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ABSTRACT
The Martian daytime soil surface temperature is governed primarily by the net irradiance balance and surface
soil heat flux. Thus the outbreak of a cold air mass generates increased sensible heat flux that is conducive to
daytime dissipation of the cold air mass thermal characteristics. Conceptual and scaling evaluations of this
dissipation are provided while comparison is made with similar situations on Earth. It is estimated that sensible
heat flux contribution to the dissipation of the original thermal structure of the cold air could be three times
larger than the corresponding situation on Earth. Illustrative numerical model simulations provide scaling of the
potential impact on the dissipation of cold air masses for various combinations of background wind speed and
latitudes.

1. Introduction
The daytime Martian surface thermal energy balance
is predominantly governed by net irradiance fluxes and
surface soil heat flux (e.g., Kieffer et al. 1977). Because
of the low density of the Martian atmosphere (see Table
1 for typical values of surface atmospheric pressure),
the surface sensible heat flux Hs is secondary in its effect
on the surface energy balance but is a prime thermal
source in the onset of daytime convective boundary layer (CBL) characteristics. Typical daily averaged values
of incoming solar irradiance on a horizontal surface in
the midlatitudes during the northern hemisphere spring
equinox (Ls 5 08; where Ls is areocentric longitude of
the sun) accounting for dust opacity effects are ;200–
300 W m22, whereas in winter (Ls 5 2708) the values
are 75–175 W m22 (Applebaum et al. 1993). The daytime averaged incoming longwave irradiance at the surface emitted by the Martian atmosphere for winter–early
spring atmospheric temperatures is ,30 W m22 for atmospheric dust optical depth t less than 1 (inferred from
Haberle and Jakosky 1991). Projections from Sutton et
al. (1978) and Tillman et al. (1994) for the related values
of the sensible heat fluxes Hs in midlatitude during win-
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ter and early spring periods of the Martian year are ,20
W m22 (the Hs values are sensitive to soil thermal inertia,
surface roughness, and wind speed).
Therefore, during daytime outbreaks of cold air masses over relatively warm surfaces, only a mild effect of
sensible heat transfer on the soil surface temperature is
anticipated. The commencement of a cold air outbreak
should result in an increased atmosphere–surface potential temperature difference, Du, and consequently an
increase in Hs. Enhanced wind speeds may be associated
with these events, further increasing the values of Hs
(Tillman et al. 1994). The increased Hs values should
be conducive to dissipation of the cold air mass thermal
characteristics. Evaluations of the effects of surface sensible heat flux on cold air outbreaks have not been reported, and it is the objective of this note to provide an
initial estimation of these characteristics.
Some of the above surface effects on Hs values on
Earth’s frontal systems are evaluated by Sanders (1955).
On Earth, the soil surface temperature adjusts rapidly
to air temperature change following passage of a cold
air mass (e.g., Mahrer and Segal 1984). The Martian
scenario, however, is to some extent analogous to outbreaks of continental cold air over Earth’s relatively
warm oceans. The heat storage of the oceanic surface
layer is almost unaffected by the outbreak; thus the water surface temperature is only mildly modified in most
cases. Consequently, the enhanced Hs values during
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TABLE 1. Input parameters for the numerical simulation.

Model top
Number of atmospheric levels
Background wind speed
Areocentric longitude of the sun (Ls)
Surface pressure based on VL-1 and VL-2 sites
Atmospheric dust optical depth
Surface roughness parameter
Solar constant
Solar declination angle
Surface albedo
Number of soil module levels
Soil thermal inertia

28 km
41 (the lowest 10 levels are 1.6, 10, 25, 50, 100, 175, 300, 500, 750, and
1000 m)
3, 6, 9, 12, 15, 18, 21, 24, 27 m s21
08 (vernal equinox)
VL-1: 8.2 mb; VL-2: 8.8 mb
0.6
1 cm
563 W m22
08
0.3
20
260 W m22 s½ K21

such events result in significant modification of the cold
air mass thermal characteristics within a relatively short
period (e.g., Garratt 1992). Projecting from the Earth
marine case, it is likely that analogous rapid modifications are caused by the daytime cold air outbreaks on
Mars.
Tillman et al. (1979) survey earlier studies evaluating
existence of northern hemisphere Martian frontal systems. They were first to infer the passage of cold fronts,
based on Viking L-2 measurements. Horizontal temperature differences as high as 20 K were inferred across
the cold front at Viking Lander site L-2 (488N). Infrared
interferometer spectrometer analysis by Santee and
Crisp (1993) implies that differences in the lower atmosphere temperature of 30 K across a narrow zone of
the CO2 polar ice cap edge are likely during the late
northern winter. (The Martian atmosphere consists of
about 95% CO2. Condensation and sublimation of CO2
produces annual variation of the ice cap size.) Generally,
outbreaks of intense cold air masses are attributed to
baroclinic wave activity associated occasionally with
advection to the midlatitudes of cold polar air masses.
It is suggested that considerable dissipation of any cold
front or outbreak of cold air mass can occur within short
timescales, due to the increase in daytime Hs values
resulting from the abrupt drop in the atmospheric temperature.
In the evaluations presented in this note a Lagrangian
approach is adopted, in which an atmospheric column
is followed in time along a given latitude, and the impact
of the surface sensible heat flux on its thermal structure
is evaluated. A bulk scaling of such effects as well as
conceptual evaluations are provided in section 2. The
impacts of surface sensible heat flux on the thermal
structure of cold fronts on Earth have been found to be
important in various situations (e.g., Segal et al. 1993a;
Miller et a1. 1996). Therefore, comparisons of similar
situations of cold air outbreaks on Mars and Earth are
useful and were included in the scaling. The effect of
variation in wind speed, consideration of longwave irradiance flux divergence, as well as the time dependence
of the atmosphere–soil thermal interaction, are not included in the bulk scaling. Therefore, numerical modeling of the thermal interactions during Martian cold air

outbreaks would provide complementary scaling. Evaluations of the impact of wind speed, Du, and the solar
irradiance (as dependent on latitude) on the boundary
layer thermal characteristics for an illustrative case of
cold air outbreaks are made by utilizing a 1D numerical
boundary layer model, as described in section 3. The
model evaluation consists of comparisons of simulated
thermal characteristics of control runs against those simulated in prescribed cold air outbreak runs.
2. Conceptual evaluations
In the analysis of atmospheric thermal modifications
by the sensible heat flux, a Lagrangian column of a cold
air mass is followed along a given latitude and its boundary layer thermal modifications are scaled. Thus the
potential dissipation of cold air mass thermal characteristics can be projected. Since the magnitude of Hs at
night is about one order of magnitude lower than the
daytime value (with opposing sign), only the daytime
period is considered in the present evaluations. For scaling purposes, it is assumed that in the morning (around
sunrise) the lower atmosphere has an average vertical
potential temperature gradient, b̄0 . The daytime average
potential temperature increase within the CBL, due to
the sensible heat flux contribution at time, t, later in the
day is denoted ū9 and it can be approximated as
1
u¯ 9 5 b¯ 0 h t ,
2

(1)

where ht is the depth of the CBL at time t. The value
of u9 acquires its peak near the surface and in a first
approximation drops linearly to 0 at height ht. A common approximation of the value of ht at time t following
sunrise (e.g., Garratt 1992) is
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(2)

where Cu (ø1.2) is an entrainment coefficient considering the downward heat flux at the CBL top, Cp is the
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atmospheric heat capacity at constant pressure, and r is
the average density within the CBL. In order to facilitate
general insight into the characteristics of modification
of cold air masses on Mars, comparison is made with
Earth. Denoting by subscript m and e, Martian and Earth
parameters, respectively, and substituting the corresponding values of r and Cp on Earth and Mars into (1)
and (2), it follows that

[ ][ ]

u¯ 9
b¯
h 5 ¯ m ù 8 ¯ om
u9e
boe

1/2

ˆ
H
sm
ˆ
H
se

1/2

,

(3)

where Ĥs is the integrated sensible heat flux by time t.
Adopting, in a conservative approach, [Ĥsm/Ĥse]1/2 #
0.26 (assuming at noon Hsm # 20 W m22 and Hse #
300 W m22; note that during cold air outbreaks on Earth
the surface latent heat flux is suppressed) and b̄om 5
2b¯ oe results in h # 3. Thus the effect of daytime surface
sensible heat flux on the dissipation of the cold air outbreak during winter–early spring may be in a first approximation as much as about three times larger on Mars
than on Earth [Ye et al. (1990), estimated for the summer
h ù 3.5].
The surface sensible heat flux is provided by the relation
HS 5 2rZCpCHuZ(uZ 2 us),

(4)

where CH is the near-surface heat transfer coefficient
(sensitive to surface layer Monin–Obukhov length), uZ,
uZ, rZ, and us are the near-surface (at height Z) wind
speed, potential temperature, air density, and the ground
surface potential temperature, respectively.
The interrelationship between uZ and (uZ 2 us) in
Eq.(4) in controlling Hs on Earth and Mars is evaluated
in the following. During the daytime on Earth over land,
intensification of uZ results in an immediate response of
some increase, DHs, in the sensible heat flux (typically
for common range of daytime wind speed [DHs] ; 0.1
[Hs]). Such increases in Hs are sufficient to reduce noticeably the surface potential temperature us. On Mars,
where us is primarily forced by the net radiative balance,
the absolute DHs value due to the change in uZ is smaller
than on Earth and the corresponding perturbation of us
is mild. Thus, Hs values on Mars would relatively increase more than on Earth with initiation of enhanced
uZ. However, gradual decrease with time in Hs values
would result due to the increase in uZ.
ˆ 1/2
From Eqs. (1)–(2), ū9 and h are proportional to H
s .
Thus the increase of Hs with uz would result in stronger
dissipation of the cold air mass through a deeper vertical
extent. Note that, for scaling purposes, in Eq. (2) the
average value of b0 within the CBL depth ht was considered. Since b0 decreases with height, deeper CBL
would reduce b̄0, which, from (2), is conducive for further CBL growth. For example, when Hs is doubled, h
would increase by a factor greater than Ï2 because of
the reduction in b̄0 with height.
Finally, commencement of an equatorward Martian
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cold air mass outbreak around sunset, in a given geographical location, would likely distort only mildly the
downwind air mass thermal stratification during the nocturnal period due to suppression of the zHsz values (most
of the effect is likely near the surface). Therefore, in
such situations the equatorward expansion of the cold
air outbreak effectively increases. For example, a northerly wind component of 20 m s21 causes equatorward
advection during the night (;12 h) to be ;890 km,
which is about 158 latitude.
3. Numerical modeling
a. Modeling aspects
An illustrative case reflecting late winter–early spring
(Ls 5 08) conditions was simulated. The Earth numerical
mesoscale model, whose formulation is given in detail
in Arritt (1989), was converted to a Martian model. The
model uses a turbulence closure in which the turbulent
fluxes are derived with the aid of prognostic turbulent
kinetic energy equation and diagnostic length scale. The
soil module consists of a heat conduction equation
solved in multilevel grid points (with increased resolution near surface). At the surface the thermal fluxes
are accounted for in the determination of the top layer
soil temperature. This model adjustment to the Martian
atmosphere was accomplished by adjustments of physical constants and by implementing the Martian radiative transfer scheme following Savijarvi (1991). Included are solar irradiance transfer considering atmospheric CO2 and dust effects, and CO2 infrared transfer
using an emissivity scheme. Dust effects in the infrared
are not considered (however, this should have only a
secondary effect on the dissipation of the cold air outbreak since for the dust optical depth values considered,
the corresponding daytime effect on the surface temperature is small).
The computational procedure outlined in Segal et al.
(1993b) was used for carrying out illustrative multiple
1D model simulations. (The procedure utilizes a 3D
numerical model array in which all formulations for
atmospheric horizontal processes are removed, and the
horizontal spatial coordinates are replaced by parameter
ranges.) Pertinent combinations of geostrophic wind
speed, Ug, (ranging from 3 to 27 m s21) and latitude
(ranging from 358N to 558N) were considered. Note that
the predicted near-surface wind speed is lower than Ug
due to frictional effects. The model basic input parameters used in the simulations are provided in Table 1.
A steady radiative–convective equilibrium for the diurnal cycle was established following 120 h of simulation. From this stage (0600 Martian sun time or MST),
which reflects the initial conditions, the simulations
were continued for an additional 33 h, considering two
situations: (i) control simulation, which consisted of an
extension of the original simulation through its equilibrium stage, and (ii) cold air outbreak in which a pre-

Unauthenticated | Downloaded 06/16/21 01:23 AM UTC

1 JUNE 1997

NOTES AND CORRESPONDENCE

FIG. 1. Accumulated sensible heat flux, Ĥs, (104 W m22) following
33 h of simulation for (a) the control simulation (the dark circles
indicate the various 1D simulations in the composite and their corresponding background flow values, Ug, and latitude), and (b) cold
air outbreak simulation.

scribed drop in the potential temperature constituted an
analogous situation to the initiation of passage of cold
front and subsequent advection of cold air mass. The
potential temperature composites in both situations following 33 h of simulation (i.e., at 1500 MST of the
next day) are presented. The atmospheric dust optical
depth values adopted in the simulated days are those
measured at VL-1 and VL-2 [Colburn et al. (1989), Fig.
1; the lowest values were adopted]. In the presented
results, the unperturbed simulations reflect the warm air
mass sector, whereas the perturbed simulation reflects
the cold air mass sector. Comparing both provides insight into the potential changes in horizontal thermal
gradients while ignoring the supply of cold air by advection (see evaluations in Segal et al. 1993a). Finally,
it is worth noting that the maximum drop in the noon
soil surface temperature in the cold air outbreak simulation compared with the control simulation was ;4
K (for strong Ug) and reduced gradually to ;0 K with
the decrease in Ug (not shown). This is in agreement
with the evaluation in the previous section.
b. Simulation results
Figure 1a presents a composite in the parameter space
Ug–Latitude of the accumulated sensible heat flux Ĥs
contributed into the atmosphere following 33 h of the
control simulation. The composite consists of 45 1D
simulations representing the various combinations for

1547

the indicated Ug and latitude values (each 1D simulation
of the composite is represented by a dark circle in Fig.
1a). Reduction of Ĥs while moving northward results
from the decrease in solar irradiance. The rate of increase of Ĥs with the wind speed Ug is most pronounced
for the lower range of Ug values. For the high range of
Ug values, the variations in Ĥs are much less pronounced
as the near-surface air temperature is higher in response
to the increased values of Ĥs (see discussion in section
2). In the cold air outbreak simulation (Fig. 1b), where
the lower 4.5 km of the atmosphere was initially (0600
MST) cooled by 25 K (e.g., reflecting cold air outbreak
originating over the CO2 ice cap), a sharp increase in
Ĥs resulted in response to the increase in zuz 2 usz. The
values of Ĥs are about doubled when compared with
those in the control simulation. The contribution to Ĥs
was most pronounced immediately following the imposition of the temperature drop and gradually declined
with the progress of the simulation (not shown). The
magnitude of the increase in Ĥs implies, based on the
previous scaling, substantial warming of the lower atmosphere compared with the control simulation.
Figure 2a presents the composite in the parameter
space Z–Ug for the potential temperature u at latitude
458N at the commencement of the control simulation
(0600 MST). Intense radiative surface inversions within
a depth of several hundred meters above ground were
simulated. At 1500 MST the next day, following 33 h
of simulation (Fig. 2b), the CBL depth ranged from
;1.3 km to ;2 km for the given range of wind variation
(the CBL is taken as the depth of the lower atmosphere
layer in which ]u/]z # 0). In the cold air outbreak
simulation following 33 h (Fig. 2c), the CBL is noticeably deeper compared with the control simulation. The
depth of the CBL about doubled compared with that of
the control simulation. Comparing Figs. 2b and 2c
shows that for Ug 5 27 m s21, for which the highest Ĥs
were simulated, u values in the cold air outbreak simulation were lower only by ;6 K near the surface and
by ;7 K at the height corresponding to the top of the
CBL in the control simulation (compared with 25 K in
the commencement of the simulation). Differences in
the longwave flux divergence between both simulations
also affected the CBL warming feature. As discussed
previously, the Ĥs impact reduces with wind speed; for
Ug53 m s21 the potential temperature difference was
;9 K near the surface and at the top of the CBL (;1.3
km).
An illustrative latitudinal composite (Z–Latitude) depicting the impact on cold air mass dissipation for Ug
5 12 m s21 is presented in Fig. 3. Figure 3a shows the
initial u composite for the control simulation, and Fig.
3b shows the related composite following 33 h of simulation (1500 MST). The latitudinal variation of the
CBL depth (and its potential temperature) is noticeable.
Figure 3c depicts the related composite following 33 h
of the cold air outbreak (where in the lower 4.5 km the
initial u were 25 K lower than in the control simulation).
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FIG. 2. Z–Ug composite of the potential temperature u (K) at latitude
458N (a) at the commencement of the control simulation (0600 MST),
(b) following 33 h of the control simulation (1500 MST), and (c) as
(b) except for the cold air outbreak simulation (in the layer confined
by the dashed line, initially the potential temperature values were
reduced by 25K).

FIG. 3. Z–Latitude composite of the potential temperature u (K)
for Ug 5 12 m s21 (a) at the commencement of the control simulation
(0600 MST), (b) following 33 h of the control simulation (1500 MST),
and (c) as (b) except for the cold air outbreak simulation.

The deepening of the CBL and the eroding of the cold
air are significant, especially at high latitudes. Nearsurface u values were lower only by ;8 K at latitude
358N and by ;7 K at latitude 558N compared with the

corresponding values in the control run (i.e., the nearsurface warming magnitudes were 17 K and 18 K, respectively).
Finally, observations of maximum daily air temper-
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ature and mean wind speed at 1.6 m in the two Viking
Lander sites, VL-1 (228N) and VL-2 (488N), are presented in Tillman et al. (1994). For Ls 5 08, the maximum temperature is available only at VL-2, where a
value of ;217 K is representative (the daytime observed
characteristic wind speed corresponds to Ug 5 12 m
s21). The 1500 MST simulated 1.6-m temperature
(which is also about the maximum temperature) at 488N
is ;223 K (Fig. 3b), in reasonable agreement with the
observed temperature.
4. Conclusions
Scaling and illustrative numerical model simulations
presented in this note quantify the potential effect that
the daytime surface sensible heat flux has on the suppression of equatorward outbreak of Martian cold air
masses. Scaling indicates that this process may be as
much as three times more effective in modifying the
cold air mass compared with equivalent situations on
Earth. Simulations were carried out reflecting northern
hemisphere late winter–early spring solar conditions.
Adopting a Lagrangian approach and tracing an atmospheric column of cold air advected along a given latitude, it was found in the model simulations that the
original thermal characteristics of the atmosphere are
considerably modified due to warming following 33 h.
Faster decrease in frontal thermal contrast or in thermal
characteristics of cold air outbreak should occur with
equatorward movement of a cold air mass, as a result
of the increase in solar irradiance and the sensible heat
flux.
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