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2. Scientific/Technical/Management. 
2.1. Summary. 
A record of Mars climate evolution is contained in shifts over time in the spatial distribution of 
evidence for rivers and lakes on Mars – in particular, the elevation+latitude distribution (Fig. 1; 
Kite 2019, Kite et al. 2019). But the potential of this archive to constrain the atmospheric 
evolution of Mars is untapped, because our understanding of the effect of atmospheric 
pressure and greenhouse forcing on the elevation+latitude distribution of runoff on Mars is 
not adequate for this purpose. A key control of surface liquid water potential on Mars is the 
pressure of the CO2-dominated atmosphere (PCO2 ≈ Ptot) (Wordsworth 2016, Haberle  et  al. 
2017). While CO2 alone cannot explain rivers and lakes on Early Mars, PCO2(t) is nevertheless a 
key variable for providing a baseline of greenhouse warming, for suppressing evaporitic cooling, 
and for serving as a constraint on Mars atmosphere loss processes – and this is true irrespective of 
the nature of the needed non-CO2 warming agent (e.g. Lammer et al. 2018, Ramirez & Craddock 
2018, Haberle et al. 2017, Jakosky et al. 2018). For example, PCO2 ≳10× modern is thought to be 
required for wet climates on Early Mars (Ingersoll 1970, Jakosky et al. 2018, Hecht 2002). 
Indeed, so strongly does PCO2 affect Mars paleoclimate that changes in PCO2 between ~10 mbar 
and 1000 mbar are seen, in GCMs, to bring changes in the elevation and latitude distribution of 
both peak temperature, and snow/ice stability, which jointly control surface liquid water potential 
on Mars (Mischna et al. 2013, Kite et al. 2013, Wordsworth et al. 2015). (For example, high PCO2 
is an essential ingredient of the Late Noachian Icy Highlands hypothesis; Head et al. 2017). The 
physical basis for this transition is clear: very thin atmospheres “[play] a small role for the heat 
budget of the surface” (Haberle et al. 2017), so (flat-)surface temperature is set by latitude alone. 
But, for a very thick atmosphere, winds even out latitudinal temperature gradients, and surface 
isotherms increasingly correspond to topographic contours. Thus, as PCO2 goes up, ∂ Tsurf /∂ z 
becomes more negative (Wordsworth 2016). It is tempting to connect this effect with the shifts 
over geologic time shown in Fig. 1. However, our current understanding of the effect of PCO2 
on latitude and elevation distribution of rivers and lakes is too imprecise to be used to 
extract paleopressure constraints from the rock record (Fig. 2). With improved PCO2 
constraints, we can test the hypotheses that Mars dried up due to loss of its atmosphere (CO2- 
Loss hypothesis) as well as the alternative endmember of loss of non-CO2 greenhouse warming at 
constant PCO2 (Constant-Pressure Cooling). Despite their opposing implications for the cause 
of Mars’ drying-out, the Constant-Pressure Cooling and CO2-Loss hypotheses have never 
been tested using the geologic record of Mars’ drying-out; it is this gap that the proposed 
work will fill (Fig. 3). 

Thus, in order for the newly-synthesized geologic data (Fig. 1) to be used to constrain PCO2 
change on Mars, there is a pressing need to improve our basic knowledge of the effect of 
PCO2 on the elevation+latitude distribution of surface liquid water potential (Fig. 2), and to 
apply that improved understanding to the drying-out of Mars (Fig 3). To this end, we will use an 
ensemble of general circulation model (GCM) simulations, varying orbital forcing, non-CO2 
greenhouse forcing, and other parameters, in order to determine (i) the causes of, and (ii) the key 
PCO2 values for, the effect of changing PCO2 on the elevation+latitude distribution of surface liquid 
water on Mars. Thus, we shall obtain both (1) basic estimates, and (2) a probabilistic look-up 
table, for the effect of PCO2 on the elevation+latitude distribution of rivers and lakes on Mars (Fig. 
2). By comparing these to existing data on the elevation+latitude distribution of ancient 
rivers/lakes (Fig. 1; §2.4.3), we will obtain new constraints on PCO2 during ≥2 discrete geologic 
periods (Fig. 1). Finally, we shall combine our paleopressure record with existing constraints 
from other methods (e.g. Kite et al. 2014, Cassata et al. 2012, Manga et al. 2012). 
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2.2 Goal and objective of 
the proposed study. 
The goal of the proposed work 
is to map and better 
understand the evolution of 
Mars’ climatology and how it 
evolved from supporting an 
early wet environment to one 
which can no longer support 
liquid water. The objective of 
the proposed work is to obtain 
new constraints on Mars PCO2 
during the Middle Noachian 
through Amazonian periods. 

2.3. Scientific 
Background. 
Better constraints on the cause 
of the drying-out of Mars are 
fundamental    to   the 
interpretation   of  discoveries 
from MRO, MSL, and MGS, 
as well as future observations 
of climate-relevant materials 
by ExoMars and Mars 2020. 
However,   the    relative 
contribution of CO2 Loss 
(irreversible PCO2 draw-down) 
versus Constant-Pressure 
Cooling (i.e., loss of non-CO2 
greenhouse warming) to these 
changes is   not   currently 
understood (Fig. 3). These two 
divergent scenarios have very 
different implications for Mars 
climate evolution, the carbon 
cycle, and habitability at the 
outer edge of the Habitable 
Zone. 

Fig. 1. Latitude-elevation plots of climate-relevant geologic 
activity for two periods of river-forming climate. The black 
regions have no data, and the gray regions correspond to terrain 
that was geologically reset after the time slice in question. Black 
lines: latitudes ±15° and ±30°. (a) Late Noachian / Early 
Hesperian time slice: Blue shading corresponds to the 
latitude/elevation zones that contain 67% of the valleys (Hynek 
et al. 2010), after correcting for the nonuniform distribution of 
latitude/elevation. (b) Late Hesperian / Amazonian time slice: 
Blue disks mark large alluvial fans (catalogs of Moore & 
Howard 2005 and Kraal et al. 2008a, total ~50 features). Pale 
blue stripes mark latitude range of Fresh Shallow Valleys 
(Wilson et al. 2016). We will recalculate this time slice as part 
of the proposed work (§2.4.3), using the 1500-feature database 
of Collaborator Morgan, which refines the basic trend shown 
here. Orange shading corresponds to light-toned layered 
sedimentary rocks (Malin et al. 2010), which are not part of this 
study. (This figure is based on Fig. 5 from Kite 2019). 
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2.3.1. Data: Paleo-rivers that formed later in Mars history are found preferentially at lower 
elevations, and show a stronger dependence on latitude, relative to earlier rivers. These 
trends are not artifacts of preservation, but the physical cause of the signal is not known. 
In the last few years, rich datasets for the distribution of precipitation-fed surface liquid water on 
Mars have been synthesized (reviewed in Kite 2019; Fig. 1). The new data allow surface liquid 
water activity to be divided into at least two time slices (Kite 2019 and references therein), with 
apparently different latitude and elevation preferences, suggestive of changes in PCO2 over time 
(Fig. 2). But with only a vague and imprecise physical basis for relating these data to PCO2, 
and many potential confounding factors (such as the strength of non-CO2 greenhouse 
forcing, and orbital change), it is not clear what PCO2 history is (or histories are) consistent 
with these data. 

 

Fig. 2. PCO2 affects surface liquid water potential. At low pressure, warm-season temperatures 
track latitude bands but snow is most stable at low elevation (due to free-evaporitic convection), 
contrary to Earth-based intuition (Fastook et al. 2008, Kite et al. 2013, Wordsworth et al. 2013). 
At high pressure, both warm-season temperatures and snowpack stability track elevation bands, 
with differences (because snowpack stability responds to the annually averaged sublimation 
rate). Many effects contribute to this shift (gray box), and in the work described in §2.4.3 we 
will determine which is the most important. 

A lot of the runoff on Early Mars came from rain/snowmelt (precipitation) (e.g., Malin & Edgett 
2003, Howard & Moore 2005, Carr 2006, Malin et al. 2010, Kite 2019) (see Table 1 for how we 
will exclude features that are possibly groundwater-fed, impact-triggered, etc.). The existence of 
rain/snowmelt is a constraint on past climate. A wetter climate, with Tsurf >0◦C at least seasonally, 
is implied. A rain- or snowmelt-permitting climate very probably requires PCO2 > 6 mbar, because 
evaporitic cooling efficiently suppresses runoff at 6 mbar (Fig. 4; Hecht 2002, Mansfield et al. 
2018). The distinct periods of river-forming climate show spatially more restricted fluvial 
erosion, and shorter rivers, with an overall trend to lower (planet-averaged) erosion rates, as the 
planet dried up (Howard et al. 2005, Kite 2019, Goudge et al. 2016, Golombek et al. 2014). 
Surprisingly however, intense, climate-driven runoff persisted late in Mars history, consistent 
with a major role for non-CO2 greenhouse forcing (Kite et al. 2019a). Relative to rivers that 
formed earlier in Mars history, rivers that formed later in Mars history were preferentially 
at lower elevation, and show a stronger dependence on latitude (Fig. 1). (This is after 
masking out resurfaced terrains for each time slice, correcting for terrain availability, and 
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Fig. 3. Mars had rivers early in Mars history, but Mars is dry today. 
Although Mars has lost atmosphere over time, it is not clear if Mars 
late-stage rivers formed under high atmospheric pressure (H0), or if 
late-stage rivers record atmospheric loss (H1). Combining  improved 
understanding of the effect of PCO2 on the elevation+latitude 
distribution of surface liquid water with geologic proxy data can 
constrain PCO2 versus time and thus constrain the drying-out of Mars. 

considering only nonglaciated terrains, i.e. it is not the result of preservation bias. The 
result is also not sensitive to the unusual preservation style of rivers in Arabia Terra). The 
nonuniform distribution of elevation as a function of latitude—for example, there is not 
much Noachian terrain south of 30°S above +3 km elevation—is corrected for in Fig. 1 
using a kernel density estimator. For details of the refined correction we will use in the 
proposed work, see §2.4.3). These trends are consistent with previous reports, e.g., the elevation-
controlled trends reported for the Middle Noachian (e.g. Craddock et al. 1993, Irwin et al. 2013), 
and the latitude trends reported for the Late Noachian / Early Hesperian valleys by Williams & 
Phillips (2001). Indeed, the spatial distribution of valley networks has been used to test warm/wet 
versus cold/dry hypotheses for Mars (Wordsworth et al. 2015, Bouley et al. 2016). For later 
materials, >¾ of large alluvial fans apices are at latitude 30° - 15°S (Kraal et al. 2008a), while 
Fresh Shallow Valleys are also confined to latitude belts (Mangold 2012, Wilson et al. 
2016). What is the cause of these shifts? Our work will advance the state of knowledge by 

improved modeling, which is 
needed to quantify the effect 
of CO2 loss, loss of non-CO2 
greenhouse forcing, and their 
combination on the observed 
latitude-elevation  trends. 
This modeling is crucial for 
reconstructing Mars PCO2 
versus time and thus, the 
cause of the drying-out of 
Mars (Fig. 3). For the first 
time, the proposed work 
would marginalize over the 
key uncertainties (orbital 
forcing, strength of non-CO2 
greenhouse effect), confront 
models with a dataset that has 
been corrected for  
preservation bias, and thus, 
constrain PCO2 versus 
geologic epoch. 

2.3.2. Models: PCO2’s 
effect on changes in the elevation+latitude distribution of surface liquid water is 
vital, but poorly quantified. 

Latitude-Elevation plots are an underexploited unifying framework that pose a challenge to 
modelers: The data (Fig. 1) might be related to past climate, as follows. Latitude and elevation 
are key parameters for climate. Snow or ice will melt if they get warmed above 0°C. Insolation is 
the main control of snow temperature on modern Mars because the air is so thin. But for high 
PCO2, exchange with the air can be the main control on Tsurf (Wordsworth 2016). There are 
several possible mechanisms for this and the relative importance of these mechanisms is – 
currently – unknown (Fig. 2). One plausible hypothesis is as follows. Air temperature decreases 
with elevation, so at high PCO2, turbulent fluxes ensure that Tsurf also decreases with elevation 
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(Wordsworth 2016). Another likely contributor is that, at high PCO2, greenhouse warming (IR↓) 
becomes relatively more important (for all elevations), and IR↓ is strongest at low elevation (Fig. 
2). Other mechanisms also likely contribute (Fig. 2), and the relative contribution of these factors 
will be assessed as part of the proposed work. For whatever reason, at high PCO2 in GCMs, 
elevation and latitude are both important for determining Tsurf. Snowpack stability also shifts with 
PCO2, with a preference for ice-filled valleys at low PCO2 versus ice-capped mountains at high 
PCO2 (Fig. 4); models show that snowpack location is controlled by annual-mean sublimation rate 
(Fastook et al. 2008, Kite et al. 2013, Wordsworth et al. 2015). 

 
To sum up, the trends in Fig. 1 are consistent with 
theoretical expectations for CO2 Loss (Wordsworth et al. 
2013, Wordsworth 2016). Thus, combining data and 
theory hints that – during the Hesperian – PCO2 decreased. 
Although this hypothesis is exciting, it is currently both 
nonquantitative and nonunique: an alternative scenario 
(Constant-Pressure Cooling) is that CO2 pressure 
varied little during Mars’ wet era, but the strength of 
non-CO2 greenhouse forcing waned. This alternative 
hypothesis is reasonable because it is known that CO2 
alone is not enough to generate a lake-forming climate 
(Fig. 3), so both CO2 and non-CO2 greenhouse warming 
are needed to explain rivers and lakes on Early Mars 
(e.g., Turbet and Tran 2017). In this alternative scenario, 
early on, temperatures were high everywhere but 
snow/ice was located at high ground (cold traps), so 
melting was confined to high ground. Later on, 
temperatures had dropped so that IR↓ (which is strongest 
at low elevations) was the limiting factor for patchy low-
elevation melting. In this alternative scenario, the latitude 
preference is explained by appealing to unusual orbital 
conditions as the trigger for melting, because unusual 
orbital conditions can favor certain latitude belts 

(Mischna et al. 2003, Kite et al. 2013). Despite their oppposing implications for the cause of 
Mars’ drying-out, the Constant-Pressure Cooling and CO2-loss hypotheses have never been 
tested for the geologic record of Mars’ drying-out; it is this gap that the proposed work will 
fill. 

Because these are intrinsically 3D hypotheses, we will use a GCM (MarsWRF), altering PCO2, 
non-CO2 greenhouse forcings, orbital parameters, etc., and tracking both Tsurf (>0°C vs. <0°C) 
and the relative stability of snow and ice as functions of elevation+latitude. As shown by 
Wordsworth et al. (2013), high PCO2 causes snow and ice on Mars to migrate to high elevation, so 
high elevations are favored for snow-melt at high pressure. However, neither the causes of this 
shift, nor the conditions under which it occurs, have been investigated in sufficient detail (Fig. 2). 
For example, many paleo-Mars GCMs do not include the free buoyant convection contribution to 
sublimation, but this effect is known (Ingersoll 1970, Hecht 2002; Fastook et al. 2008, Kite et al. 
2013; Mansfield et al. 2018) to be critical to the shift from the most melt-prone gridpoints being 
at low elevation, to the most melt-prone gridpoints being at high elevation. Indeed, free buoyant 
evaporitic cooling is the dominant term for any possible H2O(l) exposed at the surface of Mars 
today (~80% of total energy loss; 10× more important than forced evaporitic cooling; Fig. 4). (To 

parameterization of wind speed. (From 
Kite et al. 2013). 

alternative 
lines Dashed 

Free buoyant 
dominates for 

site. 
term 

mbar. 
to 

equatorial 
convection 
P<~100 
correspond 

Fig. 4. Pressure dependence of 
diurnal-mean sublimation rate at an 
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be clear, this omission does not invalidate previous GCM work, which has either Tsurf ≪	273K or 
>300 mbar PCO2. But it does prevent exploration of melt-prone low-PCO2 climates, which are a 
focus of the proposed work). Thus, previous work has a snow-to-high-ground bias for melt- 
prone climates, and we will advance the state of the art by removing this bias. 

Fig. 5. Preliminary MarsWRF run output, illustrating the core physical effect to be investigated 
by the proposed work. (a) Seasonal-peak temperatures, 18 mbar: mostly latitudinally-controlled, 
with some effect from dust continents. (b) Seasonal-peak temperatures, 600 mbar: latitude 
effects relatively minor. (c) Snowpack potential sublimation map (annually integrated 
sublimation rate of snow, had snow been present at each gridpoint), 18 mbar. Snow relatively 
stable at low elevations along dichotomy boundary. (d) Snowpack stability map (annually 
integrated sublimation rate of snow, had snow been present at each gridpoint), 600 mbar. Snow 
unstable on low ground. Obliquity 25°, eccentricity 0.1 for the runs shown. In all panels, thin 
black solid lines are MOLA topography. Thick colored solid lines outline melt zone. Note: 
Because our GCM does not yet include gray gas parameterization, Early Mars runs produce no 
melt. Therefore, we increased the solar luminosity to 90% of modern in these illustrative runs in 
order to demonstrate our melt-zone identification procedure. 
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2.3.3. Combining improved models of the effect of PCO2 on the elevation+latitude 
distribution of surface liquid water potential with existing data can constrain PCO2 versus 
time and thus the drying-out of Mars. 
Given that the importance of PCO2 change to early Mars climate has been noted for more than 40 
years (Sagan et al. 1973, Haberle et al. 2017), it is perhaps surprising that there is no systematic 
study of the effect of PCO2 on the spatial distribution of surface runoff potential on Early Mars, 
the closest being Fig. 10 in Wordsworth et al. 2015. (Both Richardson & Mischna 2005 and Kite 
et al. 2013 consider the effect of PCO2 change on transient diurnal pulses of liquid water, which 
are sufficient to wet soil. However, diurnal-average temperatures above 0°C are likely needed to 
avoid meltwater refreezing and explain the river runoff implied by dry-river beds; Clow 1987, 
Kite et al. 2019. Diurnal-average temperatures above 0°C are much more challenging to achieve 
in CO2+H2O GCMs, which is part of the motivation for our gray gas approach) (§2.4.1). To 
assess and confirm the likely consequences of PCO2 changes, we carried out preliminary work 
with the MarsWRF GCM. Our results broadly reproduce the results of Wordsworth et al. 2015’s 
Fig. 10. This confirms that differences in the details of the GCM do not alter the basic “high PCO2 
= ice-at-high-ground” result reported by Wordsworth et al. (2013). 

2.4. Technical Approach and Methodology. 
Achieving our objective (§2.2) involves the following steps: 

Step 1. (~85% of effort). Use a grid of >200 runs of the MarsWRF GCM improved by adding a 
gray gas, in order to determine (i) the causes of, and (ii) the key transition pressures for, the effect 
of changing PCO2 on the elevation+latitude distribution of surface liquid water on Mars (§2.4.1/2) 
Step 2. (~15% of effort). Compare to the elevation+latitude distribution of past rivers to constrain 
both PCO2 , and non-CO2 greenhouse forcing, for ≥3 different epochs (§2.4.3). 

In order to define a focused, well-posed investigation of appropriate scope for a three-year study, 
we make several simplifying assumptions, which are explained and justified in §2.4.4. 

 
Our proposed work will build on consensus ideas in atmospheric dynamics and Mars global 
climate modeling, and advance the state-of-the-art by refining these ideas and combining them 
with basic geologic constraints. Two features of the problem greatly reduce the computational 
burden and enable the proposed science. (1) Our previous experience studying orbital forcing 
(e.g. Mischna et al. 2013; Kite et al. 2013; Mansfield et al. 2018) has identified (only) 5 key 
orbital states that span the range of effects of orbital forcing on runoff potential. (2) Snow and ice 
tend to pile up where sublimation is minimized, and (at any one time) liquid water is 
volumetrically minor compared to the ice reservoir (Wordsworth et al. 2015, Mischna et al. 2003, 
Kite et al. 2013). Therefore, we can run the GCMs without interactive melt handling, and allocate 
surface liquid water potential flexibly in postprocessing. Our overall strategy is as follows (for 
detail, see §2.4.2). (1) Add a gray gas absorber to the MarsWRF GCM. (2) Using the gray gas 
enhancement, build an ensemble of GCM predictions of peak diurnal Tsurf as a function of PCO2 
and gray gas absorption, also varying orbital parameters. We will also separately improve 
understanding of how and why the elevation-dependence and latitude-dependence of surface 
temperature changes as with increases in PCO2 via runs with idealized boundary conditions (for 
example, simplified topography runs). Our analysis of these runs will provide mechanistic insight 
(which factors matter the most, and which do not?) (3) Compare the improved model with data to 
get improved PCO2 constraints for 2 or more time slices. Specifically, we will integrate with data 
to produce PCO2 constraints for two time slices, Late Noachian / Early Hesperian and Late 
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Hesperian / Amazonian (Table 1). This will give a geologically-based estimate of whether or not 
the atmospheric pressure dropped during the Hesperian, a times of great interest for Mars rivers, 
using the distribution of the rivers themselves. 

2.4.1. Description of the Mars GCM, including proposed refinements. 
We shall use co-I Mischna’s early-Mars-optimized version of the MarsWRF (Mischna et al. 
2013) Mars GCM. MarsWRF is a version of the PlanetWRF GCM (Richardson et al. 2007), itself 
derived from the terrestrial mesoscale Weather Research and Forecasting (WRF) model 
(Skamarock et al. 2005). We will run MarsWRF with horizontal resolution of 5.625° in longitude 
and 3.75° in latitude. The vertical grid uses a modified-σ (terrain-following) coordinate system 
with 53 vertical resolution levels. CO2 radiative transfer uses a correlated-k scheme spanning 0.4- 
1000 µm (Mischna et al. 2012). The surface layer flux parameterization scheme is a Monin- 
Obukhov scheme, i.e., the critical free buoyant convection term (Fig. 4) is already included in the 
model (Pielke et al. 2002). The co-I is a developer of the model, and the PI is an experienced user 
of the model. The proposed work is actually simpler than what has been done in our already- 
existing collaboration (e.g., Kite et al. 2019b). Therefore, the proposed work has low technical 
risk. The only planned refinement to the model is the addition of a gray gas capability to 
MarsWRF. The gray gas shall have zero absorption coefficient below 4.5 µm and an adjustable, 
constant absorption coefficient above. A central aim of our study is to decouple the effect of loss 
of CO2 from the effect of non-CO2 greenhouse warming. To simplify this, we will pick the value 
of κ (m2/kg) in order to produce a specified additional (non-CO2) infrared optical depth, τ, at 
reference elevation (0 m). Although the notation differs, this will still allow easy comparison to 
previous work using gray gases (e.g. Palumbo & Head 2018). The addition of this gray gas to 
MarsWRF is straightforward, requires minimal modification of the radiative transfer code, and no 
additional derivations of absorption coefficients. Several processes in MarsWRF (such as 
Rayleigh scattering) are treated as quasi-gray (i.e., the value is uniform within each of 
MarsWRF’s 14 spectral bands), and so MarsWRF has already been designed to handle additional 
gray gases. Incorporating a new gray gas to the model requires only assignment of the absorption 
coefficient of the gas to each spectral band. The value of the gray gas absorption is chosen at 
runtime through a namelist file, and only minor plumbing is necessary to introduce the required 
additional calculations. 

2.4.2. Detailed description of model runs and analyses to be performed. 
Our runs will have two purposes, and will be divided into two overlapping sets: Set A: (~50 runs) 
Test hypotheses for coupling between ∂ Tsurf /∂ z and atmosphere lapse rate (Fig. 2). Set B: 
(~200 runs) Constrain PCO2 versus time. 

Set A: (~20% of runs). Here our goal is to use MarsWRF to understand a physical process that is 
generally relevant to worlds with a solid surface and some atmosphere. Therefore, we will make 
idealizations to get a process understanding. Most runs will be for a seasonless orbit, with zero 
obliquity, uniform thermal inertia (250 SI units), uniform albedo (0.25), negligible dust loading, 
 

Fig. 6. Overview of 
ensemble approach. 
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and no CO2 condensation and no H2O(v). We will consider both MOLA (M) and Cosine (C+,C-) 
topography. {C+,C-} shall be defined by elevations that are a function of the cosine of latitude 
(only), with a half-amplitude of 2 km. C- will have maximum elevation at the poles and C+ will 
have maximum elevation at the equator. The half-amplitude is chosen so as not to greatly affect 
the general circulation (Richardson & Wilson 2002, Zalucha 2006), while still allowing ∂ Tsurf 
/∂ z to be diagnosed. Basic model set-up will be as §2.4.1. Set A runs will be as follows: 

BASELINE: Runs at{6, 60, 120, 200, 400, 600, 1200, 2400} mbar for {M,C+,C-} topography 
(Total: 24 runs), at present-day solar luminosity. By interpolation (for each topography), we will 
define the “transition pressure” (Ptrans) as the PCO2 for which ∂ Tsurf /∂ z is half-way between 
∂ Tsurf /∂ z at 6 mbar and 2400 mbar. 

We describe the rest of simulation Set A in terms of a series of hypothesis tests. H1: “The shift in 
∂ Tsurf /∂ z is mainly (>50%) the result of an increase in the thermal time constant of the 
atmosphere relative to the surface thermal time constant.” Test: Increase surface thermal inertia 
10-fold while holding all other parameters constant. If Ptrans rises by less than a factor of 2, H1 is 
falsified. (2 runs bracketing Ptrans for each of 3 topographies = 6 runs). H2: “The shift in ∂ Tsurf / 
∂ z is mainly (>50%) due to an increase in the importance of the greenhouse effect at high PCO2”. 
Test: Set the absorption coefficient of CO2 to zero. If ∂ Tsurf /∂ z at high PCO2 does not 
decorrelate with elevation, or if Ptrans rises by less than a factor of 2, H2 is falsified. (2 runs 
bracketing Ptrans for each of 3 topographies = 6 runs). H3: “Because of Mars’ strong day-night 
temperature cycle, timescales matter. Therefore, the value of Ptrans will depend on the details of 
turbulent flux exchange with the surface.” Test: Reduce surface roughness from a uniform value 
of 0.03 m (the default; based on Mars Pathfinder data; Sullivan et al. 2000) to 0.0001 m 
(appropriate for smooth dust plains or glacier ice). If Ptrans is the same within 20%, then H3 is 
falsified. (2 runs bracketing Ptrans, only for MOLA topography = 2 runs). H4: “On Mars, high 
albedo + low-TI dust continents are on high ground, which should affect ∂  Tsurf / ∂  z 
significantly.” Test: In order to quantify the effect of dust continents, we will run (i) with actual 
Mars albedo and actual Mars TI (ii) with actual Mars albedo, but uniform TI, (iii) with uniform 
albedo, but actual Mars TI; and compare to runs with uniform albedo and Mars TI (3 × 2 runs 
bracketing Ptrans, MOLA topography, compared to runs from BASELINE). H5: “The 
complexities of Mars’ general circulation, which are forced by topography, cannot be 
disentangled from ∂  Tsurf / ∂  z nor from Ptrans.” H6 can be tested by comparing the 
BASELINE(M) runs (real Mars topography) to the BASELINE(C+,C-) runs, which have much 
more subdued topography. If neither ∂ Tsurf /∂ z nor Ptrans differ by more than 33%, then H6 is 
falsified. Total: 24 BASELINE + 20 hypothesis-test runs = 44 runs ≈ 176,000 CPU-hours. 

Several additional metrics for comparison shall be output and analyzed for the purpose of 
understanding controls on ∂ Tsurf /∂ z, as follows. (i) Global area-averaged lapse rate in annual- 
mean surface temperature. (i) Global area-averaged lapse rate in warm-season surface 
temperature. (iii) <40° |latitude| lapse rate in warm-season surface temperature. (iv) 2D regression 
of annual-mean surface temperature on latitude and elevation. (v) 2D regression of warm-season 
surface temperature on latitude and elevation. 

Set B: (~80% of runs). Here our goal is to connect to geologic proxy data, which dictates greater 
realism and careful tracking of uncertainties. Runs will be carried out for 8 values of atmospheric 
pressure {6, 60, 120, 200, 400, 600, 1200, 2400} mbar, 5 combinations of orbital parameters 
{45° obliquity, e = 0.093, Lp = 251°, which are the modern values; 45° obliquity, otherwise 
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present-day; 25° obliquity, Lp = 71°; 45° obliquity, Lp = 71°; and 45° obliquity, Lp = 0°, e = 0.12, 
which is optimal for melting according to Kite et al. 2013}, 5 values of τ {0, 0.5, 1, 2, 4, 10}. In 
order to reduce the number of τ runs, we will exploit the fact that runs that do not predict surface 
liquid water cannot match the geologic data. We will do this in the following way. For each 
orbital-parameter/PCO2 combination, we shall  start with high-τ runs and move down in τ until no 
surface liquid water is predicted, and not run the GCM for any lower values of τ for that 
combination. We shall carry out 1 true polar wander sensitivity test using the paleopole of Citron 
et al. (2018), and 2 sensitivity tests with changed (70% and 90% of modern) solar luminosity. 
Total: <200 runs ≈ <800,000 CPU-hours. The selected combinations of orbital parameters have 
proven to span the range of behavior in terms of the spatial distribution of surface liquid water 
potential based on previous work (e.g., Kite et al. 2013). The PCO2 / τ mesh is densest in the area 
where we anticipate thresholds in surface liquid water potential will occur based on prior 
publications; if this turns out not to be the case based on initial endmember-case runs, we shall 
adjust the mesh to track the newly interpreted thresholds. 

Dust will be set to negligible opacity values, which maximizes Tsurf. We will run with a CO2 cycle 
including CO2 ice clouds, and CO2 seasonal polar cap condensation. H2O(v) will be radiatively 
active, with a constant relative humidity of 0.1 (Mischna et al. 2013). Each run will be for 7 years 
which allows ample time for spin- up. Thermal inertia and albedo will be spatially uniform and 
equal to the modern average values, and solar luminosity will be 471 W/m2 (78% of modern) 
(§2.4.4). Runs will be initialized without surface H2O(i). 

The last two years of the run will be averaged in subsequent calculations, except in cases where 
atmospheric collapse is clearly occurring, in which case we will note that atmospheric collapse is 
occurring but not otherwise use the output from that run. GCM output will be sampled at 520 
points during the last 2 Mars years (approximately once every 2.5 sols) which provides a good 
sampling of times-of-day and of seasons. The GCM calculations are computationally intensive 
and require intensive use of a cluster (see F&E), but all subsequent steps are computationally 
inexpensive and can be carried out on a desktop computer. 

The results will be post-processed in GrADS to produce maps of annual-peak diurnal-mean 
temperature (which will be not much less than the warmest-month temperature) and of annually 
integrated water ice sublimation potential (i.e. total water ice loss rate had ice had been 
continuously present during the year), using the equations of Dundas et al. (2010) as implemented 
in Kite et al. (2013). The movement of water ice under obliquity change is relatively well 
understood based on geology (Head & Marchant 2014) and models (e.g. Kite et al. 2013, 
Wordsworth et al. 2015), with the main finding being that water ice accumulates year-on-year in 
areas that minimize the year-averaged water ice sublimation rate. These two maps will be 
aggregated (two sets of 200 maps), and then interpolated in MATLAB using log-linear 
interpolation in PCO2 and κ in order to densify the mesh. 

Finally, the maps will be converted into maps of surface liquid water potential (example: colored 
outlines in Fig. 5). To do this, we will take the seasonal-mean diurnal average temperature, and 
threshold at 273K (Tsurf > 273K scores 1, Tsurf ≤ 273K scores 0). We will then marginalize over 
the surface snow coverage fraction (based on rank in the areal snow coverage map) by summing 
the product of the thresholded temperature map with a range of areal snow coverage fraction 
(assigned based on rank in the favorability-for-snow-accumulation maps) from 1% (present-day 
value) up to 30% (most extensive snow cover predicted by GCMs), using a log-uniform prior. 
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Thus, a gridpoint that is above 273K, but is in a location very unfavorable for snow accumulation 
(e.g. 31%), will score zero on this combined map. (Maps of areas with T > 273K with no snow 
stability cutoff, which corresponds to likelihood of rainfall runoff, will also be propagated 
through all subsequent steps). We will also interpolate the resulting probability of surface liquid 
water onto an 8 pixel-per-degree MOLA MEGDR grid, i.e. taking account of the effect of 
elevation variations on local temperature, assuming a constant scale height of 10.7 km. This 
resolves craters with large elevation ranges (e.g. Gale) for model-data comparison. The result will 
be un-normalized maps of relative surface liquid water potential. Thus, the results from Set B 
shall explicitly relate Mars surface liquid water potential to the two hypotheses of Constant- 
Pressure Cooling and CO2 Loss. Our next step will be to test these hypotheses against data. 

 
2.4.3. Confronting the CO2-loss hypothesis with geologic data. 

 

Time Slice Late Noachian / Early Hesperian Late Hesperian / Amazonian Youngest fans/deltas 
Input Data Valleys and valley networks Precipitation-fed subset of young fans and deltas 
Source Public USGS Hynek et al. (2010) dataset Collaborator Morgan’s database (Morgan et al. 2018) 

Age control Crater counts (Fassett & Head 2008, 
Hoke & Hynek 2009) 

Morphology of host crater (e.g. 
Mangold et al. 2012) 

Crater counts 
(Fig. 7) 

Preservation 
Mask (To Be 
Excluded) 

Tanaka et al. 2014 units containing “A” 
or “lH”; |(latitude) | >40°; valleys on or 
near volcanoes 

Tanaka et al. 2014 units containing “lA”;| (latitude) | >40° 

Other 
Preservation 
Complexities, 
Exceptions/ 
Exclusions 

Arabia Terra removed due to unusual 
preservation style (Davis et al. 2016). 
Exclusions: 
Outflow channels, valleys near 
volcanoes, Hesp./Amaz. valleys 

Late Hesperian / Amazonian fans are generally easily identifiable. 
(Morgan et al. 2018). Exclusions: Possibly groundwater-fed features 
(e.g. Hauber et al. 2013); possibly impact-triggered fans (e.g. McEwen 
et al. 2007, Williams & Malin 2008, Goddard et al. 2014); gullies & 
RSL (Dundas 2017a, 2017b); fans catalogued as “small, debris-flow 
fans”; fans <10 km2 in area; and fans with CTX confidence level <3. 

Numerator 
for areal 
density calcs. 

(1) # of valley networks 
(2) combined length of valleys 

Fan/delta area, normalized to area of host craters. 

Table 1. How existing data syntheses will be adapted for comparison with models. 

The data we need are already in hand (Fig. 1). The overall workflow for each time slice1 is to bin 
the data in 2D latitude-elevation boxes (10° × 2000 m, which gives a good balance between 
resolving shifts over time versus statistical significance); divide (bin-by-bin) by the area on which 
paleo-surface-liquid water evidence could plausibly be preserved in order to get a feature density 
per unit area including bootstrapped error bar; normalize by the planet-integrated feature density 
for that time slice; and cross-correlate each time slice with the probabilistic surface liquid water 
potentials for each model for each 2D bin. The result will be a goodness score for each of the 
GCMs for each time slice, and we will take the best-fit from the 5 orbital forcing cases to get 
a 2D goodness score for each combination of (PCO2 + non-CO2-greenhouse warming) for 
each time slice. We choose to take the best-fit orbital forcing because the cumulative duration of 
runoff is consistent with runoff occurring only during orbital optima (e.g. Moore & Howard  
2005, Kite et al. 2019). 

Table 1 shows details of this process. For the Late Hesperian / Amazonian analysis, we will use 
fan/delta area, normalized to interior-to-crater area, as a proxy for the intensity of precipitation- 
driven erosion. This choice represents a trade-off between using the number of fans (which over- 

 
1	This workflow yields more statistically rigorous error bars than the kernel density estimation 
procedure used to make Figure 1. 
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weights the numerous small fans) and using fan volume (which would require building and 
analyzing hundreds of CTX DTMs). 

We shall gauge uncertainty on the resulting best-fit in 4 ways. (1) Formal error will be obtained 
by bootstrapping the data (on a per-VN basis for Hynek et al. 2010, and a per-host-crater basis for 
Morgan et al. 2018). This is useful because no Mars histories that agree with the best-fit within 
formal error can be rejected. Mars histories that diverge greatly from the best-fit are disfavored 
and may be rejected. (2) We will separately cross-correlate data and models in latitude-longitude 
bins, and in latitude-elevation bins. To the extent that different models are favored based on 
choice of coordinates, that will be a flag that the longitudinal variations are important. (3) 
Sensitivity to the different definitions of density, and surface liquid water evidence, in Table 1. 
(4) Geological ‘sanity check’. We will determine if the best-fit selection clearly depends on a 
geological site (or sites) that, in the judgement of the PI considering the advice of the 
Collaborator, is (are) anomalous. If so, the fit will be repeated with the anomalous site (or sites) 
removed, and the results for both fits shall be reported. 

Going from 2 to 3 time slices: capturing the end-game for river erosion on Mars. 
Although getting PCO2 constraints for 2 time slices would be sufficient to achieve our goal and our 
objective, a modest additional calculation will add further value to the investigation by adding a 
third time slice. Specifically, we have already carried out a crater count on 126 separate ejecta 
blankets mapped as “Amazonian and Hesperian impact unit” (AHi, yellow) in the Tanaka et al. 
(2014) geologic map for |lat.| < 40°. The combined counted area is 3.8 × 105 km2 (the threshold 
for meaningful crater-age dating is ~103 km2; Warner et al. 2015). ~30% of these ejecta blankets 
encircle craters that have evidence for climate-driven river erosion (Collaborator Morgan et al. 
2018), excluding impact-triggered runoff; Mangold et al. 2012b). In order to identify the 
distribution of fans for the last stages in river erosion on Mars’s surface, we will sort the ejecta 
blankets into two bins based on N(0.5 km) cumulative crater density: one containing the fan- 
hosting craters with relatively young age, and the other containing the fan-hosting craters that 
have relatively old age. Poisson statistics ensure that some young ejecta blankets will have many 

(a) (b) 
Fig. 7. (a) One of the 126 ejecta blankets for which we have already gathered data, which in 
combination with the models to be developed in the proposed work, will help to constrain the 
paleopressure evolution of Mars. (b) Cumulative crater size-frequency distribution (n = 6076) for 
all blankets, showing completeness down to 500m and an offset in age between no-evidence-for- 
fluvial activity craters (‘dry’), which are, on average, younger, and with-evidence-for-fluvial- 
activity craters (‘wet’), which are, on average, older. 
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craters and vice versa, and the ejecta-blanket age 
only gives an upper limit on the age of the 
fans/deltas within the crater. Nevertheless, 
in aggregate, the large count area ensures that 
the set of low-crater-density craters will have a 
younger average age. Indeed, this method has 
been shown to yield coherent results (Wilson et 
al. 2016). Repeating the Table 1 workflow, we 
will identify (a) the approximate timing of final 
dry-out of Mars’ |lat.| < 40° surface, (b) the 
geographic locations of the last pulse of river- 
forming climate on Mars, and (c) the PCO2 + 
non-CO2-greenhouse warming required to 
explain the last pulse of river-forming climate on 
Mars. Finally, we will compare our 
paleopressure constraints to existing 
paleopressure constraints (e.g. Fig. 8) and 
determine whether or not a single history is 
consistent with all data. 

2.4.4. Assumptions and caveats 
It is worth emphasizing the limitations and 
assumptions of these modeling methods. (1) Our 
method cannot detect pressure changes within 
the range <10 mbar nor within the range ≳1 bar. 
This limitation is (fortunately) not germane, 
because the range of uncertainty for Early Mars 
atmospheric pressure (~0.01-1 bar; Hecht 2002, 
Kite 2019) is in the range where current GCMs 

say our technique will be most sensitive. (2) It is possible that the shift in river distribution 
requires not just loss of non-CO2 greenhouse warming (H0 in Fig. 3), nor just atmospheric decay 
(H1 in Fig. 3), but rather a combination of the two (H2 in Fig. 3). This would still be an interesting 
result. (3) It is possible that the atmosphere spends most of the time collapsed, and the 
rivers/lakes only record the inflated intervals (Soto et al. 2015, Kite et al. 2017c). In that case, our 
results will still constrain the atmospheric pressure at times when Mars climate supported rivers 
and lakes, so this is not a severe limitation. (4) Our modeling approach neglects mesoscale 
processes (e.g., orographic precipitation, steep slopes). Since no one has investigated the global 
trends before, we chose to start with a global modeling approach; we have published a paper 
applying slope effects in post- processing (Mansfield et al. 2018), so can investigate this if the 
output merits it. The drying-out of Mars had a long and presumably complex history; we propose 
to test simple hypotheses about that history, with an eye to enabling richer hypotheses and tests in 
the future. 

In addition to these limitations, there are other potential concerns that are fully 
addressed/mitigated by our technical approach. These include: Tsurf will be overestimated due to 
lack of evaporitic cooling. Response: This can’t change gridpoint ranking (preferred snow 
locations), but does mean that Tsurf > 273K zone will be a be slightly wider than in reality, so best- 
fit κ will be slightly underestimated. This minor penalty is accepted due to the large CPU-hour 

Fig. 8. (modified after Kite 2019). Our 
proposal in the context of (a small subset of) 
published atmosphere evolution 
reconstruction studies, showing that the 
proposed work is a natural extension of 
long-standing community-wide efforts 
towards constraining the PCO2 evolution of 
Mars. Note the paucity of constraints 
between the Late Noachian and today, a 
key gap that will be addressed by the 
proposed work. Numbers refer to different 
existing constraints from Kite (2019), but 
are not important in this context. 
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savings. Polar wander? We will carry out a polar wander sensitivity test, using the best-estimate 
paleopole (Citron et al. 2018). If large-amplitude polar wander did occur, then this will show up 
in our maps as a 180° wavelength ‘twist’ in data relative to models (Bouley et al. 2016), enabling 
recalculation. Neglect of Solar brightening by ~5% from 3.8 Ga to 3.0 Ga. We will carry out 
sensitivity tests at 90% and 70% of modern solar luminosity. Moreover, insolation trades off with 
gray gas absorption coefficient (Govindasamy and Caldeira 2000, Caldeira et al. 2013). Thus, 
insolation error will bias best-fit τ, but not PCO2. How can a well-mixed gray gas be 
representative of all non-CO2 greenhouse forcings? Clouds, for example, are not well mixed 
horizontally. A well-mixed gray gas with adjustable absorption coefficient can approximate the 
effect of many potential non-CO2 Mars warming agents (e.g. H2, Tosca et al. 2018, and CH4, Kite 
et al. 2017, Ramirez 2017). Although cloud coverage on Earth is far from complete, Ramirez & 
Kasting 2017 show that water ice cirrus clouds can only provide strong greenhouse warming on 
Early Mars if cloud coverage is close to complete. How can you track snow/ice if there’s no 
water ice in the model? We use the potential-well approximation (Kite et al. 2013), which has 
been confirmed to work in a GCM (Wordsworth et al. 2015). What about rain (not snowmelt)? 
Maps of Tsurf > 273K (rain-prone gridpoints) will be propagated and analyzed. 

2.5 Perceived Impact of the Proposed Work. 

The proposed work will develop a new proxy for climate change during the wet era of Mars (Fig. 
9). So far, effort has focused on climate change between the wet era and the present day (Haberle 
et al. 2017; Fig. 3) The proposed work will apply an improved knowledge base to a basic 
unexplained pattern in the Mars geologic record. Specifically, the competing CO2 Loss and 
Constant-Pressure Cooling hypotheses can be tested with existing data by combining 
constraints from an ensemble of GCM simulations. The new angle on Mars PCO2 history 
offered by the elevation+latitude distribution of Mars paleolakes and rivers is sorely 
needed: high-profile PCO2 estimates published in the last 3 years vary by 2 orders of magnitude. 
For example, Lapôtre et al. (2016) suggest <10 mbar, Haberle et al. (2017) suggest ~60 mbar, and 
Batalha et al. (2016) suggest > 1000 mbar (Kite 2019). Missions: Mars 2020 will target Jezero 
crater. The Jezero watershed likely saw surface runoff during both the Late Noachian / Early 
Hesperian and Hesperian / Amazonian periods (Grant & Golombek 2018). Our work will 
constrain atmospheric evolution during the Hesperian, and so will help provide long-term global 
context for inherently local (and likely stratigraphically restricted) sample acquisition by Mars 
2020. Our work will complement MAVEN escape-rate data, which is useful but ambiguous due 
to the uncertain source of escaping O (CO2 or H2O), among other factors (Jakosky et al. 2018, 
Lillis et al. 2017, Ramstad et al. 2018). The proposed work will fill a crucial gap in temporal 
coverage (Fig. 8), and is directly tied to the geologic record of rivers and lakes. 

versus time. The dashed lines 
correspond to a new time 
slice that we will add in 
§2.4.3. 

PCO2 of 
enable improved 
understanding 

Fig. 9. Our modeling will 
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2.6 Work Plan. 
 

 Activities/milestones Deliverables 

Y
ea

r 
1 

• Incorporate gray gas absorber into MarsWRF. 
• Begin construction of the MarsWRF look-up table. 
• Train Graduate Student Researcher on MarsWRF analysis. 
• Compare first-cut GCM output to data for two geologic 

epochs. 

►LPSC presentation on: gray gas results. 
►Short GRL-length manuscript on: first-cut 
reconstruction of PCO2 for LN/EH and LH/A 
geologic epochs. 

Y
ea

r 
2 

• Complete assembly of the MarsWRF look-up table. 
• Refine geologic data by sub-dividing Collaborator 

Morgan’s Late Hesperian / Amazonian dataset into two on 
the basis of crater-retention age. 

• Begin comparison to geologic data. 

►LPSC presentation on: MarsWRF look-up 
table. 
►Detailed (JGR-length) manuscript on: Cause, 
and PCO2 threshold, for the shift in surface 
liquid water locations with increasing PCO2 . 

Y
ea

r 
3 

• Complete parameter sweeps using the GCM. Confront the 
results with geologic data for four geologic epochs. 
Compute PCO2 implications. 

• Compare elevation+latitude PCO2 constraints with other 
• PCO2 constraints in a simple atmosphere-evolution model. 

►LPSC presentation on: Data-model 
comparison. 
►Detailed manuscript (PNAS/EPSL-length) 
including refined data analysis. 

From experience gained during prior MarsWRF activities by the co-I (e.g. Mischna & Shirley 
2017) and the PI (e.g. Kite et al. 2019b), approximately 4,000 CPU-hours will be required per 7-
Mars-year simulation. Therefore, we will require 800,000 CPU-hours for the runs needed. The 
PI’s share of UChicago’s ‘Midway’ cluster easily satisfies all our CPU and storage requirements. 
Other initial and boundary conditions are varied as specified below. Based on the prior 
experience of both the PI and the co-I with MarsWRF (Mansfield et al. 2018; Kite et al. 2017b; 
Mischna & Shirley 2017), time for analysis and interpretation (and not CPU time), sets the length 
of the project. We set the number of runs, and the number of parameters to vary (Table 1), based 
on this prior experience. The proposed work has low implementation risk: this is because the 
proposed work represents runs of an existing model; by a team already experienced in that 
model’s use; and has a scale less demanding in terms of number of runs and CPU-hours than 
work already completed by the same team, with the same model, on the same cluster (Kite et al. 
2019b). 

 
2.7 Personnel and Qualifications. (For FTE information, see §6, Table of Work Effort). 
PI Edwin Kite is an Assistant Professor at the University of Chicago. As PI, he will participate to 
some degree in all aspects of the proposed work and oversee its implementation. Co-I Michael 
Mischna is the Deputy Chief Scientist of the Solar System Exploration Directorate (a 0.5-FTE 
role) at JPL, and is the developer of the Early Mars branch of MarsWRF; he will carry out the 
code modifications, assist with the setup and analysis of the GCM calculations, and help with the 
analysis of the output. (The PI and Co-I are experienced with setting up and analyzing large 
ensembles of MarsWRF runs; e.g., Kite et al. 2019b describes results from a 147-MarsWRF-run 
project). Under Kite’s supervision, a UChicago Graduate Student Researcher (to be identified) 
will lead the implementation of the model-data comparison, and will be trained by Kite to analyze 
the GCM model output. Collaborator Alexander Morgan will provide guidance on the use of his 
global database of Mars fans/deltas. All personnel will participate in interpretation of results.	
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4. Data	Management	Plan	(maximum	2	pages).	

NASA	Planetary	Science	Division	ROSES	Data	Management	Plan	(DMP)	
Template	

	

	
1. Overview	of	the	data	that	will	be	produced	by	the	proposed	project:	

	
The	main	data	needed	to	reproduce	our	results	are	the	maps	of	surface	temperature	and	
water	ice	stability	for	each	of	our	<250	GCM	runs.	

	
2. Data	types,	volume,	formats,	and	(where	relevant)	standards:	

	
Input:	MarsWRF-ingestible	plain	text,	negligible	size.	Output:	.ctl	and	.dat	files,	GrADS	
format,	totaling	~1	GB.	(This	is	for	a	fairly	comprehensive	output	file	with	almost	all	
microphysics	variables	output).	<250	runs,	so	total	<250	GB	of	output	for	the	entire	input	
and	output	files.	

	
3. Schedule	for	data	archiving	and	sharing:	

	
Data	will	be	uploaded	within	3	months	of	the	publication	of	the	corresponding	paper.	

	
4. Intended	repositories	for	archived	data	and	mechanisms	for	public	access	and	

distribution:	
	

In addition to releasing the required minimal data in supplementary materials along with 
publications, the complete output from the final year of selected GCMs calculations will be 
uploaded in the widely used Grid Analysis and Display System (GrADS) format to archive	
https://its.uchicago.edu/uchicago-box/	by the end of the award. It is not practical (due to the 
large size of the output files) to upload every time-snapshot from the GCM output for all GCM 
runs, therefore annual averages for all parameters will be made available. The University of 
Chicago archive complies with NASA’s requirement for a “stable and long-term supported data 
repository.” The PI has experience with this archive. For example, the University of Chicago 
archive will be the location for public sharing of ~1 TB of Kite-lab stereo DTMs. Uploading of 
data and appropriate README files will be carried out by the PI. ~3% of the PI’s time (i.e., 0.5 
weeks total) is allocated for this task; because the archive already exists, this is sufficient. 

Proposers	should	to	refer	to	the	following	documents	in	preparing	DMPs:	
• ROSES	progam	element	C.1,	Section	3.6.1	
• Planetary	Science	Division	FAQ	for	Data	Management	Plans	(which	will	appear	

under	"other	documents"	on	NSPIRES	pages	in	Appendix	C)	
• NASA Plan for increasing access to results of Federally funded research 
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5. Plan	for	enabling	long-term	preservation	of	the	data:	
	

The	University	of	Chicago	archive	complies	with	NASA’s	requirement	for	a	“stable	and	long-	
term	supported	data	repository.”	

	
6. Software	archiving	plan:	

	
The	 core	 MarsWRF	 (and	 PlanetWRF,	 and	 WRF)	 code	 on	 which	 our	 work	 is	 based	 is		
available	 from	 the	developers,	who	can	supply	 instructional	 support	only	on	a	best-effort	
basis.	According	to	Appendix	C	of	ROSES,	“Stand-alone	code	that	 is	not	straightforward	to	
implement	 or	 whose	 utility	 is	 significantly	 outweighed	 by	 the	 costs	 to	 share	 it	 is	 not	
expected	 to	be	made	available,”	 therefore,	we	do	not	plan	 to	put	our	 improved	branch	of	
MarsWRF	on	Github.	

	
7. Astromaterials	archiving	plan:	

	
Not	applicable.	

	
8. Roles	and	responsibilities	of	team	members	for	data	management:	

	
The	PI	will	be	responsible	for	uploading	the	files	from	the	University	of	Chicago	cluster	to	
the	University	of	Chicago	data	archive.	The	PI	will	also	be	responsible	for	writing	a	README	
file	to	explain	the	contents	of	the	archive.	
 


