, using CO2-only runs, we reverified (9) that at 1000-mbar 
Pco2, snow is most stable on high ground, and the temperature de-
pendence on latitude is, while still substantial, relatively modest. Still 
higher atmospheric pressures would produce the same pattern (9, 19). 
A 20-mbar Pco2 CO2-only simulation is much colder, with strong lat-
itudinal banding in Tsurf and snow stability. This is consistent with 
<1.5-Ga geologic data [e.g., (28)].

Next, we switched gray gas forcing on. For the strong non-CO2 
radiative forcing that is needed to explain geologic data, the surface 
temperature lapse rate (i.e., ∂Tsurf/∂ztopo, where ztopo is the topographic 
elevation relative to the geoid) is approximately the atmospheric adi-
abatic lapse rate for all surface pressures. Greenhouse forcing, and 
not the density-dependent turbulent fluxes between the atmosphere 
and the ground, regulates the surface temperature lapse rate. There-
fore, paleo-proxies for the atmospheric adiabatic lapse rate can-
not be used as a paleo-barometer for steady-state wet climates on 
early Mars.

Last, we ran 54 GCM simulations defining a 3 × 9 × 2 parameter 
space (table S1), varying Pco2 (20, 150, and 500 mbar), non-CO2 ra-
diative forcing [9 values log-evenly spaced from  = 1.7 to  = 4.5, 
where  =  × (Pco2/3.7 m s−2)], and orbital forcing (25° and 45° 
obliquity; obliquity is the most important orbital parameter for con-
trolling Mars’s climate). These parameters span a very wide range of 

greenhouse conditions, from globally subfreezing up to warming 
strong enough for runoff everywhere on the planet. These param-
eters span the range of plausible parameters for early Mars river- 
forming climates.

Using the surface temperature and near-surface wind field out-
put from the model, we calculated the likelihood of seasonal melt-
water. First, we downscaled the 64 × 48 grid point GCM output to 
~7 km per pixel using MOLA gridded topography. Temperature was 
downscaled using the run-by-run correlation between mean tem-
perature and elevation for latitudes <30°, and pressure was down-
scaled assuming a fixed scale height of 10.7 km. Following (25) and 
(29), we assume that snow tends to accumulate in locations that min-
imize the annually integrated sublimation rate. For example, on Earth, 
high ground acts as a cold trap for snow and ice (9). (Mars’s topog-
raphy has a range and SD 3.5× greater than Earth’s.) If so, cold traps 
contain snow and ice that (if temperatures get warm enough) be-
comes a water source for runoff during melt events (9). We represent 
this effect by a postprocessing parameter, fsnow, corresponding to the 
areal fraction of the planet that has snow during the warm season. 
For a given value of fsnow, we check if any pixels with sublimation 
rates less than the threshold defining fsnow have warm-season tem-
peratures (mean temperatures for a continuous period of 100 sols) 
>273 K. The 100-sol requirement is to allow time for thermal matu-
ration of snow/ice for runoff production (30). [This is conservative, 
and in the Antarctic dry valleys, lake levels respond more quickly to 
temperatures above freezing; (31, 32)]. Such pixels are designated as 
runoff pixels. We refer to this procedure as the simplified meltwater 
model. Evaporitic cooling is not considered. For each GCM run, we 
repeat this for fsnow = {0.01, 0.02 … 1} to generate possible melt-
water maps.

Comparing model output to geologic data
We compare each map to the two geologic time slices (Fig. 1), as-
signing every (~7 × 7 km) pixel as a true positive (runoff predicted, 
≥1 water-worn features observed), true negative (no runoff pre-
dicted or water-worn featured observed), false positive (FP; runoff 
predicted, but no water-worn feature observed), or false negative 
(FN; no runoff predicted, but ≥1 water-worn features observed). 
We cosine-weight to correct for latitude. We marginalize over fsnow 
by calculating (for each of the 54 GCM simulations) (i) a receiver- 
operating characteristic (ROC) curve varying fsnow and measuring 
the area under the curve (AUC), (ii) informedness (Youden’s J sta-
tistic, defined as sensitivity + specificity − 1; see the Supplementary 
Materials), and (iii) the precision-recall AUC (PR-AUC). These cal-
culations treat all values of fsnow as equally likely, which represents 
our uncertainty about the early Mars hydrologic cycle. Our procedure 
penalizes FPs and FNs equally (see the Supplementary Materials). 
The three measures agree on which GCM run is the best fit for 
~3.6 Ga, and the three measures agree on which GCM run is the 
best fit for <3.6 Ga.

For the valley network era (>3.6 Ga), Global annual average tem-
perature,    

_
 T   , is 268 K [Fig. 3 (top)]. The model with the highest 

informedness (largest value of Youden’s J statistic) [ROC AUC 0.68; 
Fig. 4 (top)] corresponds to  = 3.1 ( = 5.7 × 10−4), high (45°) obliquity, 
fsnow = 0.43, and Pco2 = 150 mbar. Seasonal meltwater runoff oc-
curs over ~40% of the planet. Highland valley networks sit within the 
meltwater runoff zone. Meltwater runoff is absent at high latitudes 
and low elevations because warm-season snow is not stable there. 
[At 45° obliquity, high-latitude snow is destabilized by hot summer 
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solstices; (33).] Still-warmer climates [e.g., (34)]—but not colder 
climates—also give good fits to the valley network data. (Global annual 
average temperature    

_
 T    ≥ 273 K is required to explain all valley net-

works with a single forward model, at the cost of a slightly increased 
proportion of FPs.) In the best-fit model, annual average temperatures 
above freezing exist over much of the northern lowlands and in low 
spots including Gale crater and Jezero crater [Figs. 3 (top) and 4 (top)]. 
Many valley networks drain into these broad, no-permafrost zones.

For the fans era (<3.6 Ga), the highest informedness model [ROC 
AUC 0.65; Fig. 4 (bottom)] corresponds to  = 2.5 ( = 4.4 × 10−4), 
45° obliquity, fsnow = 0.55, and Pco2 = 150 mbar. This shows a much 
colder (   

_
 T    ~ 258 K) planet. The highest ground is too cold for melt-

water runoff [Fig. 3 (bottom)], the low elevations (and high latitudes) 
are too warm for snow, and so meltwater runoff occurs at inter-
mediate elevations, consistent with data. Notably, comparing the 
best-fit <3.6-Ga model to the best-fit 3.6-Ga model (Fig. 3), the 
changing spatial distribution of water flow on Mars does not require 
any change in Pco2. All current rover landing sites, plus the Rosalind 
Franklin landing site, are predicted to have meltwater runoff pro-
duction <3.6 Ga. Permafrost temperatures occur almost everywhere, 
and so shallow- subsurface ice might protect surface water from loss 
to infiltration (at least temporarily). Infrequent spots with annual 
average temperatures above freezing, which would have unfrozen 
and therefore permeable subsurfaces, correspond to areas of known 

or suspected salt accumulation. This prediction is consistent with 
the groundwater- upwelling model for sulfate-deposit genesis (35). 
Geographically, the model performs well except for FNs in north 
Arabia. Given the simplifications of our model, we cannot com-
pletely rule out an alternative option for the fans-forming climate 
that is warm and dry, but it is not favored by our model. A decisive 
future test is to use the Curiosity rover to search for meridianiite 
(MgSO4 • 11H2O), which is unstable above 275 K.

How does the goodness of fit of the model to the data vary as 
a function of parameter values? Within the model, for both time 
slices, high obliquity is always favored over low obliquity. [By con-
trast, rainfall models permit low-obliquity river-forming climates; 
e.g., (36).] This is because, at low obliquity, the low latitudes (and 
especially high elevations at low latitude) are not particularly fa-
vored for meltwater runoff because snow is relatively unstable there, 
but that is where the valleys are. It remains possible that the pat-
terns in Figs. 1 and 2 are a palimpsest built up over a wide range of 
orbital forcings that cannot be represented by a run at a single obliq-
uity value. This palimpsest hypothesis is one possible explanation 
for the valley networks in the southernmost highlands. Whether or 
not this hypothesis is true, high obliquity during the wet era is still 
favored. As high (45°) obliquities are favored for both time slices, 
changes in orbital forcing do not explain the changes between the 
two periods.

Fig. 3. Global climate model output. (Top) Annual average output for GCM run that best matches ~3.6-Ga data ( = 3.14, 45° obliquity, Pco2 = 150 mbar). Color shading 
corresponds to annual average temperature (K). Orange line highlights 273-K isotherm, and color bands mark 10-K intervals. Dark blue and cyan contours outline cold 
traps. The dark blue contours contain the part of the planet’s surface area with the lowest annually integrated snow sublimation rate (0 to 10th percentile), and the cyan 
contours contain the part of the planet’s surface area with lower-than-average annually integrated snow sublimation rate (0 to 50th percentile). Output (64 × 48) is down-
scaled using MOLA topography. Elevation contours (gray) are spaced at 3-km intervals. (Bottom) As (A), but for the GCM run that best matches 3.5-Ga to 3.0-Ga data 
( = 2.46, 45° obliquity, Pco2 = 150 mbar).
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Figure 5 shows the trade-off between , Pco2, and model good-
ness. From this figure, we make the following observations.

First, although the contours slope up and to the right, this slope is 
gentle. Thus,  matters more than Pco2. This is unexpected, as reg-
ulation of Pco2 is central to our understanding of planetary habit-
ability (7, 8, 37). This result can be understood in terms of the high 
value of  needed to match data. As  is high in all infrared bands, the 
additional contribution to warming from the direct radiative effect 
of CO2 is small and counteracted by the increase in planetary albedo 
due to Rayleigh scattering. Of the runs warm enough to generate 
rivers, 150-mbar output has similar annual average temperature to 
the 500-mbar output. Therefore, decline in direct radiative forcing 
from CO2 corresponding to Pco2 decline from ~0.5 to ~0.15 bar was 
probably not the cause of the decline of Mars rivers. Within this Pco2 
range, where Tsurf depends only weakly on Pco2, carbonate-silicate 
weathering feedback could have only a weak direct effect on climate. 
However, an indirect effect (through the effect of Pco2 on the strength 
of H2-CO2 collision-induced absorption warming) remains possible. 
Because non-CO2 radiative forcing is an increasing function of Pco2 
for some proposed non-CO2 warming mechanisms (38), the door is 

still open to CO2 decline being the ultimate driver of the decline of 
Mars rivers. Nevertheless, the focus shifts to the influence of non-
CO2 warming agents as a function of time.

Second, it was previously proposed (9) that the valley networks’ 
high-elevation preference indicates ≫102 mbar paleo-Pco2. How-
ever, Fig. 5 shows that these data can also be well matched when Pco2 
is ~20 mbar.

Third, the best fits for <3.6 Ga are ~10 ± 5 K colder than the best 
fits for ~3.6 Ga. This makes sense given the downshift of ~5 km in 
zonally averaged river abundance (Fig. 2), assuming a surface tem-
perature lapse rate of ~2.5 K/km. Zonal variations are not enough 
to confound this pattern. We infer that the lack of high-elevation 
<3.6-Ga rivers indicates a weaker total greenhouse effect at these later 
times so that high-elevation precipitation stayed frozen. The drop 
in  was likely bigger than Fig. 5 (right) suggests, as solar brighten-
ing occurred during Mars’s wet era but is not included in the model.

Fourth, the  for <3.6 Ga is well constrained [Fig. 5 (right)]. This 
corresponds to    

_
 T    ~ 258 K and a largely frozen Mars. The cold paleo- 

temperatures inferred from the spatial distribution of fans are consistent 
with other indications of snowmelt runoff, such as patchy erosion, 

Fig. 4. Comparison of data to model predictions. (Top) Data-model comparison for simplified snowmelt model output that best matches ~3.6-Ga data ( = 3.1, 45° obliq-
uity, Pco2 = 150 mbar, fsnow = 43%). Dark blue band corresponds to area of snowpack with a continuous 100-sol period with average temperature exceeding 273 K, corre-
sponding to predicted snowmelt runoff. Green symbols correspond to true positives (mapped water-worn features within the predicted snowmelt runoff zone). Red 
symbols correspond to FNs (mapped water-worn features outside the predicted snowmelt runoff zone). The thick black line outlines the masked-out region (low/no de-
tection probability for water-worn features), which differs between the two eras. Uncommon gray symbols show water-worn features within the masked-out area. Eleva-
tion contours (gray) are spaced at 3-km intervals. The orange line highlights the 273-K isotherm in annual average temperature (Youden’s J, 0.30; ROC AUC for varying 
fsnow for this GCM, 0.68). Rovers: C, Curiosity; P, Perseverance; T-1, Tianwen-1 rover (Zhurong). (Bottom) As (A), but for the simplified snowmelt model output that best 
matches 3.5-Ga to 3.0-Ga data ( = 2.46, 45° obliquity, Pco2 = 150 mbar, fsnow = 56%) (Youden’s J, 0.34; ROC AUC for varying fsnow for this GCM, 0.65).
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the absence of channels on fans, and reports of aspect dependence 
(18). It remains to be seen if a rainfall model can match the data 
equally well.

Last, the best fit for >3.6 Ga is    
_

 T    ~ 268 K, and the upper limit is 
essentially unconstrained. This is consistent with the idea that early 
Mars had    

_
 T    ≥ 280 K, with rainfall, especially if there were seas at 

low elevations (31, 39). On the other hand, if temperature was around 
the best-fit value and low elevations were dry, then most locations 
would have little or no rainfall.

In summary, we obtained paleo-temperature estimates during 
the crucial interval when Mars was drying out (3.6 to 3.0 Ga ago and 
perhaps later). The result is consistent with estimates obtained using 
other methods. Overall, data-model comparison shows that changes 
over time in the distribution of Mars paleo-rivers in space (Figs. 1 
and 2) are consistent with the expectation that Mars’s greenhouse 
effect waned (perhaps nonmonotonically) over time (Figs. 3 and 4). 
However, we did not find evidence from this method that the de-
cline of surface habitability on Mars was associated with loss of at-
mospheric CO2 (Fig. 5).

DISCUSSION
Our forward model has limitations. Because warm-season tempera-
tures and snow-covered areas are both derived from the same sim-
ulated year of GCM output, very rapid shifts in climate (too fast for 
snow/ice to relocate) cannot be included. This might contribute to 
the false negatives in northern Arabia Terra. Also, we do not include 
the albedo effects of snow [in effect, assuming dusty snow; (29, 30, 40)]. 
Higher snow albedo would drive our best fits to higher    

_
 T    and set 

a correspondingly more stringent constraint on the strength of 
non-CO2 warming needed to match data. It is possible that early 
Mars’s atmosphere spent most of the time in a much colder state 
than shown in Fig. 5 (e.g., collapsed). In that case, our results still 
constrain the climate at times when Mars’s climate supported rivers 
and lakes, so this is not a severe limitation.

To what extent are shifts in river distribution explained by the 
apparent threefold decrease since 3.5 Ga in the inventory of Mars’s 

surface/near-surface H2O (41)? H2O loss does not fully explain changes 
in river distribution. For example, groundwater table control does 
not explain the existence of mid-elevation rivers at 20°S to 40°S 
(Fig. 1B). A weakening of the greenhouse effect is a simpler expla-
nation for the data. The simplified meltwater model does not con-
strain the volume of surface/near-surface H2O (the fsnow parameter 
describes the area of surface H2O cover, not H2O volume). The simpli-
fied meltwater model provides a simple description of the observed 
changes, but fully coupled global modeling of both the atmospheric 
and groundwater parts of the early Mars water cycle has not yet been 
done. Therefore, determining whether H2O loss had a large or a 
small contribution to the observed changes remains a target for fu-
ture work.

Our analysis suggests that the shifts in river distribution were 
driven by loss of non-CO2 radiative forcing. The subsequent [<3 Ga; 
(3, 42)] cessation of river-forming climates on Mars could have been 
caused by further reduction in non-CO2 greenhouse warming (per-
haps the simplest explanation), by H2O loss, or by C loss (Fig. 6). 
The present-day rate of C escape to space is small (43), and isotopic 
evidence indicates that most of Mars’s atmosphere was lost >3.5 Ga 
ago [e.g., (44, 45)]. Candidate carbon sinks include escape to space, 
carbonate formation, and basal melting of CO2 ice. Alternatively, 
CO2 could have been reversibly sequestered as CO2 ice.

Major open questions remain, including the identity of the non-
CO2 greenhouse forcing agent that must have been in the atmosphere 
(at least intermittently) until ~3 Ga (Fig. 5). Although H2O vapor 
feedback would add to warming in all cases, it is insufficient (9). Hy-
potheses for the mechanisms for the needed additional warming 
include H2-CO2 collision-induced absorption [e.g., (38, 46, 47)] or 
high-altitude water ice clouds (48, 49). It is possible for either of 
these two mechanisms to provide very strong (stronger than needed 
to match data) warming, and this study provides new constraints 
on how much opacity is needed, and how this requirement changed 
over geologic time. These hypotheses can be tested using the Perse-
verance rover. Perseverance observation of detrital siderite (±fine-
grained olivine) would favor moderate river pH and thus low Pco2 
during the years of river flow, potentially excluding warming by 

Fig. 5. Best-fit Mars climate versus time. (Left) Global annual average temperature (K) as a function of Pco2 and of gray gas column optical depth, . Black asterisks 
correspond to inputs to individual GCMs, and values between the asterisks are interpolated. Obliquity = 45°. (Right) Goodness of fit of model to data as a function of Pco2 
and of gray gas column optical depth, . Blue shaded region corresponds to relatively good fit to >3.6-Ga data, and orange shaded region corresponds to relatively good 
fit to <3.6-Ga data. The blue diamond is the best-fitting GCM run for >3.6-Ga data, and the orange diamond is the best-fitting GCM run for <3.6-Ga data. Metric is ROC AUC; 
contours correspond to 0.5, 0.55, 0.6, and 0.65 (thicker lines correspond to better fit). Asterisks correspond to inputs to individual GCMs, and values between the dots are 
interpolated. Figures S14 and S15 give more details and sensitivity tests.
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H2-CO2 collision-induced absorption. Similarly, Perseverance anal-
ysis of the texture and origin of carbonates (50) might help constrain 
Pco2. Conversely, the global constraints on long-term evolution pro-
vided here offer long-term global context for inherently local (and 
likely stratigraphically restricted) sample acquisition by the Mars 
Sample Return program.

Mars is the only world whose surface is known to have become 
uninhabitable. This study quantitatively compared geologic data to 
a climate model over different eras within Mars’s wet-to-dry tran-
sition. Future models of the evolution of <3-6 Ga river-forming cli-
mates should satisfy the geologic constraints on the shifting location 
of rivers (Fig. 2). We used a simplified meltwater model to perform 
the first (although not the only possible) analysis of the causes of this 
downshift in Martian habitability. Within our model framework, 
changes over time in the spatial pattern of paleo-rivers suggest a 
waning greenhouse effect. Comparison of a grid of GCM simula-
tions combining gray gas and CO2 radiative forcing shows little sen-
sitivity of river-relevant output to Pco2, but strong sensitivity to the 
strength of the non-CO2 greenhouse forcing. Our results raise the 
possibilities that Mars had a thin (≤150 mbar) atmosphere through-
out the river-forming era, and that Mars became uninhabitable as the 
result of constant-pressure cooling. This study does not rule out the 
hypothesis (6–7) that the end of surface habitability on Mars was ulti-
mately driven by atmospheric decay, but suggests that loss of non- 
CO2 radiative forcing (not loss of CO2) played a dominant role in 
the changing spatial distribution of water flow from 3.6 Ga to 3.0 Ga.

MATERIALS AND METHODS
Geologic data
We used an existing valley network database [from (17)], compiled 
using Thermal Emission Imaging System (THEMIS) data. Our new 
fans/deltas database (Fig. 1B) is described in (18). This database was 
compiled by systematically searching between 90°N and 90°S using 
globally available Context Camera (CTX) images for fan-shaped 

deposits and their associated catchment areas. Details of how both 
databases were filtered and corrected for detectability bias are given 
in the Supplementary Materials.

Description of GCM simulations
MarsWRF is a version of the PlanetWRF GCM, itself derived from 
the terrestrial mesoscale WRF model (23–24). Model resolution is 
5.0° × 3.75° (64 × 48 grid points) for longitude and latitude, respec-
tively, with 40 model layers in height, spanning the surface to ~80 km. 
This resolution is typical for Mars GCMs. Further details are pro-
vided in the Supplementary Materials. For the gray gas, we use zero 
absorption coefficient for wavelengths less than 4.5 m and an 
adjustable, constant absorption coefficient for wavelengths above 
4.5 m. The coefficient  (m2/kg) is chosen to produce a specified 
additional (non-CO2) infrared optical depth, , at reference elevation 
(0 m). GCMs are run until the annual cycle has converged (typically 
<10 simulated years) at fixed orbital conditions. To get from the GCM 
model output to predicted meltwater runoff locations, we used a sim-
plified meltwater model. The model assigns snow/ice to pixels that 
are calculated to have relatively low sublimation rate. Then, the model 
outputs a melt prediction for pixels where the temperature is warm 
enough for runoff. Further details, including how the predictions 
from the different GCMs were scored in comparison to the data, are 
given in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5894
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