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Abstract: 13 
 For a key season in the annual water cycle (Ls~120o) a mesoscale model is 14 
used to study atmospheric water vapor and water ice clouds in the northern polar 15 
region of Mars.  Model results at high-resolution (15 km) allow the examination of 16 
various mesoscale aspects of the circulation in this complex (topography, albedo 17 
and thermal inertia) region.  A simple cloud scheme is used, where only the mean 18 
cloud particle size is carried, and nucleation is not explicitly treated.  For this study, 19 
new high-resolution maps of albedo and thermal inertia were developed (poleward 20 
of 60o N), and model ground temperatures are in good agreement with observations 21 
at high resolution, typically within ~5 K of TES (for ice and non-ice locations at AM 22 
and PM times of day).  Diurnal mean sublimation rates are greatest along the edges 23 
of the polar dome and the largest outliers (~25-50 µm/sol).  This is a consequence 24 
of widespread stability (atmospheric inversion) over the cold interiors of the largest 25 
ice surfaces, as well as strong ventilating winds that are modeled around the polar 26 
dome with sufficient spatial resolution.  The structure of high latitude atmospheric 27 
water vapor is complex, especially so near Phoenix.  Dynamically, two factors are 28 
responsible: 1) the transient circulations that form in the baroclinic zone around the 29 
polar dome, and 2) a “storm zone” that forms on the poleward slopes of Alba Patera 30 
where there is additional transient activity that has a sizeable effect on the Phoenix 31 
region.  This “storm zone” forms because of a rapidly evolving aspect of the regional 32 
circulation, and it plays a key role in the seasonally recurring annular cloud (that is 33 
simulated in this study).  Also simulated are observations made during the Phoenix 34 
mission that seem to be dynamically related to the appearance of the annular cloud.  35 
Together this may signify a seasonal transition in the region.  To simulate realistic 36 
clouds over the polar region (compared with opacity observations and imagery), a 37 
sufficiently realistic circulation appears to be important, and relatively high spatial 38 
resolution is needed for this.  If a low-resolution run (135 km, no nests) is compared 39 
to a high-resolution run (two levels of nesting to 15 km in the polar region), we find 40 
that the high-resolution case produces ten times less cloud ice over the most polar 41 
latitudes.  The activation of the first nest (45 km) produces a sufficiently realistic 42 
circulation, such that excess vapor and cloud ice are readily ventilated equatorward 43 
from polar latitudes.  A more sophisticated cloud scheme might serve to reduce the 44 
sensitivity seen in this study.  However, sufficient spatial resolution is what causes 45 
the circulation to become realistic, and in this regard microphysics is not involved.46 
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1. Introduction: 47 
 48 
 The North Polar Layered Deposits and the outlier ices are believed to be the 49 
primary sources of atmospheric water in the present-day water cycle on Mars.  50 
These permanent (residual) ices play a key role in the annual water cycle; hereafter 51 
they will be collectively referred to as the North Polar Residual Cap (NPRC).  In the 52 
absence of seasonal CO2 frost deposits, the NPRC region is extremely complex, with 53 
dramatic and fine-scale transitions between bright and dark surfaces (ices and/or 54 
regolith/fines).  The topography of the region itself is highly complex.  Moreover, 55 
since fine-scale changes in surface type lead to very sharp gradients in ground 56 
temperature, strong smaller-scale circulations must have an important role in the 57 
regional circulation.  For any season, mesoscale models are powerful tools for 58 
studying the various circulations in the NPRC region.  When a mesoscale model is 59 
carefully configured for the season of interest, high-resolution simulations will 60 
provide a realistic depiction of circulations over a very wide range of scales.  In an 61 
analysis of the results from such simulations, subtle aspects of the water cycle can 62 
be understood more completely, a primary and long-term goal of this work. 63 
 Global Climate Models (GCMs), which simulate the interactions over the 64 
entire planet between atmospheric dynamics and microphysical water processes, 65 
are themselves extremely important tools.  GCMs have greatly benefited our 66 
understanding of atmospheric circulations and the water cycle on Mars [e.g., Houben 67 
et al., 1997; Richardson and Wilson, 2002; Montmessin et al., 2004; Bottger et al., 68 
2005].  Regarding the present-day water cycle, GCM studies often consider two 69 
unresolved issues: 1) whether the NPRC is gaining or losing ice mass, and 2) 70 
whether the high latitude regolith is an important source/sink term in the annual 71 
water cycle.  In general, GCMs are capable of producing good agreement with the 72 
observed water cycle.  However, due to the fine-scale complexity of the polar region, 73 
a typically configured GCM (with at best a spatial resolution of a few degrees, that is 74 
subject to the “pole problem” – a meridionally stretched grid in polar latitudes that 75 
requires non-physical filtering to maintain computational stability) simply cannot 76 
resolve the smaller-scale circulations.  These smaller-scale circulations may be very 77 
important.  When GCM results are compared with observations of summertime 78 
clouds, discrepancies are typically seen.  GCMs tend to simulate water ice clouds 79 
that are too thick [Haberle et al., 2011; Madeleine et al., 2011, Madeleine et al., 2012].  80 
It is possible that a large part of the reason for this is that GCMs cannot realistically 81 
simulate the net effect of all the important subgrid circulations in the northern polar 82 
summertime atmosphere.  To study this specific issue, mesoscale modeling can be 83 
used to refine our understanding, which will eventually lead to a more quantitative 84 
study of the subtle scientific questions regarding the water cycle. 85 
 When mesoscale models are configured with multiple levels of nesting over a 86 
location of interest, the circulation is simulated over a very large part of the planet, 87 
and also for some specific region at very high resolution (often to ~5 km or better).  88 
In this study, the specific season/region of interest is northern polar summertime 89 
and the exposed NPRC ices.  When configured on a polar stereographic projection, 90 
model dynamics are not subject to the “pole problem”, and non-physical filtering is 91 
not required.  Mesoscale models cannot be run like GCMs (where a number of years 92 
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are simulated for the entire planet in a single run).  This is primarily due to the two 93 
penalties of increased resolution: 1) computational expense grows with higher 94 
resolutions because shorter timesteps are required and 2) computational expense 95 
grows with the far greater number of locations that are carried in a simulation.  96 
However, if the model is carefully configured, the results are highly complementary 97 
to those from a GCM over a narrow seasonal range.  In comparing results over a 98 
sufficiently long period (when the same GCM is typically being used to provide 99 
boundary and initial conditions), the cumulative effect of smaller-scale circulations 100 
in the atmosphere can be investigated.  If, when averaged to the GCM resolution, the 101 
mesoscale model results are in good agreement with the GCM, it is reasonable to 102 
conclude that the GCM is performing in a sufficiently realistic way at a much lower 103 
resolution.  If not, additional analysis is required to investigate the underlying 104 
causes, which may lead to the development of GCM parameterizations that account 105 
for unresolved circulations.  In lieu of a comprehensive set of atmospheric 106 
observations, this approach becomes a very important role for mesoscale models, 107 
and the issue of excessive cloudiness in the polar northern summertime is an 108 
appropriate problem. 109 
 In this work we focus on Ls~120o.  This season is very important in the 110 
annual water cycle, as well as good for beginning these investigations.  As described 111 
by Smith (2002), the global and northern hemisphere atmospheric water vapor 112 
abundances are at annual maxima, while the transition into typical northern winter 113 
circulation patterns does not begin until later, Ls~150o (Tyler and Barnes, 2005).  In 114 
fact, Ls~120o is a season of very small trends, which makes it useful for investigating 115 
how a mesoscale model performs, especially for understanding the simulation time 116 
that is required to “spin up” from low-resolution GCM initial conditions to an 117 
equilibrium between microphysics, dynamics and transport processes at the higher 118 
resolution of the mesoscale model.  During this season, the NPRC is entirely free of 119 
seasonal CO2 frost, and lateral GCM boundary conditions are entirely responsible for 120 
any change in the mass of the atmosphere.  High latitude albedo values are not 121 
subject to much change at this season, and the values are fairly well known and 122 
represented in the data (Wendy Calvin, personal communication, 2009).  123 
Observations of clouds by the LIDAR on Phoenix (Whiteway et al., 2009), surface 124 
pressure, surface winds, surface air temperatures and imagery during this season 125 
are invaluable data for examining model performance.  More can be understood 126 
with observations that are simultaneous (Tamppari et al., 2010).  Additionally, the 127 
Thermal Emission Spectrometer (TES) observations (air and ground temperatures, 128 
and opacity data for both dust and ice) are central in model tuning and in providing 129 
benchmarks for comparison with model results. 130 
 131 
 132 
2. The OSU Mars mesoscale model: 133 
 134 
 The Oregon State University Mars Mesoscale Model (OSU MMM, Tyler et al., 135 
2002) has been used in studies of atmospheric dynamics in the northernmost 136 
latitudes of Mars from late spring through late summer [Tyler and Barnes (2005), 137 
Tyler et al. (2008)].  Since these earlier studies, two modifications have been made 138 
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that significantly improve model performance in comparison to observations of 139 
atmospheric temperature. 140 
 The first is that atmospheric dust now varies with latitude.  In an approach 141 
that is somewhat different from the way dust is typically treated in GCMs, the 142 
column dust opacity is prescribed at the zonal-mean surface pressure (not at the 6.1 143 
mbar level).  The meridional profile of opacity is based on the zonal-mean of the 144 
mapped TES infrared column opacity data (Smith et al., 2001).  The opacity profile is 145 
modified a small amount to tune model temperatures towards a better agreement 146 
with TES observations.  It is valid for a specific date (Ls=120o) and remains constant 147 
during the simulation.  The depth of the well-mixed layer above the ground (feature 148 
of the Conrath-Nu vertical dust prescription) is more realistic over the entire planet 149 
when keyed to the zonal-mean surface pressure instead of the 6.1 mbar level.  This 150 
also allows shallow dust layers to be prescribed over high northern latitudes (where 151 
the 6.1 mbar surface is too far above the ground).  The opacity of dust at the surface 152 
varies with longitude according to the difference between the local surface pressure 153 
and the zonal-mean surface pressure; if the local surface pressure is greater than the 154 
zonal-mean value, the mixing ratio of dust is held constant at the appropriate value 155 
for the zonal-mean surface pressure.  The dust distribution that is used in this study 156 
is shown in Fig. 1. 157 
 The second modification is to the Rayleigh Friction (RF) layer at the top of 158 
the model atmosphere.  The strength and depth of RF are now prescribed as a 159 
function of latitude and season.  In developing this approach, we found that it can 160 
significantly improve model agreement with observations at high latitudes in the 161 
winter hemisphere, where Mars Climate Sounder (MCS) revealed the existence of 162 
sizeable polar warmings (McCleese et al., 2007).  The use of variable RF is a crude 163 
way to parameterize the influence of breaking gravity waves, which presumably 164 
play an important role in the observed polar warmings.  Since the lateral boundary 165 
of the mother domain of the mesoscale model reaches fairly deep into the southern 166 
hemisphere (the mother domain is polar stereographic and semi-global), RF is 167 
prescribed identically in the version of the NASA Ames GCM (Kahre, 2006) that is 168 
being used for boundary and initial conditions.  Together, these changes provide a 169 
more realistic lateral boundary for the mother domain, which is important when the 170 
edge of the seasonal CO2 frost deposits is near its most northern reach at Ls~120o. 171 
 172 

2.1 Boundary and initial conditions, and two-way nesting: 173 
 Boundary and initial conditions come from a version of the NASA Ames GCM 174 
(Kahre, 2006) that is maintained at OSU.  The GCM is run in a seasonal configuration 175 
with three modifications: 1) seasonal CO2 cap edges are prescribed as in the OSU 176 
MMM, based on the work of Titus (2005), 2) the total column visible dust opacity is 177 
prescribed as in the OSU MMM (see text above), and 3) RF is prescribed in the same 178 
way as in the OSU MMM (see text above).  The GCM is run for a total of 60 sols; the 179 
first 30 are discarded to model spin-up and the final 20 are centered on the period 180 
of this study, Ls=120o.  Running the GCM this way allows for multiple run (iterative) 181 
tuning to observations, such as to the VL1 surface pressure record or to atmospheric 182 
temperature data from TES or MCS.  The GCM surface pressure (at VL1) is compared 183 
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with VL1 observations in Fig. 2, which shows that both the trend and magnitude are 184 
well matched. 185 

Using 20 sols of results centered on Ls=120o, the time/zonal-mean air 186 
temperatures from both the Ames GCM and the OSU MMM are compared in Fig. 3 187 
with an average of the TES AM and PM temperatures.  The GCM used in this study 188 
does not have Radiatively Active Clouds (RAC), nor does the OSU MMM.  Because of 189 
this, the warmer temperatures observed by TES at altitude near the equator (due to 190 
the absorption of infrared radiation by aphelion water ice clouds) are not simulated, 191 
and modeled air temperatures aloft are too cold in comparison.  It has been shown 192 
by Madeleine et al. (2012) that RAC is the basic solution to this issue. 193 

In this modeling, dust was used as a “tuning knob” to help agreement with 194 
temperature observations aloft near the equator.  For this purpose, dust is not a 195 
very effective “tuning knob”, although a minimal enhancement of dust provides a 196 
small improvement.  Experiments with larger dust enhancements were unsuccessful 197 
due to the different ways that water ice and dust interact radiatively, and further 198 
dust enhancement would have a negative effect on the simulation of the aphelion 199 
cloud belt in the OSU MMM (aphelion clouds are not the focus of this study).  The 200 
opacity of dust (and its vertical structure) is tuned to provide a good agreement 201 
with TES observations in the northern polar region, the region where this study is 202 
focused.  Poleward of ~45o N, both the Ames GCM and the OSU MMM agree very 203 
well with the TES observations.  In Fig. 3, model zonal-means are constructed on the 204 
sigma levels of the two models.  This provides a superior depiction of atmospheric 205 
structure near the surface.  Near the pole, the near-surface OSU MMM structure is 206 
noticeably different from the Ames GCM.  If the model zonal-means in Fig. 3 were 207 
constructed on a set of pressure levels (better for high in the atmosphere), the 208 
differences are small, similar to the differences between TES and MCS at Ls~120o 209 
when the atmosphere is consistently clear (David Kass, personal communication, 210 
2013). 211 
 As in previous polar studies with the OSU MMM, the mother domain is polar 212 
stereographic and semi-global [see, for example, Fig. 2 in Tyler et al. (2008)].  In this 213 
work the top of the model is at 1x10-4 mbar, with 55 layers in the vertical (60% are 214 
below 20 km AGL).  In the center of the mother domain (at a nominal horizontal 215 
resolution of 135 km), two levels of two-way nesting are used: 45 km and 15 km.  216 
With two-way nesting, meteorological variables at co-located gridpoints in the 217 
lower resolution domains are set equal to the values of those variables in the higher 218 
resolution domains (and then a smoother is applied).  The use of two-way nesting 219 
has important implications for later analysis, and the high-latitude differences in air 220 
temperature seen in Fig. 3 between the GCM and the OSU MMM are a consequence 221 
of two-way nesting and this feedback. 222 

By examining the surface fields in the region that is key to this study (the 223 
polar region), the likely importance of two-way nesting can be seen.  In Fig. 4, the 224 
topography and albedo fields of all three domains are compared for the polar region.  225 
The mother domain can be seen as a GCM analogue with no “pole problem”, with 226 
somewhat better resolution than GCMs typically do when used for annual water 227 
cycle studies.  The 45 km nest provides good resolution of the region, and the 15 km 228 
nest provides very good resolution, with the larger “spiral trough” features 229 
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beginning to show on the polar dome.  The OSU MMM is run for a total of 30 sols, 230 
seasonally identical to the second half of the GCM runs described above.  The 45 km 231 
nest initializes four sols after the simulation begins, and the 15 km nest initializes 232 
four sols later.  This timing gives two additional sols of spin-up at high-resolution 233 
(15 km) before the final 20 sols (that are centered on Ls=120o).  The final 20 sols of 234 
model output are used in the analyses for this study. 235 
 To initialize atmospheric temperature and winds in the OSU MMM, the use of 236 
interpolated GCM output (onto OSU MMM locations) is generally sufficient.  In the 237 
atmosphere of a mesoscale model these fields fully spin-up to equilibrate with the 238 
higher resolution topography, the radiative forcing, and any differences in model 239 
dynamics and physics in ~2-3 sols.  It is important to note that transient eddies play 240 
an important role in the high latitude summertime circulation.  These eddies are 241 
resolved if the 45 km nest is active, and are resolved even better when the 15 km 242 
nest is active.  They are not resolved in the GCM initial condition, nor if only the 243 
mother domain is active in the OSU MMM.  Transient eddies constitute a larger-scale 244 
synoptic structure, and this means more spin-up time is required to fully establish 245 
the complex polar summertime circulation than for just the pseudo-cyclic mean 246 
diurnal cycles of temperature and winds [our experience shows that initializing 247 
nests as described above works well, Tyler and Barnes (2005), Tyler et al., (2008)].  248 
We have also found that ~20 sols is a sufficient period over which to perform an 249 
analysis of transient eddies in model results.  The initialization of water vapor and 250 
cloud ice is described in section 3.3. 251 
 252 

2.2 The cloud scheme: 253 
 Recently the OSU MMM has been modified to include the formation and 254 
evaporation of water ice clouds, the atmospheric sedimentation and fallout of ice 255 
particles onto the surface, the direct deposition of vapor onto the surface as frost 256 
and the re-sublimation of ice on the ground back into the atmosphere.  The cloud 257 
scheme of Montmessin et al. (2004) was adopted as a template for the partitioning of 258 
atmospheric water between vapor and cloud ice.  The scheme predicts the mean 259 
radius of ice particles based upon atmospheric conditions and a prescribed 260 
distribution for the number density and radius of dust particles that are allowed to 261 
be ice nuclei.  The number of dust particles that can become ice nuclei is a 262 
prescribed fraction of the total number density, which is consistent with the dust 263 
distribution used for atmospheric radiation.  Control of this provides a simple way 264 
to explore the importance of an explicit nucleation phase as a barrier to the growth 265 
of ice in the atmosphere.  Our approach is similar to that of Madeleine et al., (2012), 266 
where a parameter is used to describe the ratio of the total number of dust particles 267 
to the number of condensation nuclei.  As a baseline value in this study, 50% of the 268 
dust particles in an air parcel are allowed to serve as ice nuclei.  In section 3.4, four 269 
other cases are investigated in a parameter sensitivity and tuning exercise. 270 
 We modified the Montmessin et al. (2004) water mass conservation criterion 271 
so that the total water mass mixing ratio, the sum of the vapor (Qv) and ice (Qc) mass 272 
mixing ratios of an air parcel (not simply the sum of the mass density values), is 273 
conserved.  This true mass conservation introduces an additional small term in the 274 
exchange equations that are now written in Qv and Qc.  In a mesoscale model, where 275 
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air temperature and density can change more rapidly due to the existence of strong 276 
smaller-scale circulations (sharper gradients in heating/cooling are expected), 277 
attention to mass conservation is important.  However, little change is seen when 278 
using this modified criterion. 279 
 To address the fact that microphysical processes are faster than dynamical 280 
processes, the partitioning of water between vapor and ice is performed using two 281 
sub-timesteps for each dynamics timestep (dynamical timesteps are 45 sec for the 282 
mother domain and three times smaller with each nest level).  Offline experiments 283 
with a 1-D version of the cloud scheme show that using sub-timesteps for the 284 
vapor/ice partitioning in the microphysics yields more realistic water/ice phase 285 
transitions (eliminating oscillations due to overshoot/undershoot).  Additionally, for 286 
the vapor and water ice fields, an “upwind” transport scheme has been adopted for 287 
advection.  The original transport scheme produced “holes” in the vapor field 288 
(where the values of Qv would sometimes become negative).  Since “holes” must be 289 
“filled”, water mass was not conserved.  When using sub-timesteps, “noise” in the 290 
vapor/ice fields is visibly reduced, and with the upwind transport scheme “holes” 291 
are no longer produced, which causes water mass to be conserved to a very good 292 
precision. 293 

Since an “upwind” transport scheme is diffusive in nature, some discussion 294 
regarding its adoption is needed.   Before this code change, the Qv and Qc tendencies 295 
were modified by calls to three different subroutines that performed horizontal 296 
advection, vertical advection and diffusion.  The horizontal advection scheme has 297 
been replaced with code that makes it an “upwind” scheme.  In the present scheme, 298 
horizontal and vertical advection are performed in a single routine, where: 1) two 299 
sub-timesteps are used, and 2) the total advection tendency is a consequence of 300 
considering the vertical and horizontal components simultaneously (arguably an 301 
improvement).  This approach does not increase the computational expense, since 302 
there is no need to perform a diffusion calculation on the Qv and Qc fields.  However, 303 
a diffusion calculation is performed for the highest resolution nest, since doing so 304 
causes the ice column to “look” more realistic in comparison with imagery over the 305 
NPRC.  Because two-way nesting is used, regions where some diffusion might be 306 
desirable in the lower resolution domains are smoothed in the feedback process.  307 
The new advection scheme for the Qv and Qc fields was tested with sharp-boundary 308 
initial state cases (not shown), and it performs very well.  A benefit of this approach 309 
is that the strength of diffusion for the winds is now separate from that for the Qv 310 
and Qc fields. 311 
 Finally, since cloud ice particles can fall to the ground (fallout), and frost can 312 
form on the ground due to the direct freezing of water vapor (deposition), a surface 313 
ice reservoir is needed to keep track of ice mass on the ground at off-cap locations in 314 
all modeling domains.  The ice in this surface reservoir is free to sublimate back into 315 
atmospheric vapor when conditions allow (typically just after sunrise).  Based on 316 
the examination of model results, where only very thin surface ice layers form 317 
(typically less than ~5 microns), the model surface albedo is not modified when ice 318 
is on the ground.  As a result, ice that accumulates during the night probably 319 
sublimates too rapidly at sunrise.  In future studies that will examine different 320 
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seasonal dates, the surface albedo will be treated as a function of the mass of water 321 
ice on the ground. 322 
 In the model, deposition is treated with the same mathematical formulation 323 
as sublimation.  The flux of vapor at the surface is equal to the product of a mixing 324 
coefficient, and the difference between the equilibrium vapor mass mixing ratio 325 
over ice at ground temperature, and the vapor mass mixing ratio of the lowest 326 
atmospheric layer (

 

Qeq − Qair ).  The algebraic sign of the difference determines the 327 
direction for the possible flux of water vapor.  The mixing coefficient is a function of 328 
air density, surface wind stress, moisture availability (MAVAIL) and a stability 329 
function as determined in the MRF PBL scheme as used in the OSU MMM (Hong and 330 
Pan, 1996).  For the sublimation of NPRC ices, MAVAIL=1, while MAVAIL=0.5 for the 331 
sublimation of off-cap snow/frost.  For deposition (after some experimentation) we 332 
use MAVAIL=0.1.  During the simulation, mathematical checks assure that for 333 
deposition, and sublimation at off-cap locations, the vapor flux is not greater than 334 
the mass of water available would allow. 335 
 336 
 337 
3. Tuning to the Ls~120o season: 338 
 339 
 For this study, a realistic representation of the observed Ls~120o season is 340 
very important.  The OSU MMM has been tuned to accomplish this, and the model 341 
improvements described above play an important role.  In this section, tuning that is 342 
specific to this season is described, and the results are compared with observations.  343 
Specifically we address ground temperatures in the polar region, the initialization of 344 
atmospheric water (vapor and ice), and the values of unknown cloud scheme 345 
parameters that have an important effect on the amount of ice in the atmosphere. 346 
 347 

3.1 High-resolution surface fields and ground temperatures: 348 
 At the resolution of this modeling (~15 km), it is important to realistically 349 
simulate the sharp gradients in ground temperature that exist throughout the NPRC 350 
region.  To achieve this, two problems must be solved: 1) accurate high-resolution 351 
maps of albedo and thermal inertia must be developed, and 2) ground and soil 352 
temperatures must be initialized consistently with these maps and in the best 353 
possible agreement with available observations.  With albedo and thermal inertia 354 
maps consistent with the mesoscale model resolution, a simple interpolation of GCM 355 
ground and soil temperatures leads to an unrealistic initial state.  This is important, 356 
because the spin-up time for high thermal inertia locations is not short, especially so 357 
when initial temperatures are far from equilibrium.  If due care is not given to this 358 
issue, the mesoscale model is unlikely to reach equilibrium before the end of a short 359 
(relative to the spin-up time required) simulation.  In this study, dependent upon 360 
the spatial structure of the thermal inertia field, sharp contrasts in ground and soil 361 
temperatures are imposed on the initial state, as well as for each nest when it is 362 
initialized.  The development of high-resolution albedo and thermal inertia maps is 363 
the first step. 364 
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 The albedo and thermal inertia data of Putzig and Mellon (2007) guided the 365 
construction of the maps now used in the OSU MMM.  The polar coverage of their 366 
maps is very good, although signal/noise issues at very high latitudes cause their 367 
data to be too “noisy” for direct use.  Imagery does not have this specific problem.  368 
With some thought and effort, these two types of data can be combined to construct 369 
high-resolution albedo and thermal inertia maps, maps that have realistic values 370 
and the resolution needed. 371 
 Imagery provides the fine-scale spatial structure and the sharp gradients 372 
between surface types, whereas the Putzig and Mellon (2007) data guide the 373 
assignment of realistic values and control the more subtle regional gradients.  In 374 
practice, a composite MARCI image that is centered in season on Ls=120o is used 375 
(Wendy Calvin, personal communication, 2009).  For high latitudes, at a resolution of 376 
1/8 degree, the final albedo and thermal inertia data are shown in Fig. 5.  An 377 
iterative process was used to refine these maps, as well as to “tune” the fixed 378 
temperature at the bottom of the soil model so that a seasonally appropriate surface 379 
heat flux (and therefore ground temperature) is simulated.  Using the 20 sols of 380 
model output centered on Ls=120o, mean ground temperatures from the 15 km nest 381 
are determined (for TES AM and PM times) and then compared with TES in Fig. 6.  382 
In general, model temperatures differ by ~5 K or less, although at some locations 383 
(primarily near sharp gradients in albedo) the differences can reach ~10 K.  Map 384 
refinement was performed under the guiding principle that bright locations 385 
(albedo) must also have somewhat greater thermal inertias.  After several 386 
incremental changes, it was clear that further effort would be unproductive.  For 387 
some very specific locations the guiding principle was proving unreliable.  Further 388 
tuning would require the consideration of the vertical structure of the soil (with 389 
variable ice content) at very high resolution, a very difficult proposition in an 390 
environment that is also very dynamic.  However, in closely matching TES ground 391 
temperatures, we have mapped out the surface locations 1) where ice can sublimate 392 
into vapor and 2) where sharp gradients in ground temperature will affect model 393 
dynamics.  We experimented with maps where the moisture availability was 394 
determined by the thermal inertia of the location; in the end it was decided that a 395 
location simply can or cannot sublimate ice into the model atmosphere.  In this 396 
study, if the thermal inertia of the location is greater than 600 units SI, the location 397 
can sublimate ice.  For the 15 km nest (with this criteria), the total area of exposed 398 
ice surface that can sublimate water vapor into the atmosphere is 1.20x106 km2. 399 
 400 

3.2 Comparison with Phoenix surface observations: 401 
 Data from the Phoenix mission is an extremely valuable resource, and useful 402 
in the context of this work.  Tamppari et al. (2010) provide a very good description 403 
of these data in a study using coordinated observations from Mars Reconnaissance 404 
Orbiter (MRO).  Because of the relationship between air temperature and saturation 405 
vapor pressure, it is crucial that modeled air temperatures are in good agreement 406 
with observations.  This is key for understanding differences between low-level 407 
clouds and ground fog predicted by the model and those observed by Phoenix, and 408 
is similar to wanting realistic ground temperatures for simulating sublimation rates 409 
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and vapor column depths over the NPRC region.  In Fig. 7, the Phoenix air 410 
temperature and surface pressure data are compared with OSU MMM results. 411 
 Air temperature results from the Phoenix location in the 15 km nest are 412 
compared with Phoenix data (at 1.9 m AGL) in the upper subplot of Fig. 7.  The 413 
agreement is quite good, although the interpolated air temperatures (green circles) 414 
can be ~3-5 K too warm (primarily at night and early morning).  Many factors may 415 
explain this, from the basic problem of vertical interpolation on a relatively coarse 416 
vertical grid to more physical issues regarding the performance of the PBL scheme 417 
in the very stable nocturnal surface layer on Mars.  Certainly, small differences in the 418 
model albedo and thermal inertia values (constant over ~152 km2 in the model), 419 
from the true smaller-scale local values, may be the main reason.  When modeled 420 
ground temperatures are compared with observations from TES, the diurnal 421 
amplitude in the Phoenix region is in very good agreement with TES for this season 422 
(not shown), which suggests that model thermal inertia values are realistic for the 423 
region.  Considering the good agreement in Fig. 3 at high-latitude with TES 424 
temperatures, the model is in very good agreement with the seasonal thermal 425 
environment. 426 
 The lower subplots of Fig. 7 show the 20-sol records of normalized surface 427 
pressure and excursions from the trended mean diurnal cycle for both the Phoenix 428 
lander and the OSU MMM.  A “boxcar” smoother was applied to each record to aid 429 
the comparison.  In the middle subplot of Fig. 7, the diurnal amplitudes are in good 430 
agreement, although the phases of the dominant diurnal modes are seen to differ by 431 
~6 hrs.  In earlier studies, comparisons with landed surface pressure observations 432 
were very favorable (Tyler et al., 2002, Tyler and Barnes, 2013).  This either suggests 433 
problems with our modeling of surface pressure at high latitudes or with the data 434 
itself.  For high latitudes at Ls=120o, the real-world distribution of dust does not 435 
readily reduce to a simple function of latitude as well as it might for much lower 436 
latitudes.  When maps of the three Mars years of TES infrared dust opacity are 437 
examined for Ls=120o, this is readily seen.  These maps show a similar high latitude 438 
structure that develops in all three years.  This structure is likely a consequence of 439 
larger-scale circulations, since the relatively sharp zonal gradients seen in the total 440 
column opacity do not correspond with topography.  Tharsis is certain to play a role 441 
in forcing strong circulations into high-latitudes, as has been seen in past modeling 442 
efforts (Tyler and Barnes, 2005).  The Phoenix region is likely under the influence of 443 
such circulations.  It is possible that the zonal-mean dust prescription being used 444 
here does not cause a realistic radiative forcing of the atmosphere, even when the 445 
dust prescription is tuned to give good agreement with zonal-mean air temperature 446 
observations (Fig. 3).  This could cause an unrealistic simulation of atmospheric 447 
tides and the surface pressure cycle to be in error.  Possibly, 2-D dust maps are 448 
required in this context; Nelli et al. (2010) used 2-D maps in their Phoenix study, 449 
finding somewhat better agreement with Phoenix surface pressure observations 450 
than in this work (albeit for an earlier season).  Finally, though, it is important to 451 
point out that the observed diurnal cycle of surface pressure may be subject to 452 
errors associated with temperature variations (Taylor et al., 2010, Peter Taylor, 453 
personal communication, 2013).  Nevertheless, the primary reason for the surface 454 
pressure comparison in Fig. 7 is the dramatic and singular excursion centered on 455 
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Phoenix sol number 94 (Ls=120o).  Possible problems with the diurnal cycle cannot 456 
affect this event recorded in the pressure record. 457 

The large depression in the Phoenix surface pressure record reaches ~1% in 458 
the lower subplot of Fig. 7.  This is the signature of a strong cyclonic transient eddy 459 
passing very near Phoenix, a singular event during this short period, although this 460 
remains the conclusion when an even wider seasonal period is examined.  Shortly 461 
after this occurred (on sol 97), the Phoenix LIDAR observed a threefold decrease in 462 
the column dust opacity, and then a dramatic decrease in the height above ground 463 
where water ice clouds were seen (Whiteway et al., 2009).  That these changes are 464 
dynamically related to the passage of a strong transient disturbance seems likely.  465 
The OSU MMM (or any mesoscale model) cannot be expected to simulate a specific 466 
transient event without the benefit of realistic synoptic initializations and short 467 
numerical weather prediction runs.  However, the OSU MMM pressure record does 468 
exhibit a similar periodicity and amplitude for the passage of the smaller highs and 469 
lows seen in Fig. 7.  Possibly, an important seasonal event has been captured in the 470 
Phoenix surface pressure data, and in this context the OSU MMM appears to perform 471 
realistically.  In the model a strong cyclone (~1% surface pressure depression) 472 
passes to the east of Phoenix as it moves poleward.  The seasonal context of this 473 
event is the recurring annular cloud first described by Cantor et al. (2002).  An 474 
annular cloud is simulated with the OSU MMM in this study, and this is discussed 475 
below in section 4.4. 476 
 477 

3.3 Initializing water vapor and ice in the model atmosphere: 478 
 Atmospheric water vapor and ice (clouds) are initialized in the OSU MMM 479 
using Ls~120o results from a multiple year run of the NASA Ames GCM.  Mean 480 
diurnal cycles are formed, and these conditions are applied at the lateral boundary 481 
of the OSU MMM mother domain.  For the mother domain interior, the initial vapor 482 
field from the GCM is modified to improve agreement with TES.  A simple scaling 483 
factor (that varies only in latitude) multiplies the mass mixing ratios of water vapor 484 
to facilitate this.  Since clouds in the GCM are too thick over the polar region, initial 485 
mass mixing ratios of ice are decreased appropriately.  The lateral boundary of the 486 
mother domain is in the high tropics to midlatitudes of the southern hemisphere, 487 
where the GCM is in good agreement with TES, so the mean diurnal cycles of vapor 488 
and ice are unmodified.  With this approach to boundary and initial conditions, 489 
initial agreement with the TES zonal-mean water vapor column is very good.  490 
Moreover, since both the sublimation of water ice and the transport of vapor in the 491 
model are realistic, the very good agreement holds for the 30-sol simulation.  Using 492 
10 sols of mother domain output centered on Ls=120o, the 2 PM zonal-mean water 493 
vapor column depth is compared in Fig. 8 with TES for both MY25 and MY26.  At all 494 
latitudes, the model agrees very well with MY25.  Two curves are shown for each 495 
MY, one for the 5o Ls period just prior to Ls=120o and one for the period just after.  496 
The multiple TES curves show that the zonal-mean vapor distribution is basically 497 
unchanging across the Ls~120o season, as simulated in the model. 498 

In developing this approach, numerous boundary and initial water vapor 499 
distributions were explored.  At first these were numerical constructs, not based on 500 
GCM results.  Even with a good initial agreement with the TES zonal-mean vapor 501 
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column, the zonal-mean in the model could change rapidly, which is unacceptable 502 
for a 30-sol simulation.  Three factors can cause this to happen: 1) an unrealistic 503 
initial vapor distribution, 2) unrealistic lateral boundary conditions, or 3) NPRC ices 504 
sublimating too much or too little vapor into the atmosphere.  If these factors are 505 
not managed effectively, the model zonal-mean vapor column changes significantly 506 
and is still changing after a period ~10-20 sols.  Dynamic adjustment of the vapor 507 
field cannot occur during a 10 sol spin-up period if the model is initialized too far 508 
away from equilibrium or with unrealistic boundary conditions.  When studying 509 
seasonally specific aspects of the water cycle with a mesoscale model, it must 510 
simulate the observed larger-scale structure and trend, and validation of this is 511 
important.  Therefore, the initialization of the model, as well as its dynamics and 512 
physics, is very important.  Since only minimal trend is seen in the TES vapor 513 
column during the season centered on Ls~120o, this is a very good season for an 514 
initial study where these modeling issues must be understood and managed.  This 515 
will help when studying other seasons with sizeable trends that must be realistically 516 
simulated. 517 
 518 

3.4 Cloud scheme parameter sensitivity: 519 
 The recent laboratory work of Iraci et al. (2010) investigated the nucleation 520 
process for ice clouds on Mars.  They found that nucleation is poorly understood, 521 
highly sensitive to temperature and requires greater levels of supersaturation than 522 
have been typically presumed.  In the OSU MMM, the amount of cloud ice in the 523 
atmosphere is sensitive to two parameters in the cloud scheme: 1) the fraction of 524 
dust particles that are allowed to serve as ice nuclei (

 

fIN ), and 2) a weighting factor 525 
that modifies the sedimentation flux of cloud ice (

 

fSED).  These parameters are 526 
needed because the cloud scheme does not include an explicit nucleation phase, and 527 
only carries a single (mean) particle size from which sedimentation flux is 528 
determined.  These two parameters serve as “tuning knobs”, and provide a means to 529 
explore the poorly constrained physical processes involved in forming water ice 530 
clouds.  In tuning to Ls~120o observations, we find that 

 

fIN  must be quite small in 531 
the northern polar region. 532 

The number density of dust particles in the OSU MMM is prescribed to be 533 
consistent with the dust distribution used for atmospheric radiation.  Nucleation is 534 
crudely represented when only a fraction of the dust particles are allowed to serve 535 
as ice nuclei.  With 

 

fIN  equal to one, all dust particles are dust cores if there is ice in 536 
the air parcel.  In this study, no more than 50% of the dust particles are allowed to 537 
be ice nuclei.  Madeline et al. (2012) used a version of the Montmessin et al. (2004) 538 
cloud scheme; and, to improve agreement with observations they limited the 539 
number of dust particles that can become ice nuclei to ~22%.  A “semi-interactive” 540 
dust scheme was used in their study, so a direct comparison of 

 

fIN  values is not 541 
possible.  In this study, four different meridional prescriptions for 

 

fIN  are explored: 542 
1) a constant case with 

 

fIN  equal to 0.5, 2) a weakly limiting case where 

 

fIN  543 
decreases from 0.5 to 0.05 between 55o N and 85o N, 3) a stronger limiting case 544 
where 

 

fIN  decreases from 0.5 to 0.025 between 45o N and 75o N, and 4) the 545 
strongest limiting case where 

 

fIN  decreases from 0.5 to 0.025 between 25o N and 546 
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55o N.  The three prescriptions for 

 

fIN  that vary in latitude are shown in Fig. 9a.  The 547 
small values chosen for the polar region (2.5% and 5%) bound the nucleation rate of 548 
a “few percent” that Daerden et al. (2010) found in their modeling of clouds and 549 
atmospheric ice as observed by LIDAR (Whiteway et al., 2009). 550 

When the sedimentation flux of atmospheric ice is calculated in the model, a 551 
multiplicative factor (

 

fSED) is used to increase the radius of the single cloud particle 552 
size predicted.  This only affects the calculated sedimentation velocity, and thus 553 
accounts for the role that more massive and faster falling particles would have if an 554 
actual particle size distribution had been simulated.  Montmessin et al. (2004) 555 
explored a range of values (1.3-1.7) and suggested 1.5 provides the best fit for the 556 
water cycle, while Madeleine et al. (2012) adopted a value of 3.  Here, two values are 557 
used, 1.25 and 1.75.  Five simulations (from the eight possible combinations of 558 
parameter values) are used to explore the parameter space and facilitate model 559 
tuning.  In all five cases both nests are active.  The first case has 

 

fIN  constant at 0.5 560 
with 

 

fSED  equal to 1.25 (case 1).  The second case differs from the first in that 

 

fIN  561 
varies according to the weakly limiting prescription (case 2).  The third case uses 562 
the weakly limiting prescription with

 

fSED  equal to 1.75 (case 3).  The fourth case 563 
uses the stronger limiting prescription for 

 

fIN  with 

 

fSED  equal to 1.75 (case 4).  The 564 
fifth case uses the strongest limiting prescription for 

 

fIN  with 

 

fSED  equal to 1.75 565 
(case 5).  The five cases are summarized below in Table 1.  After processing ten days 566 
of mother domain output centered on Ls=120o, zonal-mean column ice depths are 567 
constructed and shown in Fig. 9b (cases 1-3) and Fig. 9c (cases 3-5). 568 
 569 

case # fIN fSED 
1 constant: 0.5 1.25 
2 weakly limiting: 0.5 at ~55o N to 0.05 at ~85o N 1.25 
3 weakly limiting: 0.5 at ~55o N to 0.05 at ~85o N 1.75 
4 stronger limiting: 0.5 at ~45o N to 0.025 at ~75o N 1.75 
5 strongest limiting: 0.5 at ~25o N to 0.05 at ~55o N 1.75 

 570 
Table 1.  The values of 

 

fIN  and 

 

fSED  are shown for each of the five cases explored in 571 
the parameter sensitivity and tuning exercise described in this section.  Case 3 (bold 572 
font) provides the best agreement with observations, and is used primarily in later 573 
analyses. 574 
 575 

In all five cases, model results are compared with zonal-mean ice column 576 
depths that have been constructed from TES IR (12 µm) ice opacity data.  A highly 577 
simplified relationship is used to convert the TES infrared opacity data to column ice 578 
depth: 

 

dvapor = 2 × Rcloud × TAUIR  (M. Smith, personal communication, 2008).  In using 579 
this relationship, a cloud particle radius of 4 µm is presumed.  This is representative 580 
of the aphelion cloud belt particles seen in this study.  For the five cases that are 581 
shown in Figs. 9b and 9c, this relationship allows for a crude comparison with the 582 
observed meridional structure of atmospheric ice.  Importantly, Figs. 9b and 9c 583 
provide direct comparison for the amount of ice in the atmosphere of each case, 584 
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which avoids the uncertainty that particle size causes when opacity is the only 585 
metric used in comparison.  For each of the five cases, two model profiles are 586 
compared with TES.  The blue curves are time-mean and zonal-mean profiles (all 587 
times of day are utilized), and the red curves are 2 PM local solar time profiles (for 588 
comparison with TES). 589 

In cases 1 and 2 of Fig. 9b, 

 

fIN  is 0.5 south of 55o N, where the results for both 590 
cases are the same.  In case 2 at 85o N, where the value of 

 

fIN  has decreased to 0.05, 591 
the ice column depth is ~50% of that in case 1.  With only 5% of the dust particles 592 
allowed to become ice nuclei, cloud particles grow larger.  This increases fallout 593 
onto NPRC ices and into lower atmospheric layers where cloud particles are more 594 
likely to sublimate.  Over the pole, the diurnal cycle in air temperature is small, and 595 
ice column depths are almost identical for both the diurnal mean (blue) and the 2 596 
PM (red) profiles.  In case 3, where the ice sedimentation flux is enhanced by the 597 
larger value (

 

fSED =1.75), ice column depths are smaller at all latitudes.  In 598 
midlatitudes the difference between the diurnal mean and the 2 PM profiles is 599 
notably more pronounced in case 3 than in case 2.  A simple explanation seems 600 
likely: with greater sedimentation flux, there will be a larger diurnal cycle in the ice 601 
column simply due to the sublimation of ice particles in warmer layers lower in the 602 
atmosphere. 603 

Cases 3, 4 and 5 are compared in Fig. 9c.  In cases 4 and 5, greater limitation 604 
is put on 

 

fIN .  The minimum value of 

 

fIN  is smaller and the parameter remains small 605 
closer to the equator.  For case 4, with the stronger 

 

fIN  prescription in use (see Fig. 606 
9a), significant differences are seen poleward of ~50o N where the prescriptions for 607 
case 3 and case 4 diverge.  In high midlatitudes, the ice column abundance in case 4 608 
changes opposite to that of case 3, decreasing with latitude until the steep increase 609 
into the most polar latitudes begins.  In case 4 the increase is more pronounced than 610 
in case 3, although it happens at basically the same latitude, just poleward of ~70o N.  611 
Examining the prescriptions for 

 

fIN  in Fig. 9a, the value is decreasing rapidly for 612 
case 3, whereas for case 4 it is approaching the 2.5% minimum.  In Fig. 9c, the TES 613 
constructions do exhibit a small upturn poleward of ~75o N.  While the value of 

 

fIN  614 
certainly affects the amplitude of the upturn in the model column depths, it does not 615 
seem to have a controlling effect on the latitude where it grows steepest.  This may 616 
be a basic consequence of the meridional structure of water vapor (that is almost 617 
exactly the same in all five cases), as well as possibly the strength of the diurnal 618 
cycle (which is far weaker when the Sun never sets).  In case 4, with only 2.5% of the 619 
dust particles able to become ice nuclei at high latitudes, the ice column depth over 620 
the polar region is further reduced, to ~0.7 µm, a reduction of ~23% compared to 621 
case 3.  The latitude of the minimum in case 4 might be seen as being in better 622 
agreement with the data.  With case 5, the ice column depth exhibits an upturn 623 
towards the equator before the value of 

 

fIN  actually begins to increase towards the 624 
equator.  Certainly, case 5 indicates that very small values of 

 

fIN  are unrealistic in 625 
the midlatitudes.  Comparing these cases suggests that small values are required in 626 
polar latitudes.  With regard to physical constraints, however, it is not at all clear 627 
how one would best prescribe meridional variation of 

 

fIN . 628 
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Even with large differences in 

 

fIN  between the cases described above, a 629 
broadly similar meridional structure remains.  In a very basic sense, there are two 630 
environments in which clouds form: 1) an environment with high vapor abundance 631 
and a relatively small diurnal cycle of temperature, and 2) an environment with 632 
rather vigorous vertical motions and a much larger diurnal cycle of temperature.  In 633 
the first class smaller supersaturations would be expected; larger supersaturations 634 
would be expected the second class.  In the first class, after a small fraction of dust 635 
particles nucleate, the remaining fraction could be prohibited from nucleating due 636 
to their likely smaller size and the growth of those already nucleated (the dust 637 
particle size dependence for nucleation is very important).  This would lead to small 638 
nucleation fractions (the larger dust particles primarily) and much larger cloud 639 
particles.  In the second class, stronger dynamics and larger diurnal cycles would 640 
lead to greater supersaturations, which should cause far more dust particles to 641 
nucleate (over a wider range of dust particle sizes), resulting in a greater number of 642 
smaller ice particles.  For Ls~120o, the best agreement with observations occurs 643 
when large values of 

 

fIN  are used south of some high latitude.  In fact, when a run 644 
was performed with 

 

fIN  everywhere at 5%, very large particles (~100 µm) were 645 
seen to form in the tropics that would fall to the ground over Tharsis at night.  The 646 
amount of ice falling to the ground was so great that the local vapor column would 647 
grow as large as that over the polar region when it sublimated after sunrise, which 648 
is entirely unrealistic (results not shown).  We conclude that the fraction of dust 649 
particles that nucleates must vary greatly in latitude for Ls~120o, being quite small 650 
over very high latitudes and growing much larger towards the equator (possibly 651 
approaching unity).  This conclusion gains support when nucleation rates are 652 
examined in a GCM with a more complete microphysics scheme (Thomas Navarro, 653 
personal communication, 2013). 654 
 655 

3.5 Model visible opacity and particle size: 656 
 An important way to check model results is to construct the opacity of ice in 657 
the model and make a direct comparison with TES opacity observations.  Using 658 
vertical profiles of the dust number density (

 

Ndust ), the fraction of dust particles 659 
allowed to become ice nuclei (

 

fIN ) and the radii of cloud particles (

 

Rc ) at a local 660 
time of 2 PM in the model, the column visible opacity of water ice is computed as 661 
follows: 662 

 

τvis λ,φ,z( )= f IN φ( )Ndust λ,φ,z( )Qeff πRc
2 λ,φ,z( )( )

0

∞

∫ dz  . 663 

In this expression 

 

Qeff  is equal to 2, to a very good approximation regardless of 664 
particle size.  Using ten days of results from cases 3 and 4 centered on Ls=120o (the 665 
same data period used for Figs. 9b and 9c), the time/zonal-mean result is compared 666 
in Fig. 10 with the TES visible opacity (assumed to be 2.1 times the TES 12 µm IR 667 
opacity).  The red curve in Fig. 10 is case 3, in good agreement with TES.  If we 668 
presume that the TES opacity is sensitive to cloud ice existing in the first scale 669 
height above the ground at high latitudes, 

 

fIN  values in the ~5% range (near that 670 
suggested by Daerden et al., 2010) provide very good agreement with the data.  For 671 
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case 4 (blue curve), the value of 

 

fIN  remains small much further towards the 672 
equator (see Fig. 9a).  The comparison shown in Fig. 10 further supports the 673 
assertion that, at some polar latitude just south of the NPRC, small nucleation 674 
fractions become unrealistic (certainly in a zonal-mean sense). 675 
 When the shape of the opacity profiles in Fig. 10 is compared with the 676 
column depth profiles in Fig. 9c, there are notable differences.  For the aphelion 677 
clouds, there is little difference between Fig. 9c and Fig. 10, although the opacity 678 
agreement appears worse since Fig. 9c uses a log ordinate.  Poleward of ~30o N in 679 
Fig. 10, case 3 is in very good agreement with TES, even showing a relative 680 
maximum at ~67o N.  The key difference is seen in comparison to the ice column 681 
depth at high latitude, where the maxima in the case 3 opacity is ~1/3 that in the 682 
aphelion cloud belt (a ~66% decrease).  For the ice column depth, the value over the 683 
pole is only ~25% less than that in the aphelion cloud belt.  The reason for this is 684 
simple: ice particles are much larger in the polar region because 

 

fIN  is small.  With 685 
the depth of the ice column proportional to particle radius cubed and the opacity 686 
proportional to particle radius squared, significant differences will be seen if cloud 687 
particle size varies significantly with latitude.  For cases 3 and 4, Fig. 11 helps to 688 
quantify this by showing the zonal-means of the diurnal mean cloud particle sizes 689 
(20 sols of data are used).  There is a sizeable difference between ice particles in the 690 
aphelion cloud belt and those in the polar latitudes. 691 

Opacity observations are an incomplete constraint.  Visible imagery (MOC 692 
and MARCI) provides additional constraint on polar cloudiness over a wider local 693 
time range, although it is difficult to extract opacity or particle sizes from imagery.  694 
Since water ice clouds are central in ongoing studies of the Martian climate, better 695 
constraint on the size of cloud particles is needed.  It is noteworthy that excessive 696 
cloudiness is a modeling problem in the northern polar summertime, when there is 697 
the greatest amount of atmospheric vapor.  This season and region are critically 698 
important for understanding water ice clouds.  Because the dust and water cycles 699 
are so closely linked, future studies (to develop a more general approach) will 700 
require an explicit nucleation phase and careful consideration of how well it is 701 
performing. 702 
 703 
 704 
4. Results: 705 
 706 

4.1 Polar cloudiness decreases with increasing spatial resolution: 707 
 The NPRC region is highly complex, which likely causes the circulation to be 708 
so as well.  A key aspect of this study has been to investigate the effect that model 709 
resolution has on the results, specifically the amount of cloud ice in the polar 710 
summertime atmosphere.  As described by Haberle (2011) and explored by 711 
Madeleine et al. (2012), GCMs have tended to simulate too much ice in the northern 712 
polar summertime.  Exacerbating this problem, radiatively active water ice clouds 713 
(RAC) cool the lower atmosphere, which causes more clouds to form in a positive 714 
feedback loop with a great deal of sensitivity to poorly constrained parameters.  715 
Since insolation cannot reach the ground with thick RAC, the sublimation of water 716 
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ice must decrease because of lower daytime ground temperatures, and this dries out 717 
the water cycle in comparison to observations.   Given the complexity of the region, 718 
an examination of the circulation needs to be part of comprehensive efforts to 719 
understand this problem. 720 

The basic effect that model resolution can have on the circulation can be seen 721 
with an additional simulation, one configured as for case 3 (described in section 3.4 722 
above), except the nests are never activated.  Thus, spatial resolution in the polar 723 
region is that of the mother domain (nominally 135 km, ~160-165 km near the 724 
pole), instead of the resolution of the second nest (nominally 15 km, actually ~18 725 
km).  Without nests, the area of a model gridpoint is 81 times greater than in the 726 
high-resolution simulation (see Fig. 4).  This additional simulation provides a GCM 727 
analogue for case 3. 728 

In Fig. 12a, the spatial distribution of the diurnal mean ice sublimation is 729 
shown for both cases.  The total sublimation rates and the total areas of ice available 730 
for sublimation (exposed ice) are given in the subplot titles of Fig. 12a.  The total 731 
sublimation rate is ~25% greater in the high-resolution case, although this does 732 
come from a total ice area that is ~10% greater (a location can sublimate ice into 733 
atmospheric vapor if its thermal inertia is greater than 600 units SI).  In the left 734 
subplots, local diurnal mean sublimation rates are shown (for a 20-sol mean at 735 
Ls=120o).  The right subplots identify all of the ice locations and show whether the 736 
net local effect is sublimation or deposition.  At 15 km resolution, the largest local 737 
sublimation rates can be ~2 times greater, while the area weighted sublimation rate 738 
is larger by only ~25% (probably somewhat larger due to the ~10% greater ice 739 
area).  Since resolution accurate maps of albedo and thermal inertia are used for 740 
every modeling domain, the total ice areas agree fairly well, especially with such a 741 
dramatic difference in spatial resolution between the two cases and so much 742 
complexity in the surface thermal properties (see Figs. 4 and 5).  In this context, the 743 
results from these two cases are in reasonable agreement. 744 

In Fig. 12b, sublimation (loss) is compared with the sum total of fallout and 745 
deposition (gain), which reveals there is a net accumulation of ice at the most polar 746 
latitudes.  This depicts the NPRC ice budget at Ls~120o for the high-resolution case, 747 
and shows that the combined rate of fallout (snow) and direct deposition of vapor 748 
(frost) is only ~6% of the total sublimation rate.  The accumulation of ice on the 749 
polar dome in summertime may indeed be climatologically significant, although it 750 
does not have an important role in this analysis (even if considered, there is still a 751 
larger flux of vapor into the atmosphere of the high-resolution case). 752 

Turning to the atmosphere, in Fig. 13 we compare the 2 PM zonal-mean 753 
vapor and ice column depths from the mother domains of both cases (data are 754 
compared with TES as in Figs. 9b and 9c).  Since two-way nesting is used, the 755 
mother domain is fully consistent with the higher resolution nests (the two-way 756 
nesting sets mother domain variables equal to those at co-located gridpoints in the 757 
higher resolution domains, and then a smoother is applied that functionally lowers 758 
the resolution).  In the upper subplot of Fig. 13, the low-resolution case has ~5 pr 759 
µm more water vapor in the polar atmosphere.  The lower subplot of Fig. 13 shows 760 
that the low-resolution case has ~10x more cloud ice in the atmosphere.  A direct 761 
relationship between vapor and cloudiness is expected; however, in consideration 762 
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of Fig. 12a, the results of Fig. 13 would not be expected unless the circulation (as 763 
resolved with resolution) plays an important role in the ventilation equatorward of 764 
the additional vapor sublimated into the high-resolution case. 765 

Given the complexity of the polar region, a logical hypothesis is that vapor 766 
and ice amounts are smaller in the high-resolution case because important aspects 767 
of the circulation can only develop with sufficient resolution.  Stronger circumpolar 768 
winds, highly specific locations for ice sublimation and strong transient circulations 769 
are all key aspects of the circulation at high-resolution.  With sufficient resolution, 770 
ice sublimates rapidly at locations where it can be ventilated off the NPRC much 771 
more readily.  Sufficient resolution (which causes realistic gradients in surface 772 
properties to exist) is the basic explanation for the strength and complexity of the 773 
circulation.  Resolving this complexity, specifically the scales of action on which 774 
important dynamical forcing occurs, may be the only way to simulate a sufficiently 775 
realistic circulation and the resulting effect seen in the water vapor and water ice 776 
column depths. 777 

The circulation in the high-resolution cases modifies the zonal-mean 778 
structure of air temperature and winds at very high latitudes in comparison to the 779 
case without nests.  This is shown in Fig. 14a.  Significant differences are seen in the 780 
lowest ~5 km of the air temperature fields.  The decrease in air temperature with 781 
latitude is gradual in the case without nests, and there is even an increase with 782 
latitude right at the pole.  In the case with nests, the temperature barely changes 783 
with latitude until the rapid decrease begins just poleward of ~75o N (this is also 784 
seen in Fig. 3, where the OSU MMM mother domain of case 3 is compared with the 785 
GCM).  Strong transient eddy activity exists in these latitudes when nests are active 786 
(as described below), although it is not seen in the case without nests or in the GCM.  787 
There is insufficient resolution for the formation of transient eddies without at least 788 
one active nest.  In the zonal and meridional wind comparisons of Fig. 14a, low-level 789 
easterlies and katabatic flow are not seen in the case without nests; the circulation is 790 
in fact unrealistic.  The temperature and wind fields are closely related dynamically, 791 
and if the model is not capable of resolving the important scales of dynamical action, 792 
nor transient eddies, the circulation cannot be realistic. 793 

Without nests, the scales of dynamical forcing in the polar region are ~2∆x 794 
(see Fig. 4).  At these scales, the 4th order horizontal diffusion used in the model is 795 
designed to remove sharp features in the circulation.  To test whether this diffusion 796 
is possibly too strong (not allowing a more realistic circulation to form), another run 797 
was performed with its strength half the nominal model value.  In comparison with 798 
Fig. 14a, only negligible changes in the zonal-mean fields were seen, while some 799 
other behavior seemed to suggest that the diffusion had been made too weak (not 800 
shown).  Two more tests were performed: 1) the number of microphysics timesteps 801 
for each dynamical timestep was increased by 3x to compare directly with the 802 
situation when the first nest is active, and 2) the polar topography was smoothed to 803 
remove the requirement that co-located gridpoints have the same value (needed for 804 
two-way nesting).  Neither of these tests resulted in any real difference from the left 805 
subplots of Fig. 14a.  Finally, Fig. 14b shows the vertical structures responsible for 806 
the column depths shown in Fig. 13, the zonal-means of the mass mixing ratios of 807 
water vapor and cloud ice (Qv and Qc) for the two cases.  An unrealistic circulation 808 
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leads to the accumulation of water vapor and ice over the NPRC, whereas a realistic 809 
circulation is effective at ventilating vapor equatorward. 810 

All atmospheric models are tuned to perform better in comparison to 811 
observations.  Tuning can compensate for poorly constrained or insufficiently 812 
realistic implementation of physical processes, and may even serve to improve 813 
results when important dynamics are not resolved.  Without an extensive set of 814 
observations (as with terrestrial studies), determining what causes a “tuned” model 815 
to get the right answer becomes increasingly challenging as the number of 816 
parameterizations grows.  In a “typical” gridpoint GCM for Mars (with a spatial 817 
resolution of a few degrees), the circulation in the northern polar region during 818 
summertime is not sufficiently resolved.  This study strongly suggests that a 819 
minimal resolution of the key aspects of this circulation is necessary to obtain a 820 
realistic simulation of water ice clouds.  There are a couple ways that GCMSs could 821 
explore this.  A cube-sphere grid GCM was used by Lian et al. (2012) to simulate the 822 
seasonal enhancement of argon gas in the polar atmosphere of Mars, and in the 823 
absence of the “pole problem” they saw improved results.  Since the OSU MMM does 824 
not have a “pole problem”, sufficient resolution appears to remain important in this 825 
specific context.  A GCM with a spectral dynamical core may have advantages, since 826 
the filtering that is required for maintaining numerical stability in a gridpoint model 827 
is not required (this filtering functionally turns the GCM into a 2-D model near the 828 
poles). 829 

In the runs described here, the first nest (at 45 km) initializes after four sols 830 
and the second (at 15 km) after another four.  In a two-nest simulation, the very 831 
large ice column amounts over the polar region disappear within a single sol after 832 
the first nest is initialized.  Initialization of the second nest four sols later does not 833 
produce another decrease in column ice depths over the polar region, which seems 834 
to suggest that a spatial resolution of ~1o could provide a sufficiently realistic polar 835 
circulation (especially on a cube sphere grid).  This hypothesis was tested with an 836 
additional full-length simulation where only the 45 km nest is activated, and any 837 
differences with the right subplots of Figs. 14a and 14b were difficult to see (not 838 
shown).  If a more sophisticated cloud scheme had been used in this study, it is 839 
possible that the additional degrees of freedom allowed might cause polar clouds to 840 
be less sensitive to spatial resolution.  However, our understanding of the basic 841 
mechanism by which the excessive cloudiness is reduced with resolution does not 842 
require a role for microphysical processes. 843 

Independent of RAC complications, it is an unrealistic circulation that is a 844 
primary explanation for the excessive cloudiness.  With both nests active, and with 845 
appropriate limits placed on the fraction of dust particles that are allowed to serve 846 
as ice nuclei in the polar region, clouds in the OSU MMM are sparse and transient, in 847 
good agreement with observations.  Central to the GCM RAC issue is the large-scale 848 
radiative forcing in the polar region due to the excessive cloudiness that causes 849 
more clouds to form.  With sparse and thin clouds, as in these simulations, RAC may 850 
have very little effect at Ls=120o during northern polar summertime.  To understand 851 
the effects of RAC at the mesoscale, it will be implemented in future efforts. 852 
 853 

4.2 Winds at high-resolution: 854 
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 Given the complex forcing of topography, albedo and thermal inertia during 855 
the Ls~120o season, the circulation is highly complex.  Katabatic flow off the polar 856 
dome is a basic element of this circulation, and the Coriolis effect steers katabatic 857 
winds into easterlies on the slopes of the polar dome.  The cold polar dome has a 858 
larger-scale effect on the meridional structure of atmospheric temperature, causing 859 
a baroclinic zone to form in the lower atmosphere that gives rise to transient eddies 860 
that have a sizeable effect on instantaneous winds.  It follows that easterlies near the 861 
surface become westerlies aloft in a weak jet due to the poleward decrease of air 862 
temperatures in the baroclinic zone.  In the lower atmosphere (below ~10 km AGL), 863 
the relatively strong (although rather shallow) transients are influenced by and act 864 
to modify winds near the ground.  These interactions take place at latitudes of sharp 865 
gradients and zonal asymmetries in all of the surface fields.  For any location in this 866 
region, the interdiurnal variations in the wind field are not small in comparison to 867 
the mean diurnal cycle.  All of this can basically be deduced from Fig. 15, where the 868 
20-sol diurnal mean wind field and an example of the instantaneous excursion wind 869 
field (actual wind minus the 20-sol mean wind at that time of day) are shown for the 870 
15 km nest at two heights above ground (at ~200 m and ~5 km).  For comparison, 871 
the zonal-mean wind fields are shown in Fig. 14a.  In Fig. 15, the 20-sol diurnal 872 
mean winds are in the left subplots on a color map of topography; in the right 873 
subplots excursion winds are shown on a color map of percentage normalized 874 
excursion surface pressure, the quantity

 

′ P sfc(λ,φ,t) , formed as follows: 875 

 

′ P sfc(λ,φ,t) =100 × Psfc (λ,φ,t) − α(t)P sfc(λ,φ,hr)( )P sfc (λ,φ)( )−1
 . 876 

In this expression, 

 

α(t) is a trending parameter constructed by fitting the 20-sol 877 
domain mean surface pressure with a low-order polynomial (typically linear), and 878 
the quantity 

 

P sfc(λ,φ,hr)  is the 20-sol mean diurnal cycle of surface pressure at each 879 
location in the domain.  The difference between the instantaneous surface pressure 880 
and the trended mean diurnal cycle is normalized by the 20-sol mean of the local 881 
surface pressure, 

 

P sfc(λ,φ) .  For any single sol, with generally only small trends in 882 
the region at this season, the diurnal mean wind field is highly similar to the 20-sol 883 
means shown in Fig. 15.  A very important exception does exist in the region 884 
between the NPRC and the slopes of Alba Patera, and is described below. 885 

Responding to transient surface pressure disturbances, excursion winds near 886 
the ground (~200 m AGL in Fig. 15) have amplitudes that are more than half the 887 
maximum wind speeds in the model layer.  The interdiurnal variability of winds 888 
near and across the polar dome is a very important aspect of the circulation, and is 889 
sure to cause vigorous meridional mixing.  As an important part of the local diurnal 890 
cycle of wind, the strongest easterlies near the edge of the polar dome progress 891 
westerly following the warmest ground temperatures.  At ~5 km AGL, the winds 892 
near the edge of the polar dome are predominantly from the west, evidence of the 893 
baroclinic zone and the weak jet.  Thus, a sizeable wind shear is seen in the lower 894 
atmosphere, wherein transient eddies are vigorous and active in modifying the 895 
instantaneous circulation.  The synoptic structure of these eddies is sensitive to the 896 
dust loading and the temperature of the NPRC, as has been seen in previous studies 897 
(Tyler and Barnes, 2005; Tyler et al., 2008). 898 
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If a realistic interactive dust distribution were used, the synoptic structure 899 
would be under constant modification from changes in the atmospheric thermal 900 
forcing.  However, even without the variations in heating rates that such a scheme 901 
would provide, outbreaks of strong flow directly across the polar dome are seen to 902 
develop when strong lower wavenumber synoptic structures break down into 903 
weaker higher wavenumber structures (Tyler et al., 2008).  The complexity and 904 
vigor of the polar circulation is very important for the regional complexity and 905 
meridional structure of atmospheric water vapor. 906 

Finally, near the location of Phoenix (marked with a white asterisk in each 907 
subplot of Fig. 15) a cyclonic structure is seen in the 20-sol mean winds in the region 908 
between the NPRC and the northern slopes of Alba Patera.  In the right subplots of 909 
Fig. 15, we see that the instantaneous excursion winds here are more complex and 910 
vigorous when compared to the rest of the domain.  What appears to be a stationary 911 
eddy in the mean wind field is in reality a circulation that migrates and evolves over 912 
the course of this 20-sol period.  As discussed in section 4.4, this circulation has an 913 
important role in the formation of an annular cloud in the model, very similar to that 914 
described by Cantor et al. (2002). 915 
 916 

4.3 Water vapor at high-resolution: 917 
Shown in Fig. 12a, and as previously noted (Tyler and Barnes, 2011), the 918 

greatest ice sublimation rates occur near the edges of the NPRC ices.  Responding to 919 
the effect that transient eddies have on local winds and the level of atmospheric 920 
saturation at a specific location, considerable variability is seen in local sublimation 921 
rates from day to day.  That the sublimation of ice is greatest along the edges of the 922 
largest NPRC ice regions is a consequence of two factors.  The first is that winds tend 923 
to be much stronger and favorable to equatorward ventilation at these locations, 924 
and the second is related to the cold surface of the ice itself.  Air over the interiors of 925 
these ice regions is cold and tends to remain saturated, a state in which sublimation 926 
is unlikely to occur.  Forced by the cold surface, inversion is the nominal state of the 927 
lower atmosphere over the larger ice regions.  If sublimation does occur, vertical 928 
mixing is small and the air saturates quickly.  Inversions persist over the interior of 929 
the polar dome.  Moreover, for a sizeable fraction of the polar dome there is a small 930 
net accumulation of ice through deposition and fallout (see Fig. 12b).  Deposition 931 
and snowfall certainly have an effect on the albedo of the NPRC (Malin et al., 2008).  932 
The spatial distribution of the vapor column is a consequence of these processes and 933 
the winds.  With sufficient spatial resolution, the model circulation can more readily 934 
ventilate vapor from these locations equatorward.  Here we examine the spatial and 935 
temporal distribution of water vapor in the polar region at high resolution. 936 

Using case 3 results (described above), maps of the instantaneous vapor 937 
column depth are shown in Fig. 16 for two widely separated times in the simulation, 938 
one early in the 20-sol period and one late (each is ~8.5 days from the central date 939 
of Ls=120o).  At both times, the spatial structure is complex, showing that transient 940 
eddies have an active role in the transport of vapor, causing strong advection and 941 
mixing both zonally and equatorward.  The locations of the maxima in the vapor 942 
field reveal the importance of winds, and again show that the greatest sublimation 943 
occurs at the edges of the polar dome.  The right subplot of Fig. 16 is at a later time 944 
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in the simulation, when overall there is somewhat less vapor in the atmosphere 945 
(this is consistent with TES for both MY25 and MY26).  The zonal-mean profile of 946 
the vapor column shown in Fig. 8 was constructed using 10 sols centered on 947 
Ls=120o, a period when both the model and the TES observations show very little 948 
trend.  In the left subplot of Fig. 16 (early in the simulation) the atmosphere above 949 
Phoenix is dry, with only ~25 pr µm of water vapor, much less than the zonal-mean 950 
at this season, ~40 pr µm.  Later in the simulation (right subplot) the vapor column 951 
over Phoenix is much larger, ~45 pr µm.  Transient disturbances associated with the 952 
high latitude baroclinic zone are sure to be involved in the instantaneous vapor 953 
distribution, and their influence can be seen in both subplots of Fig. 16.  A complete 954 
explanation for the change seen at Phoenix must include the changing circulation 955 
that is suggested by the 20-sol diurnal mean winds in the left subplots of Fig. 15. 956 

Early in the simulation, this circulation contributes to the advection of water 957 
vapor to the southwest of Phoenix.  The strong poleward flow that is part of this 958 
circulation (to the east of Phoenix in Fig. 15) is dry air.  Because of the state of the 959 
circulation at this time, the atmosphere to the southeast and over Phoenix stays 960 
much drier than the expected zonal-mean value.  As the simulation progresses, the 961 
strong poleward flow (and the dry air region) migrates to the east, and the vapor 962 
column over Phoenix begins to grow larger.  The circulation also moves poleward, 963 
and with this change the cyclonic structure of the circulation appears to assist in the 964 
advection of vapor over Phoenix from the west. 965 

Since clouds are not radiatively active, model dynamics remain essentially 966 
unaffected by water mass, which causes the circulation to be the same in all five 967 
cases described and explored in section 3.4.  However, the vertical distribution of 968 
water mass (and thus its horizontal advection by the winds) is a consequence of the 969 
values of 

 

fIN  and 

 

fSED .  Since 

 

fIN  controls the number of cloud particles, it affects 970 
the rate of change between ice and vapor in an air parcel, thus the mass distribution 971 
between the two phases as a function of time.  Our model results are more sensitive 972 
to 

 

fIN , where 

 

fSED  serves primarily to enhance fallout in compensation for the single 973 
particle size carried in the model.  When comparing the five cases described in this 974 
study, the spatial distribution of the vapor column varies at high latitudes because of 975 
these two parameters.  Over Phoenix, the differences can be significant, with the 976 
greatest differences between cases 3 and 4.  Thus, especially for locations near the 977 
sharp meridional gradient in the vapor column, the vapor distribution is sensitive to 978 
the prescription for 

 

fIN  (see Fig. 9a). 979 
 980 

4.4 The observed recurring annular cloud: 981 
 In an earlier study, Tyler and Barnes (2005) described a “storm zone” that 982 
forms on the northern slopes of Alba Patera.  For the three dates that were studied 983 
in that work (Ls~120o, Ls~135o and Ls~150o), the “storm zone” formed only in the 984 
Ls~135o case.  Since each case used the same very simple dust prescription, this 985 
suggests that the dynamical state that produces this “storm zone” is short lived and 986 
dependent primarily upon changes in insolation with season.  The diurnal heating 987 
pattern is dependent on the subsolar latitude, and especially so in the presence of 988 
large topography.  In this region, the dynamical forcing is a superposition of many 989 
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competing factors.  Model results appear to show that western boundary currents, 990 
topographically excited large-scale thermal circulations and strong slope flows are 991 
all involved.  When this “storm zone” exists, transient disturbances are seen to form 992 
high on the northern slopes of Alba Patera.  Typically these disturbances are of 993 
moderate strength, and move poleward through the “storm zone” to dissipate in 994 
higher latitudes.   Over the course of a single simulation, one disturbance can form 995 
that grows very strong and survives to reach the latitudes just south of the NPRC 996 
somewhat to the east of Phoenix.  Tyler and Barnes (2005) suggested that the 997 
transient disturbance that does this is involved with the recurring annular cloud 998 
first described by Cantor et al. (2002).  The location and size of these strongest 999 
transients is consistent with the annular cloud (Malin et al., 2008), although the date 1000 
of its simulation (Ls=135o) is too late by ~12o of Ls.  In this study, the dust opacity 1001 
and Conrath-Nu parameter are functions of latitude, the result of a tuning process 1002 
that yields good high latitude agreement with observations of atmospheric 1003 
temperature (see Figs. 1 and 3).  In this study a similar “storm zone” appears at an 1004 
earlier seasonal date that is consistent with the appearance of the annular cloud. 1005 
 A map of the mean strength of surface pressure excursions can be used to 1006 
identify the “storm zone”.  By taking the Root Mean Square (RMS) of the percentage 1007 
normalized surface pressure excursions, defined above as

 

′ P sfc(λ,φ,t) , the mean 1008 
transient eddy strength is constructed as follows: 1009 

 

′ P sfc(λ,φ) ≡ SQRT 1
N( ) ′ P sfc (λ,φ,t)( )2[ ]

t=1

t= N

∑  . 1010 

Since a larger regional picture is required, 20 sols of surface pressure from the first 1011 
nest (45 km) are used to construct Fig. 17.  At ~110o W, a region of strong transient 1012 
activity is seen to extend from the edge of the polar dome towards the summit of 1013 
Alba Patera.  This is the “storm zone”.  Additionally, it is a boundary between a 1014 
region of negligible transient activity to the west and one of moderate transient 1015 
activity to the east.  When winds in the regions to the east and west are examined at 1016 
many levels, and over all 20 sols (not shown), it becomes clear that this “storm 1017 
zone” is also a boundary between two very different diurnal wind regimes. 1018 

To the west, winds near the surface exhibit a highly repeatable diurnal cycle 1019 
of clockwise rotation with strong late afternoon upslope flow.  To the east, the 1020 
diurnal cycle is much less pronounced, with winds primarily from the east and 1021 
strongest in the late afternoon.  The “storm zone” between these two regimes is also 1022 
a convergence zone, which can be seen at both levels in the 20-sol diurnal mean 1023 
winds of Fig. 15, ~200 m and ~5 km AGL.  In part, the “storm zone” is a region of 1024 
strong transient activity due to the fact that the convergence zone moves eastward 1025 
during the 20-sol period.  Its movement affects the mean diurnal surface pressure 1026 
cycle differently than a transient eddy does.  Examining afternoon convective 1027 
boundary layer (CBL) depths shows significant variation across the “storm zone” 1028 
(not shown).  Since differing CBL depths have different vertical profiles of air 1029 
temperature, the resulting differences in the mass of the air column will change the 1030 
diurnal cycle of surface pressure as this boundary moves to the east.  Surrounding 1031 
the polar dome in Fig. 17, the sizeable 

 

′ P sfc(λ,φ)  values are produced by transient 1032 
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eddies.  The sizeable “storm zone” values appear to be caused by both transients 1033 
and the evolving circulation. 1034 

An examination of the diurnal mean wind field for all 20 sols reveals the 1035 
migration and evolution of an underlying structure in the regional circulation.  Later 1036 
in the simulation, directly relating to the formation of the annular cloud, a large 1037 
disturbance develops along a convergence zone in this structure, which grows into a 1038 
strong transient that migrates into the most polar latitudes just off the polar dome.  1039 
When this strong transient interacts with the high latitude vapor field, an annular 1040 
cloud forms in the model.  To depict this event, six instances of the diurnal mean 1041 
wind field are shown in Fig. 18 (the winds are at ~1 km AGL, with wind vectors 1042 
shown for every other gridpoint on a color map of wind speed).  The convergence 1043 
zone appears as a low wind speed region (blue) in the midst of stronger winds. 1044 

The upper subplots of Fig. 18 show sols 1 and 8, where two changes are seen 1045 
to occur: 1) the convergence zone moves eastward (for reference a dashed white 1046 
meridian is drawn), and 2) the northernmost part of the circulation advances 1047 
toward the pole.  The poleward flow of dry air from the south is not shallow, and as 1048 
the winds turn to the west it is the advection of this dry air into the region that 1049 
causes the air column over Phoenix (the white asterisk) to remain much drier than 1050 
other longitudes.  In the lower right of each subplot, strong flow is seen to wrap 1051 
around the eastern flanks of Tharsis; this flow interacts with and affects the 1052 
convergence zone.  It is notable that the strongest flow is seen on the east faces of 1053 
the topographical features of Tharsis.  This is very suggestive of a western boundary 1054 
current, or that the stronger poleward flow on the east faces develops because of a 1055 
large-scale cyclonic thermal circulation (forced by Alba Patera and Tharsis).  Maybe 1056 
both circulations contribute to strengthen the flow.  Later, for sols 12 and 15 (in the 1057 
middle two subplots of Fig. 18), the convergence zone is further eastward, while the 1058 
most northern part of the circulation is further poleward.  By sol 15 the most 1059 
poleward part of the strong flow is beginning to merge into the polar easterlies.  As 1060 
wind directions suggest, column vapor amounts over Phoenix are rising at this time.  1061 
The flow that wraps around the eastern flanks of Tharsis has become stronger, and 1062 
is presumably affecting (deforming) the convergence zone.  By sol 18, a sizeable 1063 
perturbation has developed along the convergence zone, which grows into a large 1064 
cyclonic transient.  By sol 20, this transient eddy has migrated up to the edge of the 1065 
polar dome itself, and is in direct interaction with the sharp meridional gradient in 1066 
the vapor column. 1067 

This is all best seen in an animation (LinkToAnimationOne).  It is at this point, 1068 
very near the very end of the simulation, the annular cloud is seen in the morning 1069 
ice column depths.  For an example of actual observations, two occurrences of the 1070 
annular cloud are shown in Fig. 19a [from Malin et al. (2010), five occurrences are 1071 
shown in their Fig. 35].  The size, location and season of appearance of the annular 1072 
cloud are surprisingly repeatable from year to year, although each occurrence is 1073 
distinct from previous years in terms of its longitudinal extent and the amount of 1074 
structure/texture in the cloud itself.  As observed by MARCI on September 3, 2008 1075 
during the Phoenix mission, the annular cloud appeared at Ls=121.9o (Bruce Cantor, 1076 
personal communication, 2013).  The precise timing of its appearance in 2008 is 1077 
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actually quite important, since the annular cloud appears to be dynamically related 1078 
to other observations made in situ during a very short seasonal window. 1079 

In the model, for a local solar time at Phoenix of ~0730, maps of the vapor 1080 
column depth, the ground temperature, and the ice column depth are shown in Fig. 1081 
19b for both the first and second nests (45 km and 15 km resolutions).  The annular 1082 
cloud can be seen in the ice column depths of the bottom subplots.  The water vapor 1083 
column depths in the top subplots reveal the important structure that allows the 1084 
annular cloud to form.  At the 15 km resolution, some internal structure/texture is 1085 
seen in the cloud that is similar to features seen in Fig. 19a [or Malin et al. (2010), 1086 
Fig. 35].  In the vapor column, the overall structure is much like an occlusion that 1087 
sometimes forms with a mature terrestrial cyclone, where the air mass boundary 1088 
has wrapped around on itself.  At this stage in the simulation, when the cloud is 1089 
most clearly resolved in the model, the clear central region of the annular cloud is 1090 
not the exact center of the surface pressure minimum.  The explanation for the clear 1091 
central region is the structure in the water vapor field; it is not the result of very 1092 
strong dynamics such as with a terrestrial hurricane.  The formation of the annular 1093 
cloud in the model is best seen in an animation of the vapor and ice column depths 1094 
over the course of the simulation (LinkToAnimationTwo). 1095 

The rapidly evolving circulation shown in Fig. 18 (that is responsible for the 1096 
annular cloud) has a complex forcing.  We believe three factors are important: 1) a 1097 
large-scale topographically driven thermal circulation, 2) a western boundary 1098 
current and 3) strong slope flows.  The dust prescription that was used in this study 1099 
improved model agreement with observed air temperatures.  This serves to explain 1100 
why the “storm zone” (and the annular cloud) now occurs in the correct seasonal 1101 
window.  This supports the notion that the large-scale thermal structure plays a key 1102 
role through 1) and 2) above.  If a number of mesoscale simulations of the same 1103 
duration were performed (overlapping, and for a somewhat different Ls range), the 1104 
synoptic structure of high latitude transient eddies would be different for any single 1105 
Ls value in these simulations.  In such an experiment, the importance of the synoptic 1106 
structure in relation to the importance of the state of the rapidly evolving circulation 1107 
on the poleward slopes of Alba Patera could be investigated.  It is possible that a 1108 
specific synoptic structure serves as a “trigger” for the disturbance that grows into 1109 
the large transient and causes the annular cloud to form.  Seemingly, a great deal of 1110 
variability would be expected in the instantaneous synoptic structure from year to 1111 
year.  Smaller transients do move poleward through the “storm zone”, and these 1112 
might also serve as a “trigger” mechanism that excites the large disturbance along 1113 
the convergence zone.  For these smaller transients, very little effect is seen in the 1114 
diurnal mean winds of Fig. 18. 1115 

It is possible that this rapidly evolving structure in the circulation produces 1116 
only one large and strong transient each year, and this transient is then responsible 1117 
for the annular cloud that forms seasonally each MY.  So far, our modeling has not 1118 
produced more than one very large transient in a single simulation.  After this one 1119 
large transient forms, the possibility of another such event may be lost as the 1120 
convergence zone moves off to the east and the “storm zone” disappears for the 1121 
year.  Even with the “storm zone” being seen only in the Ls=135o case of Tyler and 1122 
Barnes (2005), the movement of the convergence zone across the northern slopes of 1123 
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Alba Patera to the east was seen in the three dates simulated (Fig. 6 of Tyler and 1124 
Barnes (2005) compares 20-sol mean winds at ~1 km AGL for all three simulations).  1125 
Certainly, a more thorough study of the dynamics involved is needed.  All three of 1126 
the climate “cycles” on Mars are at play (CO2, dust and water), and with Ls~120o a 1127 
season where the state of these “cycles” is highly repeatable from year to year, the 1128 
recurring annular cloud is a phenomenon that is useful for model testing and 1129 
validation. 1130 
 1131 

4.5 Profiles of vapor and particle size over Phoenix: 1132 
 As seen in Figs. 9b and 9c, the fraction of dust particles allowed to become ice 1133 
nuclei (

 

fIN ) has a sizeable effect on the ice column depth in the polar region, as well 1134 
as on the mean size of cloud particles (Fig. 11).  For high northern latitudes, smaller 1135 
values (~5%) cause the zonal-mean of the visible cloud ice opacity to agree quite 1136 
well with observations (Fig. 10).  As simulated by Daerden et al. (2010), the fraction 1137 
of dust particles that nucleate is typically a few percent.  Sufficient spatial resolution 1138 
appears to be important for this result (Figs. 13, 14a, 14b), and unrealistic cloud 1139 
scheme parameters would be required otherwise.  The formation of larger particles 1140 
is a key aspect of simulating the observed vertical structure of ice over Phoenix.  The 1141 
Phoenix LIDAR observations (Whiteway et al., 2009) provide direct observation of 1142 
ice particle sizes and the height of cloud ice above the ground, and help to further 1143 
constrain model results. 1144 
 As a function of time and elevation above the ground, vertical profiles of 1145 
atmospheric vapor and cloud particle size over Phoenix are shown in Figs. 20a 1146 
(cases 1-3) and 20b (cases 3-5) (all cases are described in table 1).  In Fig. 20a, with 1147 

 

fIN  changing from a constant 50% in case 1 to the weakly limiting prescription in 1148 
case 2 (see Fig. 9a), no change is seen in the vapor mixing ratio profiles.  With

 

fSED  1149 
changing from 1.25 to 1.75 (case 2 to case 3), atmospheric vapor is still unchanged.  1150 
From case 1 to case 2, ice particles grow larger, with the largest particles reaching 1151 
~15 µm versus ~10 µm.  With 

 

fSED  larger in case 3, Fig. 9b shows that column ice 1152 
amounts at high latitude become smaller, which requires somewhat smaller cloud 1153 
particles since the number of particles is prescribed in the model and the same in 1154 
both cases.  Because of this, 

 

fIN  is central in controlling cloud particle size. 1155 
 In Fig. 20b, the color range is doubled to show the larger particles that form 1156 
in cases 4 and 5.  Fig. 9a shows that at Phoenix (~68o N) the value of 

 

fIN  is 35% for 1157 
case 3, 5% for case 4 and 2.5% for case 5.  With the much stronger limiting of 

 

fIN  in 1158 
cases 4 and 5, the time evolution of the vapor column is modified in comparison to 1159 
cases 1-3.  A delay in the increase of the vapor mass mixing ratio over Phoenix is 1160 
seen.  Since, in response to the changing regional circulation, vapor is actually being 1161 
advected over Phoenix via a circuitous path (from the WSW), stronger limitations on 1162 

 

fIN  have an important effect on the resulting horizontal and vertical structures of 1163 
vapor and ice at Phoenix.  The larger particles that form in cases 4 and 5 fall faster 1164 
and further, changing the vertical structure of water mass and causing the bottom of 1165 
the cloudy layer to appear (by sol 15) at ~5 km AGL versus ~6 km AGL in case 3.  In 1166 
the morning over Phoenix, cloud particles grow to ~25 µm in case 5, sizeable for a 1167 
mean (single) particle size.  Fallout has an important role in the vertical structure of 1168 



 27 

water mass, and the winds in turn modify the horizontal structure, the result being 1169 
that the increase in the vapor mass mixing ratio is delayed in cases 4 and 5.  Due to 1170 
the complexity of the circulation the net effect is not obvious, and much larger vapor 1171 
mixing ratios are seen shortly after the slower rise in cases 4 and 5.  Somewhat 1172 
similar to these effects, the formation of the annular cloud is adversely affected in 1173 
cases 4 and 5 in comparison with case 3 (not shown).  For the annular cloud, cases 1174 
1-3 provide the best “looking” examples, while case 3 provides the best fit to the 1175 
zonal-mean opacity in Fig. 10. 1176 

In all five cases clouds do not form below ~10 km AGL over Phoenix until 1177 
later in the simulation when the water vapor column peaks at ~45 pr µm (after sol 1178 
15).  The increase in the vapor column is a consequence of the evolving circulation, 1179 
as seen in Figs. 16 and 18.  As the simulation passes through Ls=120o (sol 10 in Figs. 1180 
20a and 20b), water vapor that had previously been advected to the SW of Phoenix 1181 
is now caught up in the circulation and is advected over Phoenix.  An animation 1182 
shows the diurnal and seasonal changes (LinkToAnimationTwo), as well as the 1183 
structure of daily pulses of newly sublimated vapor that get advected away from the 1184 
edge of the polar dome.  By day 15, with far more vapor in the column over Phoenix, 1185 
clouds form nearer the ground in all cases.  If the time axis is expanded to show just 1186 
the last five sols, we see (in the slanting path with time for the largest particles) that 1187 
fallout plays a significant role in bringing ice much closer to the ground.  Also, 1188 
although difficult to see in Figs. 20a and 20b, “fog” forms in the lowest ~3-5 model 1189 
layers at night, and reaches depths of ~100-150 m before it evaporates in the 1190 
morning.  The structure of this “fog” is more easily seen in the rapid decrease in the 1191 
mass mixing ratios of vapor in the left subplots. 1192 

With the rapid decrease of cloud heights over Phoenix, factors other than a 1193 
gradually increasing vapor column are likely to be at play.  When vertical slices 1194 
through the ice particle size field over Phoenix are examined, the cloud ice that 1195 
appears in the AM at lower levels develops along with new structure in the slice.  1196 
Since clouds do not grow steadily towards the equator and the surface to cover 1197 
Phoenix with the increasing vapor column, transient dynamics are likely to be 1198 
involved.  For both AM and PM times of day (~0230 and ~1430 LTST), slices 1199 
through the cloud particle size field of case 3 are shown in Figs. 21a (sol 5) and 21b 1200 
(sol 15).  The upper subplots show ice particle sizes in the lowest model layer 1201 
(“fog”) for the AM (left) and PM (right) local solar times at Phoenix.  Vertical slices 1202 
are shown in the lower subplots (the surface transect of the slices is shown with a 1203 
dotted black line in the upper subplots).  In the vertical slices, AM clouds at lower 1204 
levels are only seen over Phoenix in Fig. 21b (day 15).  An animation of the cloud ice 1205 
column reveals that these clouds appear due to advection from the WSW.  Moreover, 1206 
the cloud ice seen in the afternoon over Phoenix in Fig. 21b provides some 1207 
additional evidence that dynamics are involved in other ways than simply the 1208 
advection of water into the column over Phoenix. 1209 

Comparing cases 3 and 4 in Fig. 20b shows that the vapor columns evolve 1210 
quite differently, which means results are sensitive to the cloud scheme parameter 1211 

 

fIN .  Because the circulation is complex, the response to this sensitivity is spatially 1212 
complex.  Near Phoenix, Ls~120o is a season of change, and with the vigor of the 1213 
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circulation, dynamics must at times have a significant role in cloud formation.  In 1214 
these simulations, a strong cyclonic disturbance modifies the regional circulation; its 1215 
effect is readily seen in the time change of the vertical profiles of modeled winds 1216 
over Phoenix (not shown).  The Phoenix surface pressure record in Fig. 7 is clear 1217 
evidence of a strong transient disturbance nearby; a sizeable excursion in the 1218 
surface pressure record that occurs at Ls~120o (spanning sol 94).  This occurs just 1219 
prior to the lower-level clouds seen by the Phoenix LIDAR (Ls=122o), which suggests 1220 
these two observations are related and dynamics are involved.  As noted by Moores 1221 
et al. (2010), this period was particularly active for clouds moving in different 1222 
directions at multiple heights AGL.  Similar and rapid changes in cloud heights were 1223 
simulated in this study (even with the highly simplified microphysics), which is 1224 
unlikely if dynamics are not involved.  At Phoenix, the dust opacity observed by 1225 
LIDAR decreased by a factor of three (Whiteway et al., 2009); with fewer dust 1226 
particles, larger cloud particles would form and fall closer to the ground.  In the OSU 1227 
MMM, dust particle number densities are independent of dynamics, although rapid 1228 
changes in the wind field reveals the proximity of a strong transient circulation. 1229 

The strong transient simulated in the model does not pass directly over 1230 
Phoenix, which the modeled surface pressure record in Fig. 7 shows.  However, an 1231 
examination of surface pressure maps shows that it passes near Phoenix (~500 km 1232 
to the east moving poleward).  An examination of the Phoenix telltale winds 1233 
[Holstein-Rathlou et al., (2010)] was carried out to try and identify where the strong 1234 
transient associated with the Phoenix surface pressure record at sol 94 was in 1235 
relation to the lander.  The telltale observations reveal that much stronger winds 1236 
existed during sol 94, although an attempt to determine the location of the transient 1237 
system relative to Phoenix (due to change in the wind direction) was inconclusive 1238 
(C. Holstein-Rathlou, personal communication, 2014).  Certainly, the Phoenix winds 1239 
are highly variable across the Ls~120o season.  It is also fairly clear from this data 1240 
set that wind speeds and directions are undergoing a seasonal transition, as shown 1241 
in Figs. 14 and 16 of Holstein-Rathlou et al. (2010). 1242 

For the Ls~120o season, it is worth noting that the very low clouds and 1243 
persistent ground fog seen over the polar dome are regular features of the 1244 
circulation.  In Figs. 21a and 21b, we see that cloud ice can exist all day throughout 1245 
the entire lower atmosphere over the polar dome.  This reinforces a key conclusion 1246 
of this study, that air over the interior of the polar dome is typically saturated.  As a 1247 
result of fallout and the direct deposition of vapor onto the cold surface of the polar 1248 
dome, ice that sublimates from the periphery into the atmosphere can be returned 1249 
to the NPRC through sporadic flow over the pole (caused by transient eddies).  This 1250 
may have climatological significance, although in comparison to the sublimation 1251 
rate for the NPRC it is not large (~6% of NPRC rate, see Fig. 12b).  Near the surface 1252 
over the central region of the polar dome, inversion is the nominal state of the 1253 
atmosphere, so there is little vertical mixing near the ground.  For NPRC ices (the 1254 
polar dome especially), sublimation of ice into atmospheric vapor occurs primarily 1255 
along the periphery.  This vapor is readily mixed equatorward due to the strength 1256 
and inter-diurnal variability of the winds, and sufficient resolution appears to be 1257 
required for the simulation of these key processes. 1258 
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Although case 3 is the best match to the TES opacity observations, examining 1259 
AM clouds over Phoenix in cases 4 and 5 at sol 15 is useful for showing how the 1260 
strongest limiting prescriptions for 

 

fIN  affect the size of cloud particles and the 1261 
structure of ice in the vertical slice.  For cases 4 and 5, the AM vertical slices are 1262 
shown in Fig. 22 for sol 15.  Compared with case 3, much larger cloud particles are 1263 
seen (a wider colorbar is used in Fig. 22).  The value of 

 

fIN  is smallest in case 5 over 1264 
Phoenix (2.5%), and in response to the many factors involved, cloud particles grow 1265 
to ~25 µm in the AM.  Significantly larger particles have certainly been observed 1266 
(Whiteway et al., 2009), while a recent study suggests that particle sizes of ~25 µm 1267 
may actually be fairly typical in the northern polar summertime (Lemmon, 2014). 1268 
 1269 
 1270 
5. Summary and Conclusion: 1271 
 1272 

The OSU MMM was used to study water vapor and water ice clouds during 1273 
northern polar summertime (the Ls~120o season).  This season is extremely 1274 
important in the annual water cycle.  At larger scales it is a time of small trends, 1275 
where the vapor column at high latitudes remains very near the annual maximum; it 1276 
is also a time of minimum cloudiness over the polar region.  This combination has 1277 
proven to be quite challenging for GCMs.  Typically, far too much cloud ice is 1278 
simulated over the polar region, and when more sophisticated cloud schemes are 1279 
utilized (especially schemes that include RAC), the clouds are even thicker and the 1280 
models exhibit a great deal of sensitivity to poorly constrained parameters.  There is 1281 
much to learn about the formation of water ice clouds on Mars, and high-resolution 1282 
modeling needs to be an important part of this process.  In an environment as 1283 
complex as the NPRC region, where sharp gradients are the norm (in topography, 1284 
albedo, thermal inertia and certainly in ground temperatures), the dynamics cannot 1285 
be sufficiently realistic unless the very complex environment itself is sufficiently 1286 
resolved.  Tuned to the Ls~120o season, with two levels of nesting to a spatial 1287 
resolution of ~15 km over the polar region, we investigated the importance of 1288 
spatial resolution and examined mesoscale aspects of the seasonal water cycle.  In 1289 
good agreement with independent observations, the dynamics that lead to the 1290 
formation of an annular cloud in the model atmosphere are examined.  Compared 1291 
with observations gathered during the Phoenix mission, we find very good 1292 
agreement with model results.  There appears to be an important seasonal 1293 
transition in the Phoenix region at Ls~120o.  Changes in the regional circulation 1294 
appear to be largely responsible, and the seasonal appearance of the recurring 1295 
annular cloud (Cantor et al., 2002) may mark this transition. 1296 

A great deal of effort was invested in producing realistic dynamics at the 1297 
mesoscale.  New albedo and thermal inertia data were developed to resolve the 1298 
complexity of the NPRC region.  The construction of these new data used imagery 1299 
and publicly available data.  Location information and “raw” albedo data are taken 1300 
from imagery (Wendy Calvin, personal communication, 2009), while final albedo 1301 
values are guided by the publicly available data of Putzig and Mellon (2007).  A 1302 
number of iterations were used to refine these newly constructed maps.  In 1303 



 30 

comparison with TES observations, simulated AM and PM ground temperatures at 1304 
Ls~120o in the NPRC region are almost everywhere within ~5 K of observations at a 1305 
resolution of ~15 km (see Fig. 6).  Presumably this helps greatly towards a realistic 1306 
dynamical simulation, as well as a realistic depiction of locations that are able to 1307 
sublimate ice into atmospheric vapor. 1308 

A good mesoscale simulation requires realistic boundary conditions, both 1309 
lateral boundaries for the mother domain and physics that give the model realistic 1310 
source/sink terms in the exchange of water mass between the surface and the 1311 
atmosphere.  The cloud scheme of Montmessin et al. (2004) was incorporated into 1312 
the OSU MMM, with a surface reservoir added to keep track of ice that falls to the 1313 
ground (snow) and vapor that is directly deposited when temperatures drop below 1314 
the frost point (frost).  Ice in this surface reservoir is free to sublimate back into the 1315 
atmosphere when conditions allow.  With this model functionality, the result is a 1316 
simulation where the atmospheric vapor column remains in very good agreement 1317 
with observations for the duration of the simulation.  This is not a given for a 30 sol 1318 
run, as many poorly constructed initializations revealed.  If a mesoscale model is to 1319 
be used to improve our understanding of the water cycle, it is very important that it 1320 
does a good job in capturing the larger-scale aspects of the water cycle.  It seems 1321 
only from that starting point that investigations into more subtle aspects of the 1322 
water cycle can be carried out.  Efforts here preface future studies at seasons when 1323 
sizeable secular trends in the atmospheric state must be realistically simulated. 1324 

A parameter sensitivity and model tuning exercise was performed to 1325 
determine how the meridional structure of clouds in the model responds to 1) the 1326 
fraction of dust particles that are allowed to become cloud particles (

 

fIN ), and 2) the 1327 
degree to which the sedimentation velocity is enhanced in the cloud scheme (

 

fSED) 1328 
(to account for larger particles if a size distribution was used).  With realistic 1329 
limitations for 

 

fIN  in polar latitudes (~3-5%), the visible opacity of ice in the model 1330 
atmosphere is in good agreement with observations.  Simulations with various 1331 
meridional profiles of 

 

fIN  suggest that much larger nucleation fractions are required 1332 
for the realistic simulation of clouds equatorward of the polar region.  It may be 1333 
useful to think of cloud formation as occurring in two modes at this season: 1) a 1334 
polar mode with small diurnal meteorological cycles and only moderate dynamical 1335 
forcing, and 2) a lower latitude mode with large diurnal meteorological cycles and 1336 
strong dynamical forcing.  In the balance between environmental forcing and 1337 
microphysical processes, smaller supersaturations would be expected in the polar 1338 
mode.  With so much water vapor and only very small ice opacities observed, the 1339 
summertime polar atmosphere is unique.  Recent observations suggest that larger 1340 
(~25 µm) ice particles may be typical in the polar summertime.  It may be that small 1341 
supersaturations causing low rates of nucleation (in an environment with a great 1342 
deal of vapor available) is the explanation for these larger ice particles.  We note 1343 
that larger particles allow for a significant amount of ice the polar atmosphere 1344 
without the opacity becoming large. 1345 

When the model is run without nests (which lowers resolution over the pole 1346 
from 15 km to 135 km), the mass of cloud ice in the polar atmosphere increases 1347 
tenfold.  Because of this, it appears that at least some of the problem GCMs have 1348 
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with excessive cloudiness and sensitivity during northern summertime is caused by 1349 
insufficient spatial resolution.  In this study, it is the activation of the 45 km nest 1350 
(the first nest) that allows important aspects of the polar circulation to develop.  We 1351 
find that strong circumpolar easterlies, katabatic flow and transient eddies are all 1352 
involved in the ventilation of vapor away from the NPRC region.  When only the 1353 
mother domain is active, the model is incapable of resolving these aspects of the 1354 
circulation.  The existence of a sufficiently realistic circulation causes the cloud ice 1355 
column to become realistic in comparison with observations; and, when the second 1356 
nest is made active, no further reduction in the ice column is seen.  The formation of 1357 
a realistic circulation in the polar region causes the excessive cloudiness seen in the 1358 
model to disappear. 1359 

Three additional mother domain only runs were performed to test the effects 1360 
of 1) shorter microphysics time-stepping, 2) smoother polar topography, and 3) 1361 
lessened dynamical diffusion.  None of these tests caused the circulation to be more 1362 
realistic or reduced the excessive cloudiness.  For this crucial season in the annual 1363 
water cycle, the polar circulation is highly complex, and sufficient spatial resolution 1364 
appears to be a basic requirement if a realistic simulation of water ice clouds during 1365 
northern polar summertime (for the right reasons) is desired.  Since the activation 1366 
of the first nest allows the circulation to be resolved, we find that a grid spacing of 1367 
~1o is probably sufficient to resolve the crucial dynamics.  This study is unable to 1368 
address the “pole problem” and how it may be involved.  Certainly, the cloud scheme 1369 
used in this study has fewer “degrees of freedom” than a more sophisticated cloud 1370 
scheme, and it is possible that the sensitivity to spatial resolution seen in this study 1371 
is somehow related. 1372 

Results from this modeling study are consistent with numerous independent 1373 
observations gathered during the Phoenix mission in 2008.  Our modeling suggests 1374 
that independently observed events (spaced very closely in Ls) are dynamically 1375 
related.  LIDAR observations show that the vertical structure of cloud ice over 1376 
Phoenix undergoes a rapid change at Ls=122o (Phoenix sol number 99).  Before this 1377 
date cloud ice had only been observed above ~10 km AGL, while after this date it 1378 
can be seen very near the ground in the early AM.  Just prior to this rapid change in 1379 
the cloud heights, the linear decrease of the Phoenix surface pressure record is 1380 
interrupted by a strong low-pressure system that modifies the record over a period 1381 
of ~2-3 sols (the center is sol 94, or Ls=120o).  In the model, a “storm zone” exists on 1382 
the northern slopes of Alba Patera.  This “storm zone” produces a large cyclonic 1383 
(low-pressure) disturbance, which migrates into the region just to the northeast of 1384 
Phoenix (just after Ls=120o).  In the model, the arrival of this disturbance is followed 1385 
by a rapid change in cloud heights that is similar to what was observed by the 1386 
Phoenix LIDAR.  Then, after a couple more sols, an annular cloud forms in the early 1387 
AM model atmosphere.  Compared with observations, the simulated annular cloud is 1388 
of the same size, and appears at a location and time of day that is in very good 1389 
agreement with the recurring annular cloud described by Cantor et al. (2002) and 1390 
Malin et al. (2010).  Composite MARCI imagery shows that the 2008 appearance of 1391 
the annular cloud follows the surface pressure excursion by a couple sols, at 1392 
Ls=121.9o (Bruce Cantor, personal communication, 2013), forming very closely in Ls 1393 
to the other observations. 1394 
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Because of the very close timing seen in both the observations and the model, 1395 
a dynamical relationship is suspected between the changes in clouds observed by 1396 
the Phoenix LIDAR, the sizeable excursion observed in the surface pressure record 1397 
and the appearance of the annular cloud.  In both the model and on Mars this all 1398 
occurs over a short period of ~5 sols.  The OSU MMM does not predict the large 1399 
surface pressure excursion at Phoenix that was observed, although a singular and 1400 
very strong cyclonic disturbance moves through the region to the east of the lander 1401 
site with an amplitude that is as large as that in the observations (~1%).  In the 1402 
model, the circulation associated with the surface pressure excursion is dynamically 1403 
responsible for modifying the spatial distribution of atmospheric water vapor, and 1404 
this is the primary reason for the formation of an annular cloud.   With the proximity 1405 
of a strong transient disturbance, more vigorous dynamics would be expected to 1406 
exist, and would likely have a role in the rapid changes seen in modeled clouds over 1407 
Phoenix.  This conclusion is supported through the analysis of imagery in this very 1408 
specific Ls window (Moores et al., 2010). 1409 

With a sizeable signal in the Phoenix surface pressure record, the existence of 1410 
a strong transient is certain.  As evidence of increased dynamical vigor in the local 1411 
atmosphere, wind speeds (both modeled and observed) are significantly larger due 1412 
to its existence.  The Phoenix LIDAR observed a threefold decrease in the opacity of 1413 
dust, which would almost certainly mean the formation of larger ice particles that 1414 
would fall faster and nearer to the ground.  It is not completely clear what caused 1415 
the rapid change in the observed cloud heights above Phoenix, although dynamics 1416 
related to the proximity of a strong transient disturbance seem to be involved.  It is 1417 
possible that this rapid sequence of events signifies a seasonal transition, one that is 1418 
marked with the appearance of the seasonally recurring annular cloud. 1419 

Mesoscale modeling has an important role in understanding these issues.  1420 
With the certainty of a highly complex northern polar summertime circulation, and 1421 
the importance of this season and region in the annual water cycle, dynamical 1422 
modeling that is sufficiently realistic for scientific investigation of polar processes 1423 
requires a renewed consideration of the importance of resolution and its effect on 1424 
model results.  Without a doubt, careful study of the Ls~120o season is crucial as we 1425 
strive for better simulations of the climate system.  The use of “semi-interactive” 1426 
dust schemes and other creative variants that allow additional freedoms in 1427 
modeling, while simultaneously maintaining a realistic atmospheric state, are likely 1428 
to be very useful as our skill level improves.  Future efforts with the OSU MMM will 1429 
include an explicit nucleation phase, where the fallout of ice particles can modify the 1430 
number density of dust particles, and the dust particle size distribution will be 1431 
relaxed towards a realistic prescribed distribution.  With more complete 1432 
microphysics, and radiatively active water ice clouds, future efforts will help to 1433 
refine our understanding of the complex circulation during northern polar 1434 
summertime. 1435 

1436 
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 1437 
Figure 1.  The Ls~120o dust prescription is shown.  The visible opacity of dust in the 1438 
atmosphere is prescribed.  This prescription is used in both the Ames GCM and the 1439 
OSU MMM for all simulations in this study.  The column opacity shown in the lower 1440 
right subplot is prescribed at the zonal-mean surface pressure (not at the 6.1 mbar 1441 
level).1442 
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 1443 
Figure 2. The final 20 sols of surface pressure data from the NASA Ames GCM 1444 
(interpolated to VL1 and adjusted for topography) are compared with VL1 1445 
observations.  For VL1, the diurnal mean surface pressure data is shown.  For the 1446 
OSU MMM, a “boxcar” filter (with a 24 hr window) is applied to the hourly GCM 1447 
surface pressure record (blue curve). 1448 

1449 
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 1450 
Figure 3. TES atmospheric temperatures are compared with those from the Ames 1451 
GCM and the OSU MMM for a period centered on Ls=120o.  TES temperatures are 1452 
from MY 25, averaged over a 10o Ls window, where T=(TPM+TAM)/2.  The Ames GCM 1453 
and OSU MMM temperatures are time/zonal-means for a period of 20 sols. 1454 

1455 
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 1456 
Figure 4.  The topography and albedo maps of all domains are shown as configured 1457 
for this study (zoomed in on the identical polar region for each domain).  The X and 1458 
Y axes are labeled with domain gridpoint number for the subset of the domain being 1459 
shown (the mother domain is 130x130 gridpoints with a nominal resolution of 135 1460 
km (true at 37.5o N), the first nest is 115x115 gridpoints at 45 km, and the second 1461 
nest is 151x151 gridpoints at 15 km). 1462 

1463 
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 1464 
Figure 5. Maps of surface albedo and thermal inertia (at eighth degree resolution) 1465 
are shown.  These maps are the basis of the maps used in all domains of the OSU 1466 
MMM.  The constructed data blends into the data of Putzig and Mellon (2007) 1467 
between 60o and 70o N (the transition zone is apparent in the thermal inertia map). 1468 

1469 
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 1470 
Figure 6.  A comparison between OSU MMM ground temperatures and TES data for 1471 
Ls=120o is shown.  TES data were binned in half-degree spatial bins for a period of 1472 
5o of Ls to either side of Ls=120o.  20 sols of model data centered on Ls=120o (taken 1473 
from the 15 km nest) are used to construct the mean temperatures at TES AM and 1474 
PM times (LTST varies significantly from 2 PM and 2 AM at high latitudes).  The OSU 1475 
MMM data are first interpolated to the TES bin locations before differencing. 1476 

1477 
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 1478 
Figure 7.  A comparison between Phoenix air temperature and surface pressure data 1479 
is made with the OSU MMM for 20 sols of data centered on Ls=120o.  In the upper 1480 
subplot, records of air temperature are compared at 1.9 m AGL (the upper sensor on 1481 
the Phoenix mast).  The Phoenix data are shown in black with the 20-sol mean in 1482 
red.  The actual OSU MMM air temperature data (using the lowest model level at a 1483 
diurnal mean height of ~7 m AGL) is shown with blue circles (the green circles show 1484 
the result of vertically interpolating this data to 1.9 m AGL).  The 20 sols of surface 1485 
pressure data are compared in the middle subplot.  In the lower subplot, excursions 1486 
from the linearly trended mean diurnal cycles are shown.  A “boxcar” smoother has 1487 
been applied to facilitate an easier comparison between Phoenix (black/red) and 1488 
the OSU MMM (blue/green). 1489 

1490 
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 1491 
Figure 8.  The 2PM zonal-mean water vapor column abundance in the OSU MMM is 1492 
compared with TES observations for MY25 and MY26.  The model vapor data is 1493 
from the mother domain of case 3 (~135 km spatial resolution), at a point in the run 1494 
where both the 45 km and 15 km nests are active and fully spun-up (a 10-sol period 1495 
centered on Ls=120o).  The TES data for MY25 and MY26 are 5o of Ls zonal-mean 1496 
averages for two periods, one just before and one just after Ls=120o, showing that 1497 
there is no sizeable seasonal trend in either MY. 1498 

1499 
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 1500 
Figure 9a.  The three varying prescriptions, for the fraction of dust particles allowed 1501 
to become ice nuclei (

 

fIN ), are shown.1502 
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 1503 
Figure 9b.  Results are shown for three of the parameter sensitivity simulations.  1504 
Case 1: 

 

fIN  is everywhere equal to 0.5 with 

 

fSED  equal to 1.25.  Case 2: 

 

fIN  decreases 1505 
in high northern latitudes with the weakly limiting prescription (see Fig. 9a) with 1506 

 

fSED  equal to 1.25.  Case 3: 

 

fIN  decreases in high northern latitudes according to the 1507 
weakly limiting prescription with 

 

fSED  equal to 1.75.  The TES MY25 and MY26 data 1508 
are zonal-mean ice column depths, constructed from the TES 12 µm IR opacity data 1509 
using a relationship given in the text.  Two profiles are shown for each MY, each an 1510 
average over a 5o Ls bin period, with one just before and one just after Ls=120o.  The 1511 
OSU MMM zonal-means are constructed using 10 sols of data centered on Ls=120o.  1512 
The blue curves are time/zonal-means, while the red curves use 2 PM local solar 1513 
time model results (best for comparison with TES). 1514 

1515 
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 1516 
Figure 9c.  As in Fig. 9b, results for three of the parameter sensitivity simulations are 1517 
shown.  Case 3: 

 

fIN  decreases in high northern latitudes according to the weakly 1518 
limiting prescription with 

 

fSED  equal to 1.75.  Case 4: 

 

fIN  decreases to the north 1519 
according to the stronger limiting prescription (see Fig. 9a) with 

 

fSED  equal to 1.75.  1520 
Case 5: 

 

fIN  decreases to the north according to the strongest limiting prescription 1521 
(see Fig. 9a) with 

 

fSED  equal to 1.75. 1522 
1523 
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 1524 
Figure 10.  The zonal-mean model visible ice opacity at 2 PM is compared to the TES 1525 
visible ice opacity (2.1 times the IR opacity).  The solid red curve is for case 3, and 1526 
the blue curve is for case 4 (see Fig. 9c).  For TES, MY25 is shown with solid black 1527 
lines and MY26 is shown with dashed black lines.  Two profiles are shown for each 1528 
MY, each an average over a 5o Ls bin period, with one period just before and one just 1529 
after Ls=120o. 1530 

1531 
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 1532 
Figure 11.  The 20-sol time/zonal-mean ice particle sizes are shown for case 3 and 1533 
case 4 (see Figs. 9a, 9c and 10).1534 
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 1535 
Figure 12a.  In the left subplots, the 20-sol diurnal mean sublimation rates are 1536 
shown for the high-resolution case and the low-resolution case (spatial resolutions 1537 
are nominally 15 km and 135 km, with case 3 parameters used in both simulations).  1538 
Regions of net sublimation and net deposition are indicated in the right subplots at 1539 
all permanent ice locations (thermal inertia greater than 600 units SI).  The total 1540 
area of permanent ice in each of the two cases is provided in the title.  In the left 1541 
subplots, local sublimation rates are shown in color (µm/day), and the total 1542 
sublimation of ice mass per day is given in the subplot titles.  The X and Y axes are 1543 
labeled with gridpoint number for the subset of the specific domain shown. 1544 

1545 
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 1546 
Figure 12b.  The loss (sublimation) and accumulation (deposition/snowfall) of ice is 1547 
shown for the 15 km nest of case 3.  In the left subplot the sublimation rate (as in 1548 
Fig. 12a) is shown.  In the right subplot the sum of the snowfall and deposition rates 1549 
is shown.1550 
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 1551 
Figure 13.  Two simulations are compared, a low-resolution case (without nests) 1552 
and a high-resolution case (with nests).  The upper subplot shows the column water 1553 
vapor depths compared to TES.  The lower subplot shows the column ice depths 1554 
compared to TES.  The two curves for each TES MY show the 5o Ls bin period for just 1555 
before and after Ls=120o. 1556 

1557 
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 1558 
Figure 14a.  20-sol time/zonal-means are shown for air temperature, zonal wind 1559 
and meridional wind.  The left set of subplots is from a case without nests (mother 1560 
domain only, a resolution of ~135 km).  The right set of subplots is from the 15 km 1561 
nest in the case with both nests active.  Both simulations use case 3 cloud scheme 1562 
parameters. 1563 

1564 
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 1565 
Figure 14b.  Water vapor and cloud ice mass mixing ratios (Qv and Qc) are shown for 1566 
the two cases shown in Fig. 14a.1567 
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 1568 
Figure 15.  20-sol diurnal mean winds (left), and instantaneous excursion winds 1569 
(right, actual wind minus the mean diurnal cycle value) are shown at two elevations, 1570 
~200 m (top) and ~5 km AGL (bottom).  The 20-sol mean winds are shown on a 1571 
color map of topography, and the excursion winds are shown on a color map of the 1572 
percentage surface pressure excursion amplitudes (see text for definition). The X 1573 
and Y axes are labeled with gridpoint numbers from the 15 km nest (to show the 1574 
transient eddy surface pressure amplitudes clearly, the regions are not identical). 1575 

1576 



 52 

 1577 
Figure 16.  Column water vapor abundances from the 15 km nest are shown.  Two 1578 
instances from case 3 are compared.  The first is 8.5 days before Ls=120o, while the 1579 
second is 8.5 days after Ls=120o.  The location of Phoenix is identified and the nest 1580 
topography is contoured at intervals of 500 m. The X and Y axes are labeled with 1581 
gridpoint number and latitude circles are drawn at 65o, 75 o and 85 o N. 1582 

1583 
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 1584 
Figure 17.  The 20-sol mean strength of the percentage excursion from the mean 1585 
diurnal surface pressure cycle is shown (equation in text).  Results are centered on 1586 
Ls=120o, and shown for a subset of the 45 km nest (first modeling nest).  The 1587 
summit of Alba Patera is at the lower left corner and the NPRC polar dome is at the 1588 
center (as identified by contours of topography).  The “storm zone” (as discussed in 1589 
the text) is seen on the poleward slopes of Alba Patera. 1590 

1591 
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 1592 
Figure 18.  Six instances of the diurnal mean wind field at ~1 km AGL are shown 1593 
(sols 1, 8, 12, 15, 18 and 20).  Wind vectors are shown for every other location for a 1594 
subset of the 45 km nest (115x115 total size).  The location of Phoenix is shown 1595 
with a white asterisk, and topography is contoured at 500 m intervals.  A white 1596 
dashed meridian is added to better reveal movement of the circulation, and thin 1597 
white lines are parallels at 30o, 45o, 60o and 75o N. The X and Y axes are labeled with 1598 
gridpoint number. 1599 

1600 
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 1601 
 1602 
Figure 19a.  Two different occurrences of the annular cloud are shown, from MY26 1603 
and MY28.  Images are wide-angle MOC.  For reference, see Malin et al. (2010) Fig. 1604 
35. 1605 

1606 



 56 

 1607 
Figure 19b.  Maps of column vapor abundance, ground temperature and column ice 1608 
abundance are shown for the first and second nest (45 km and 15 km resolutions) at 1609 
~0730 AM LTST from case 3.  An annular cloud, as modeled in this study, is shown 1610 
in the lower subplots.  The location of Phoenix is marked in each subplot, with gray 1611 
contours of topography drawn to help orientation. The X and Y axes are labeled with 1612 
gridpoint number. 1613 

1614 
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 1615 
Figure 20a.  For the 20-sol analysis period, the vertical structure of the water vapor 1616 
mass mixing ratio and the size of ice particles over Phoenix is shown for cases 1-3 1617 
(top to bottom). 1618 

1619 
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 1620 
Figure 20b.  For the 20-sol period, the vertical structure of the water vapor mass 1621 
mixing ratio and the size of ice particles over Phoenix is shown for cases 3-5 (top to 1622 
bottom). 1623 

1624 
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 1625 
Figure 21a.  Vertical slices of cloud particle size are shown in the lower subplots for 1626 
day 5 from the 15 km nest of case 3 at ~0230 and ~1430 LTST. Values for LTST and 1627 
the day are shown in the subplot titles.  The black asterisks indicate the location of 1628 
Phoenix.  The surface transect of the slices (dotted black line over Phoenix and the 1629 
pole) is identified in the upper subplots (horizontal slice), where the particle size in 1630 
the lowest model layer (ground fog) is shown for the same LTST/day as the subplot 1631 
below.  Contours of model topography are drawn at 500 m intervals in the upper 1632 
subplots.  In the upper subplots, the X and Y axes are labeled with gridpoint number. 1633 

1634 
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 1635 
Figure 21b.  Vertical slices of cloud particle size are shown in the lower subplots for 1636 
day 15 from the 15 km nest of case 3 at ~0230 and ~1430 LTST.  Values for LTST 1637 
and the day are shown in the subplot titles.  The black asterisks indicate the location 1638 
of Phoenix.  The surface transect of the slices (dotted black line over Phoenix and 1639 
the pole) is identified in the upper subplots (horizontal slice), where the particle 1640 
size in the lowest model layer (ground fog) is shown for the same LTST/day as the 1641 
subplot below.  Contours of model topography are drawn at 500 m intervals in the 1642 
upper subplots. In the upper subplots, the X and Y axes are labeled with gridpoint 1643 
number. 1644 

1645 
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 1646 
Figure 22.  Vertical slices of cloud particle size are shown for cases 4 and 5 for the 1647 
AM time of sol 15.  The slice is identical in location and time with those in the AM 1648 
subplots of Figs. 20a and 20b.1649 
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