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The turbulent kinetic energy (TKE) budget has been obtained for the first time from
ground-based data on Mars, both for the unstable surface layer (SL) and for the
convectively driven mixed layer (CML). Values for storage, buoyancy, shear, vertical
turbulent transport, dissipation, and an imbalance term accounting for the rest of
the TKE budget have been determined and weighted for significance.

These results have been derived from ground-based measurements made by
Viking Lander 1 (VL1) on Sol 28, Viking Lander 2 (VL2) on Sol 20, and Pathfinder
(PF) on Sol 25, and through an adaptation to Mars of terrestrial similarity theory,
which constitutes a new approach to the study of the TKE budget on Mars.

Shear is the main TKE generator in the unstable SL for VL1 Sol 28 and PF Sol 25.
It is narrowly exceeded by dissipation, the main mechanism removing TKE. Both
terms present values ∼10−1m2s−3. Buoyancy generates TKE, though it plays a minor
role (∼10−2m2s−3). Vertical turbulent transport balances buoyancy, removing TKE
from the SL by sending it upwards. The imbalance term represents 30% of the main
mechanisms, while storage plays an insignificant role (∼10−5m2s−3). The SL TKE
budget for VL2 Sol 20 presents a different behaviour instead, with the imbalance
term becoming the main TKE generator, likely due to the anomalous atmospheric
conditions existing during this Sol.

Buoyancy and dissipation play the major roles generating and removing TKE in
the CML for the three Sols under study, respectively, both showing values around
5×10−3m2s−3. Vertical turbulent transport plays a minor role (∼10−4m2s−3), and so
does the imbalance term, with values about 25% of buoyancy or dissipation. Finally,
shear and storage terms are negligible, presenting values ∼10−6 and ∼10−5m2s−3,
respectively. Copyright c© 2011 Royal Meteorological Society
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1. Introduction

The turbulent kinetic energy (TKE) is a measure of the
intensity of the turbulence, and one of the most important

variables in micrometeorology (Arya, 2001). Advection,
buoyancy, shear, turbulent transport, turbulent pressure
redistribution, and dissipation are the mechanisms in charge
of generating, removing, or transporting TKE.

Copyright c© 2011 Royal Meteorological Society
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Unlike in the rest of the upper atmospheric layers,
turbulence is permanently present and shapes the lowest
part of the atmosphere, the so-called planetary boundary
layer (PBL). A deep knowledge of the thermodynamics of the
PBL is key to fulfil some of the main Martian science goals,
namely: determine if life ever arose on Mars, understand
the processes of climate, and prepare for human exploration
(MEPAG, 2008). Addressing the TKE budget accordingly, by
elucidating the weight of each of the mechanisms involved
in it, becomes a first and necessary step to gain insight into
the previous goals.

To date, little is known about the TKE on Mars. The reason
lies in the nature of the measurements that should be done to
investigate it. The TKE is defined as e = 0.5(σ 2

u + σ 2
v + σ 2

w),
where the overbars over the wind speed variances denote
averaging over periods of 30 min to one hour. This
way, the departure from the mean corresponds to the
turbulent part of the spectrum (Van der Hoven, 1957).
Such averaging methodology is known as the Reynolds
average form (Stull, 1988). Based on the TKE definition, and
on the equation of the TKE budget described in detail in
section 3, high-frequency and simultaneous measurements
at several heights of temperature, horizontal and vertical
wind speed, humidity, and pressure would in principle be
required to study the TKE budget in the lowest part of
the PBL (Wyngaard and Côté, 1971). Likewise, balloon or
aircraft measurements should be carried out to perform
an analogue study in the upper PBL (Kaimal et al., 1976).
However, equipment capable of performing these kind of
measurements still cannot be afforded by current technology
and the financial budget. Thus, researchers have focused
on creating numerical three-dimensional (3D) mesoscale
models, and more specifically, large-eddy simulation (LES)
models to study the turbulence in the Martian PBL.

Mars 3D mesoscale models are adaptations to Martian
conditions of well-proven mesoscale Earth models. As far as
we know, four terrestrial 3D mesoscale models have been
adapted to Mars:

(i) the Regional Atmospheric Modeling System (RAMS;
Pielke et al., 1992);

(ii) the Mesoscale Model Version 5 (MM5; Dudhia, 1993);
(iii) the Weather Research and Forecasting model (WRF;

Skamarock et al., 2005); and
(iv) the High-Resolution Limited-Area Model (HIRLAM;

Undén et al., 2002).

By properly increasing their resolution below the size
of the eddies, though maintaining the total domain large
enough to capture many of them (to allow representative
statistics), and by taking as initial thermal forcings the
‘outputs’ of these 3D mesoscale models (among other
adaptations), some LESs have been created and run for the
Martian PBL. Together with LESs linked to 3D mesoscale
models, pure idealized LESs have been applied to Mars. In
both cases, flat terrain and cyclic boundary conditions are
assumed.

We start by recapitulating LESs linked to 3D mesoscale
models, emphasizing those results related to the TKE and its
budget. Rafkin et al. (2001) created the seminal Martian LES
by adapting the terrestrial RAMS model, creating MRAMS
model. Vertical profiles of vertical velocity variance and TKE
for an idealized Martian location were shown in this seminal
work. MRAMS model was subsequently used by Michaels
and Rafkin (2002), where a qualitative discussion about the

TKE was presented for the Pathfinder (PF) landing site. The
next 3D model to be adapted to Mars was the terrestrial
MM5 model, which was tuned by Toigo et al. (2003) to
reproduce the formation of dust devils and their associated
TKE budget on Terra Meridiani. The first adaptation to
Mars of terrestrial WRF was done by Richardson et al.
(2007), where a LES was run to show preliminary results
at an idealized Martian location. A second adaptation,
with different characteristics, was carried out by Spiga and
Forget (2009), who showed vertical TKE profiles during
the afternoon at the Mars Exploration Rover landing site
Gusev Crater. (Useful information for the Gusev Crater
turbulent environment is also provided by the single-column
model shown by Savijärvi and Kauhanen, 2008). Via the
same model, Spiga et al. (2010) ran five LESs at the same
locations for which Hinson et al. (2008) calculated the PBL
height, providing vertical TKE profiles. Finally, Kauhanen
et al. (2008) adapted HIRLAM to Mars with the objective
of preparing eventual analyses of the meteorological data
returned by the Phoenix Lander, though no TKE results
were shown.

Referring to the idealized LES–not linked to 3D
models–Sorbjan(2007a, 2007b) performed three different
simulations by changing the strength of the radiative heating,
all of them at no specific Martian location. Vertical profiles
of horizontal and vertical velocity variances were presented
in non-dimensional form. Finally, supporting the Phoenix
mission, Tyler et al. (2008) adapted to Mars the terrestrial
Skyllingstad (2003) LES model, and showed vertical TKE
profiles and a qualitative discussion of buoyancy and shear.

The two types of LES previously mentioned, undoubtedly
among the most powerful tools to research the Martian PBL,
have shown vertical TKE profiles, but without addressing
the TKE budget, except for the dust devil case presented by
Toigo et al. (2003).

In this article we present both innovative results and a new
methodology. Values for the different mechanisms involved
in the TKE budget equation will be derived for the Martian
PBL during the most convective hours, both for the lowest
surface layer (SL), and for the upper convectively driven
mixed layer (CML) (Stull, 1988, gives their definitions).
The comparative role of the storage term, buoyancy, shear,
vertical turbulent transport, dissipation, and an imbalance
term accounting for the remainder of the TKE budget will
be determined in both layers. In addition, our study will be
carried out from surface-based data corresponding to Viking
and PF missions, and from an adaptation of similarity theory
to Mars, which constitutes a new approach to investigate
the TKE budget. Using this simple scheme–compared to
the extremely time-expensive LES–some of our results have
been found to compare well with already published LES
outcomes, which increases our confidence in our new results
and methodology.

Section 2 shows the data used as ‘inputs’, namely in situ
(surface-based) horizontal wind speed and temperature,
and modelled ground temperature. They all belong to some
selected Sols (1 Sol is one Martian day, spanning 88775 s)
of Viking Lander 1 (VL1), Viking Lander 2 (VL2) and PF
missions. Section 3 explains the methodology, and is split
into three subsections, describing the approach taken to
study the SL TKE budget, the CML TKE budget, and the
limitations of both approaches. Section 4 presents the results,
and is also divided into three subsections: the TKE budget
for the unstable SL, the TKE budget for the CML, and the
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sensitivity results to some key parameters. Section 5 gives a
discussion of the results, and is formed of two subsections,
the first addressing where the imbalance comes from, and the
second comparing the results to those obtained under fair-
weather conditions and over flat terrain on Earth. Finally,
the main conclusions are presented in section 6.

2. Data

The set of data employed in this work consists of:

(i) in situ hourly-averaged temperature,
(ii) in situ hourly-averaged horizontal wind speed

measured at the same height as the temperature,
and

(iii) modelled hourly ground temperature, Tg.

They all belong to three selected entire Martian Sols,
namely Sol 25–26 of PF, Sol 28 of VL1, and Sol 20 of VL2.
They correspond to solar longitudes Ls = 110◦, 127◦ and
155◦, respectively, where Ls stands for the Mars-Sun angle,
defined as starting from the northern spring equinox.

Though the hourly-averaged zonal and meridional wind
speed are shown in the NASA Planetary Data System (PDS)
for the VLs, we have here defined our x axis to be aligned
with the mean combined horizontal velocity, which we will
simply name as U . Following this assumption, V = 0. This
convention is also valid for the PF mission and applies to
the whole article, in both the SL and the CML.

We begin by describing the in situ data. For the Viking
missions, VL1 touched down on 20 July 1976, at 22.5◦N,
48◦W, and VL2 on 3 September the same year at 48.5◦N,
225◦W. It was summertime at both locations, corresponding
to Ls = 98◦ and 120◦, respectively. Viking missions measured
pressure, temperature, and horizontal wind speed at 1.6 m
height over 3.3 Mars years in the case of VL1, and over 1.6
Mars years in the case of VL2 (Hess et al., 1977).

Among all the available Viking Sols, we have selected VL1
Sol 28 and VL2 Sol 20 because only during these were some
indispensable conditions guaranteeing the accuracy of the
measurements met (Sutton et al., 1978). At both sites, and
through these Sols, the prevailing wind direction involved
the least interference from the lander. Wind speed and
temperature sampling rate during the strongest convective
hours were very high (up to 2 Hz) compared with the rest
of the mission, which implied more accurate means and
variances. The accuracy of the sensors was at their highest
level at that time for both missions. Since sampling took
place during the northern summertime, two additional
requirements were met: baroclinic disturbances (which
could result in the mixed layer not being convectively driven,
and therefore a worse performance of the adapted similarity
theory) were not present, and the amount of atmospheric
dust (which could also hinder its performance) was at a
minimum.

In Figure 1 we show hourly averaged temperature and
horizontal wind speed for VL1 Sol 28 and VL2 Sol 20. These
averaged measurements, together with their sampling rates,
are available in the NASA PDS.

Turning to the PF mission, it touched down on 4 July
1997 at 19.7◦N, 33.55◦W in the Ares Vallis region of Chryse
Planitia. It was northern summer at that time, corresponding
to Ls = 140◦. Through the ASI/MET package (Schofield et al.,
1997; Wilson and Joshi, 2000), the PF mission monitored
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Figure 1. VL1 Sol 28 and VL2 Sol 20 hourly averaged values of (a)
horizontal wind speed and (b) temperature, both measured at 1.6 m at both
locations, and available in the NASA PDS. In (a), wind speed for VL1 Sol
28 is shown as a solid line for clarity, although the values are still discrete.

temperature at three heights (1.27 m, 0.77 m, and 0.52 m
above the ground), horizontal wind speed at a single height
(1.30 m above the ground), and pressure at a single height
for 83 Sols. Continuous sampling for a complete Sol was
conducted just on Sols 25–26, 32, 38, 55, and 68. However, we
note that the PF wind sensor experienced problems related
to the overheating of the sensor wire segments from which
the wind speed was derived. Therefore just temperature and
pressure data can be found in the NASA PDS.

However, we were given quality-controlled horizontal
wind speed data (J. Murphy, New Mexico University,
personal communication) covering the period from 0600
Sol 25 to 0600 Sol 26. These data have already been used by
Savijärvi et al. (2004), Määttänen and Savijärvi (2004), and
Martinez et al. (2009a). Both the derived horizontal velocity
and the PDS temperature were monitored at a 0.25 Hz rate
for the same period of time. Hourly averaged values of
temperature and horizontal wind speed for PF Sol 25–26 are
shown in Figure 2.

With regard to the simulated data, we have derived Tg

values for the three selected Sols by running a modification
of the 1D microscale model of the University of Helsinki
shown in Savijärvi et al. (2004). Since ground temperature
is a key parameter driving the PBL, and was not obtained
in situ, special rigour has been applied to calculate it. For each
Sol, we have simulated three Tg scenarios: the most probable
scenario, shown in Figure 3, and the warmest and the
coldest scenarios, which represent reliable extreme scenarios
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Figure 2. PF Sol 25–26 hourly averaged values of (a) horizontal wind
speed and (b) temperature, measured at 1.3 and 1.27 m, respectively.
Hourly averaged temperature values are available in the NASA PDS, but
speed data are not.

of ground temperature; these have been used to perform
sensitivity studies, as will be shown in subsection 4.3. More
details about the procedure used to derive these scenarios
are given in Martinez et al. (2009b).

3. Methodology

The equation governing the evolution of the TKE in
the Reynolds average form, under the assumptions of
Newtonian fluid, Boussinesq approximation, and Einstein
notation (the indices i and j take the values 1, 2, or 3
corresponding respectively to the x, y and z axis, as explained
in Stull, 1988) can be written as

∂e

∂t
= − Uj

∂e

∂xj
+ δi3

g

θ
u′

iθ
′ − u′

iu
′
j

∂Ui

∂xj

−
∂u′

je

∂xj
− 1

ρ

∂u′
jp

′

∂xj
− ε ,

(1)

where Uj denotes the mean wind, u′
j the turbulent deviation

of the velocity, θ ′ the turbulent deviation of the potential
temperature, ρ the mean air density, p′ the turbulent
deviation of pressure, and ε the dissipation term, or the
conversion of TKE into heat by molecular viscosity.

Equation (1) states that TKE can vary (the storage term on
the left-hand side) as a consequence of different mechanisms
shown on the right-hand side. It can be advected by
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Figure 3. Ground temperature of the most probably scenario for (a) VL1
Sol 28 and VL2 Sol 20, and for (b) PF Sol 25–26.

the mean wind, generated or destroyed by buoyancy and
shear, transported by the turbulent transport term and the
turbulent pressure redistribution term, and finally destroyed
via molecular dissipation, respectively. Equation (1) can be
rewritten for convenience as

0 = −∂e

∂t
+ g

θ
w′θ ′ − u′w′ ∂U

∂z
− ∂w′e

∂z
− ε + Im

= −St + Bu + Sh + Tr − Diss + Im , (2)

where St denotes the storage term, Bu the buoyancy, Sh
the vertical shear term, Tr the vertical (main) turbulent
transport, Diss the dissipation, and Im the remainder of the
TKE budget terms, which we have grouped into one term
called imbalance, named as in Wyngaard and Côté (1971)
and written as

Im = − U
∂e

∂x
− W

∂e

∂z
− 1

ρ

∂u′
jp

′

∂xj
− ∂u′e

∂x
− ∂v′e

∂y

− u′2 ∂U

∂x
− w′2 ∂W

∂z
− u′w′ ∂W

∂x
− u′v′ ∂U

∂y

− v′w′ ∂W

∂y
,

(3)

where the first two terms account for the advection, the
third for pressure redistribution, the fourth and the fifth
for the horizontal transport of TKE, and the remainder
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Table I. Key SL magnitudes: Monin–Obukhov length L,
friction velocity u∗, and scale temperature T∗. The values
shown denote the average over the most unstable hours of

each mission.

VL1 Sol 28 VL2 Sol 20 PF Sol 25

L (m) –40 –7 –25
u∗ (m s−1) 0.5 0.25 0.4
T∗ (K) –1.5 –2.0 –1

for the original shear term u′
iu

′
j∂Ui/∂xj, except for the

already extracted u′w′∂U/∂z term. Note that it has been
assumed that V = 0. To avoid misunderstanding, the
vertical shear term −u′w′∂U/∂z will be simply called shear,
while horizontal shear will be used for the remaining shear
terms.

From the data described in section 2, and via an adaptation
to Mars of similarity theory, we will obtain values for each
of the terms appearing in Eq. (2), except for Im, which will
be obtained precisely as the remainder needed to balance
this equation. This is one of the reasons for which Eq. (1)
has been rearranged into Eq. (2). The other reason is that
the term Im is expected to have a non-prominent role under
ideal conditions for the application of similarity theory, as
will be shown in next sections.

In the next two subsections, we describe the methodology
used to determine values for each of the TKE budget terms
in Eq. (2), both in the SL and in the CML, respectively. The
limitation of the methodology will be clarified in the third
subsection.

3.1. Surface layer approach

An adaptation of terrestrial SL similarity theory (Monin and
Obukhov, 1954) to Mars is used to derive the values for
each of the terms in Eq. (2) within the SL. Such adaptation
consists of coupling a molecular sublayer (i.e. the layer
where the transfer of momentum and heat is dominated
by molecular processes) to SL similarity theory, which in
its standard terrestrial version neglects molecular diffusion
compared with turbulent transport. Yet on Mars, molecular
kinematic viscosity and thermal diffusivity are two orders of
magnitude higher than on Earth (10−3 versus 10−5m2 s−1).
Therefore, only two orders of magnitude separate molecular
diffusion from turbulent transport (typically 10−1m2 s−1)
in the first Martian metres, while for the terrestrial case,
this difference typically grows to six orders of magnitude at
these heights. Thus, on Mars, unlike on Earth, the need for
including a molecular sublayer becomes evident.

This ‘extended’ SL similarity theory scheme is explained
in detail in Martinez et al. (2009a), where it is applied to the
PF location taking as inputs the same PF data presented in
section 2. The results shown in that article are some hourly
derived key SL magnitudes shown in Table I, from which
it is straightforward to obtain the TKE budget terms, as we
next substantiate.

It is important to notice that the following equations,
from which each TKE budget term will be obtained, are
well-proven SL terrestrial similarity relationships, which
have been derived over flat terrain, and under fair-weather
conditions (no baroclinic disturbances). In subsection 3.3,

it will be explained why these relations are also expected to
work on Mars.

3.1.1. Storage term

The storage term St = ∂e/∂t can be obtained by means of
finite differences from the temporal evolution of the TKE,
expressed in this case as

e = 1

2
(σ 2

u + σ 2
w) , (4)

where σu refers to the horizontal velocity standard deviation,
and σw to the vertical component. The first magnitude can
be calculated from the 0.25 Hz horizontal wind speed data
for the PF Sol 25, while for the VL1 Sol 28 and VL2 Sol 20, it
is found in the NASA PDS. On the other hand, the vertical
velocity standard deviation σw during the most convective
hours were derived for these three Sols, and from the same
data, by Martinez et al. (2009b).

3.1.2. Buoyancy term

The buoyancy term Bu = (g/θ)w′θ ′ can be rewritten as

Bu = − g

Tg
u∗T∗ , (5)

where the turbulent heat flux w′θ ′ at 1.6 and 1.3 m should
be virtually equal to its value at the ground (w′θ ′ � w′θ ′

s),
this last magnitude being in turn equal to −u∗T∗.

3.1.3. Shear term

The shear term Sh = −u′w′∂U/∂z can be expressed as

Sh = u3∗
kz

φm

( z

L

)
, (6)

with −u′w′ � −u′w′
s � u2∗, ∂U/∂z = (u∗/kz)φm(z/L), and

φm(z/L) the universal function for momentum defined as
in Högström (1988). Note that the turbulent momentum
flux u′w′ at 1.6 and 1.3 m has been considered constant and
equal to the value at the surface, since the SL is a constant
flux layer.

3.1.4. Main turbulent transport term

The main (vertical) turbulent transport term Tr =
−∂w′e/∂z can be rewritten as

Tr = 2.3
u3∗
L

, (7)

where the vertical turbulent transport of TKE dur-
ing the most convective hours can be expressed as
w′e = −2.3u3∗(z/L), based on results obtained by Wyngaard
and Côté (1971) and Lenschow et al. (1980).

3.1.5. Dissipation term

Finally, and also during the most convective daytime hours,
the dissipation term ε can be obtained as

ε = u3∗
kz

(
1 + 0.5

∣∣∣ z

L

∣∣∣2/3
)3/2

, (8)
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Table II. Key CML magnitudes: PBL height zi, and the
convective scaling velocity w∗. The values shown denote the

average over the most unstable hours of each mission.

VL1 Sol 28 VL2 Sol 20 PF Sol 25

zi (km) 10 2 7
w∗ (m s−1) 4 2 4.4

as shown in Martinez et al. (2009a) for Mars, although the
equation was originally found for Earth by Wyngaard and
Côté (1971).

3.2. Convective mixed-layer approach

The approach taken to obtain values for the TKE budget
in the Martian CML is analogue to the SL approach. An
adaptation of terrestrial CML similarity theory (Deardorff,
1972) to Mars is used to derive the values for each term in
Eq. (2) within the CML. Details of this adaptation (molecular
sublayer also coupled) appear in Appendix C of Martinez
et al. (2009b), where it is applied to the VL1, VL2, and PF
locations, taking as ‘inputs’ the same data as presented in
section 2. As for the SL, the results shown in that article
are some hourly derived key CML magnitudes shown in
Table II, from which the CML TKE budget terms can be
obtained, as it is shown in this subsection.

Due to the nature of our ‘inputs’, which were taken at
a single height within the SL, only averaged values for the
CML TKE budget terms can be derived (instead of vertical
profiles). Thus, we define the CML average of any magnitude
ξ(z, t) as

〈ξ(z, t)〉 = 1

0.8zi − 0.2zi

∫ 0.8zi

0.2zi

ξ(z, t) dz , (9)

where the limits of the integral enclose the bulk of the
CML. (Note that, although not explicitly written, the height
of the CML, zi, varies with time.) Across these limits, the
applicability of the adapted CML similarity theory is more
accurate, since the entrainment zone and the SL (where
the thermodynamic characteristics are different) evolve well
above and below such limits, respectively. Following Eq. (9),
Eq. (2) converts in the CML into

0 = −〈St〉+〈Bu〉+〈Sh〉+〈Tr〉−〈Diss〉+〈Im〉. (10)

We next demonstrate how each term of Eq. (10) can be
derived from zi and w∗. As for the SL, the next equations
shown are proven terrestrial CML similarity relationships,
derived for flat terrain and under specific atmospheric
conditions. Only the equation for buoyancy has not been
taken from terrestrial similarity relationships, but from
Martian studies. However, it closely matches the analytical
terrestrial form, as shown in Figure 11 in Spiga et al. (2010).

3.2.1. Storage term

The averaged storage term can be expressed as

〈
∂e

∂t

〉
= ∂〈e〉

∂t
+ 1

zi

∂zi

∂t

{
〈e〉+ 1

3
e(0.2zi)−1.3 e(0.8zi)

}
, (11)

where the Leibnitz rule and Eq. (9) have been used. The
term ∂〈e〉/∂t can be obtained by means of finite differences
from the temporal evolution of the averaged TKE, expressed
in this case as

〈e〉 = 1

2

(
〈σ 2

u 〉 + 〈σ 2
w〉

)
, (12)

where the horizontal 〈σu〉 and vertical 〈σw〉 averaged velocity
standard deviations were derived by Martinez et al. (2009b)
based on terrestrial similarity relationships shown in Stull
(1988). In addition, and also based on results shown by
Martinez et al. (2009b), it can be assumed as typical val-
ues that zi � 5×103m, 〈e〉 � e(0.2zi) � e(0.8zi) � 5 m2s−2,
and ∂zi/∂t ≤ 10−1m s−1, thus all the terms forming the aver-
aged storage term are known. We point out that, based on
Sorbjan et al. (2009), the previously given value for ∂zi/∂t
represents an upper bound during the most unstable hours,
since this value corresponds to the early morning hours,
when the rate of increase of zi is the highest. Therefore, the
values for the CML storage term displayed in next sections
are upper bounds. Even so, their impact on the CML TKE
budget is negligible, as will be shown.

3.2.2. Buoyancy term

We start with the buoyancy term 〈Bu〉 = 〈(g/θ)w′θ ′〉. The
turbulent heat flux w′θ ′ can be expressed at any height in
the range 0.2zi–0.8zi as

w′θ ′ = θ

g

w3∗
zi

(
1.2 − 1.5

z

zi

)
, (13)

derived from Spiga et al. (2010). In fact, Spiga et al. (2010)
obtained Eq. (13) for w′θ ′, with the only difference that w∗
was substituted by Wmax∗ , where

Wmax
∗ =

(
g

θ
zi w′θ ′

max

)1/3

.

However, given the low radiative heating present during
our Sols, w′θ ′

max/w′θ ′
s < 1.4 is satisfied, which implies that

Wmax∗ /w∗ < 1.12. Thus, under low radiative heating, the
work of Spiga et al. (2010) also supports the use of Eq. (13).

The averaged buoyancy term can be eventually written as

〈Bu〉 = 1

0.6zi

w3∗
zi

∫ 0.8zi

0.2zi

(
1.2 − 1.5

z

zi

)
dz . (14)

3.2.3. Shear term

We turn to describe the shear term 〈Sh〉 = 〈−u′w′(∂U/∂z)〉.
Assuming a linear decrease of u′w′, shear can be obtained as

〈Sh〉 = 1

0.6zi

w3∗
zi

∫ 0.8zi

0.2zi

(
z

zi
− 1

)
L

z
φm

( z

L

)
dz , (15)

where we have taken advantage of the study by Lenschow
(1974). It is important to notice that the assumed variation
in height for u′w′ has very little effect on the results, even
when it is considered constant.
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3.2.4. Main turbulent transport term

The vertical turbulent transport of TKE can be expressed in
the bulk of the CML as

w′e = 0.8w3
∗

z

zi

(
1 − 0.9

z

zi

)2

, (16)

where the work presented by Lenschow et al. (1980) has
been used. Thus, the averaged vertical turbulent transport
term converts into

〈Tr〉 = 1

0.6zi

∫ 0.8zi

0.2zi

−∂ w′e
∂z

dz , (17)

where the derivative of Eq. (16) must be incorporated into
Eq. (17).

3.2.5. Dissipation term

The averaged dissipation term 〈ε〉 is obtained as

〈ε〉 = 1

0.6zi

w3∗
zi

∫ 0.8zi

0.2zi

1

2
dz , (18)

as pointed out by Martinez et al. (2009b). Note that the
dissipative term is expected to be constant with height
across the bulk of the PBL, and therefore its averaged value
should coincide with the single value at any height in the
range 0.2zi–0.8zi.

3.3. Limitations

The methodology, and consequently the results derived
from it, are reliable provided that the following conditions
are met:

(i) VLs and PF landing sites are moderately flat,
(ii) there are no baroclinic disturbances, and

(iii) there exists low radiative heating compared to the
turbulent one across the CML (low dust content).

The more these assumptions are met, the more guarantees
we have for the correct performance on Mars of Eqs (5), (6),
(7), and (8) in the SL, and Eqs (14), (15), (17), and (18) in
the CML.

Martı́nez et al.(2009a, 2009b) indicate the limitations of
the SL and CML similarity theory applied to Mars, and
the implied uncertainty in applying the above equations
to Mars. It can be checked in these articles that the
moderately flat terrain for VL and PF sites, and the specific
atmospheric conditions (weak radiative heating and no
baroclinic disturbances) existed especially during VL1 Sol
28 and PF Sol 25, and to a lesser extent during VL2 Sol
20, to allow for the proper performance of the described
methodology.

4. Results

The results are arranged into three subsections. The first
one shows values for the TKE itself and for its budget in
the Martian SL. The second subsection does the same, but
for the Martian CML. The third subsection shows sensitivity
results for the three different ground temperature scenarios,
the height of the surface roughness, and the effect of not
including a molecular sublayer in our adaptation to Mars of
terrestrial similarity theory.
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Figure 4. PF Sol 25–26 surface layer statistics: (a) hourly values for
horizontal σu and vertical σw velocity standard deviations, and (b) TKE
obtained from these at the most convective hours. These magnitudes have
been estimated at 1.3 m. TKE is shown as a solid line for clarity, though the
estimations are discrete.

4.1. TKE budget in the surface layer

For the PF Sol 25, VL1 Sol 28, and VL2 Sol 20, the SL results
are arranged as follows: the horizontal standard deviation
σu, together with the vertical component σw, and then the
TKE derived from these. Finally, the budget for the TKE is
described.

4.1.1. PF Sol 25

Figure 4 displays the velocity standard deviations, as well as
the TKE calculated from these. The horizontal turbulence
is observed to be around four times more intense than
the vertical component close to noon, mostly because
measurements were taken close to the ground, which implied
that the vertical turbulence was constrained. On the other
hand, TKE values are approximately constant (steady state),
around 3 m2s−2.

We now describe the SL TKE budget as expressed
in Eq. (2). It is important to note that both the SL
and CML TKE budgets will be displayed from 1200 h
to 1400 h (local solar time), coinciding with the hours
when turbulence should be totally developed, and when
the methodology explained in section 3 performs more
accurately.

Figure 5 shows the TKE budget for PF Sol 25, and
exhibits the following features. Shear is the main source
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Figure 5. TKE budget in the surface layer for PF Sol 25, estimated at
1.3 m. The results span the most convective hours (from 1200 h to 1400 h,
local solar time), when the TKE is expected to be totally developed. Bu,
Sh, Tr, Diss, and Im denote buoyancy, shear, vertical turbulent transport,
dissipation, and the imbalance terms, respectively. The storage term St has
not been included due to its negligible relevance, since its values are of the
order of 10−5m2s−3, i.e. three orders of magnitudes less than the smallest
Bu or Tr terms.

of TKE–expected at heights close to the ground–whereas
dissipation is the main remover of TKE, barely exceeding
the shear production. Both mechanisms present values of
the order of 10−1m2s−3. Buoyancy and vertical turbulent
transport balance each other, and are one order of magnitude
lower than shear and dissipation. Thus, their roles on the
TKE budget are not prominent. Specifically, buoyancy is
positive (generation of TKE) since the surface kinematic
heat flux was directed upwards close to noon. Vertical
turbulent transport is negative, which indicates that it is
removing TKE from the SL by sending it upwards. The
imbalance term, though higher than the minor buoyancy
and transport terms, is still about 30% of the ruling shear and
dissipation mechanisms. It shows positive values, tending to
balance the excess of destruction (dissipation) compared to
generation (shear).

4.1.2. VL1 Sol 28

The velocity standard deviations and the TKE are shown
in Figure 6. The results are quite similar to those
found for PF Sol 25. The intensity of the turbulence on
the horizontal plane is four times higher than in the
vertical one during the most convective hours, and the
TKE remains almost constant, presenting values close to
4 m2s−2.

The SL TKE budget for VL1 Sol 28 is shown in
Figure 7, where it can be observed that all the terms
exhibit similar values to those for PF Sol 25. Shear is the
dominant mechanism generating TKE, whereas dissipation
is the principal remover. Buoyancy and vertical turbulent
transport have little impact on the budget, and balance each
other. The imbalance is somewhat higher than the minor
buoyancy and vertical turbulent transport terms, and is
about 30% of the main shear and dissipation mechanisms.
Finally, the storage term plays an inconsequential role, with
the same values as for the PF Sol 25, and thus is not included
in the figure.

It is relevant to notice that our results for VL1 Sol 28 and PF
Sol 25, despite relating to two different Martian locations and
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Figure 6. As Figure 4, but for VL1 Sol 28 at 1.6 m.
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Figure 7. As Figure 5, but for VL1 Sol 28 at 1.6 m.

thus obtained from different data, present striking similar
features. This gives consistency to the results in the sense
that, provided that the meteorological conditions are similar
(no baroclinic disturbances and low dust content), the SL
TKE budget for any midlatitude northern summertime Sol
over flat terrain should not differ notably from the ones
presented in Figures 5 and 7.

4.1.3. VL2 Sol 20

The synoptic conditions during VL2 Sol 20 were not as
steady as for PF Sol 25 and VL1 Sol 28; the atmospheric
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Figure 8. As Figure 4, but for VL2 Sol 20 at 1.6 m.
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Figure 9. As Figure 5, but for VL2 Sol 20 at 1.6 m.

distortion and also the dust content were higher during the
VL2 first summer (Tillman et al., 1994).

These particular atmospheric conditions can be noticed in
Figure 8, where the velocity standard deviations and the TKE
for VL2 Sol 20 are shown. The behaviour of the horizontal
velocity standard deviation differs significantly from that
found on PF Sol 25 and VL1 Sol 28. During the central
part of the day, both σu and the mean horizontal wind U
(Figure 1) present atypical low values, while those for the
early morning and evening are higher. Consequently, TKE
presents values below 1 m2s−2.
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Figure 10. PF Sol 25 convective mixed layer statistics: (a) hourly values
of vertically averaged horizontal 〈σu〉 and vertical 〈σw〉 velocity standard
deviations, and (b) TKE obtained from these at the most convective hours.
TKE and horizontal velocity standard deviations are shown as solid lines
for clarity, although the estimations are discrete.

Such specific conditions are also noticed in Figure 9,
where the SL TKE budget for this Sol is displayed. Shear,
with values around 5×10−3m2s−3, is no longer the main
TKE source, but the imbalance plays that role. Therefore, any
of the terms accounting for Im in Eq. (3)–grouped into the
imbalance term due to their presupposed non-prominent
roles–now plays a leading role. (Section 5 provides further
details of Im.) Turning to the other terms involved in the
TKE budget, buoyancy is slightly higher than shear, and also
contributes to the generation of TKE. The dissipation is still
the principal TKE remover, with values ∼10−2m2s−3, which
exceeds by one order of magnitude the shear and buoyancy
production. The vertical turbulent transport removes TKE
at the same rate that buoyancy generates it, while the storage
term, as in the previous Sols, has a negligible impact in the
TKE budget.

4.2. TKE budget in the CML

The results are similarly arranged as in the SL case: the
averaged horizontal 〈σu〉 and vertical 〈σw〉 velocity standard
deviations are displayed, then the TKE derived from these.
Finally, the averaged budget for the TKE is described.

4.2.1. PF Sol 25

Figure 10 displays the velocity standard deviations. It is
shown that the intensity of the turbulence on the horizontal
plane is the same as on the vertical plane, at least when
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Figure 11. TKE budget in the convective mixed layer for PF Sol 25. The
results span the most convective hours (from 1200 h to 1400 h, local solar
time), when the TKE is expected to be totally developed. 〈Bu〉, 〈St〉, 〈Tr〉,
〈Diss〉, and 〈Im〉 denote the vertically averaged buoyancy, storage term,
vertical turbulent transport, dissipation, and imbalance term, respectively.
The shear term 〈Sh〉 has not been included due to its negligible relevance,
with values of the order of 10−6m2 s−3, i.e. one order of magnitude less
than the smallest 〈St〉 term.

comparing averaged values. Both magnitudes lie in the
range 2–3 m s−1, which closely matches other estimations,
such as those obtained by Sorbjan (2007a) for an idealized
Martian location, or by Spiga and Forget (2009) for the
Gusev Crater. However, our results differ qualitatively from
those of Michaels and Rafkin (2002), who found that the
turbulence in the vertical was more intense using a LES
run for PF conditions. However, all these showed vertical
profiles instead of vertically averaged values, which might
result in differences from our results.

The averaged TKE, obtained from Eq. (12), is also shown
in Figure 10, and can be considered to be in a steady state;
its values remain on average close to 6 m2s−2. Such averaged
values are in accordance with other vertical TKE profiles,
such as those shown by Rafkin et al. (2004) obtained using
the MRAMS mesoscale model for Beagle 2 landing site, or
those derived from a LES run by Tyler et al. (2008) and Spiga
and Forget (2009) for the Phoenix and Mars Exploration
Rover landing sites, respectively.

We now comment on the CML TKE budget shown
in Figure 11. Buoyancy becomes the principal source of
TKE (as could be expected due to the vigorous upward
thermals existing in the Martian CML), and presents values
around 4×10−3m2s−3. Dissipation balances buoyancy, this
being the main mechanism for removing TKE. The vertical
turbulent transport term plays a minor role compared to
the dominant mechanisms, with values around 8×10−4m2

s−3. Unlike in the SL, it is positive and therefore, on average,
the CML is receiving TKE from the SL, from where TKE
is exported upward. The imbalance, which is negative and
almost equal in magnitude to the vertical turbulent transport
term, represents around 25% of the buoyancy or dissipation
(main mechanisms).

4.2.2. VL1 Sol 28

The averaged horizontal and vertical velocity standard
deviations, and the corresponding averaged TKE derived
from these, are shown in Figure 12. They present values
slightly higher than for PF Sol 25, though the qualitative
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Figure 12. As Figure 10, but for VL1 Sol 28.
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Figure 13. As Figure 11, but for VL1 Sol 28.

behaviour is the same, i.e. turbulence is isotropic (when
considering mean values), and TKE can be seen to remain
in steady state from 1200 h to 1400 h, with values around
7 m2 s−2.

The CML TKE budget for VL1 Sol 28 is shown in Figure 13,
and is very similar to that of PF Sol 25, as was also the case for
the SL TKE budget. Buoyancy dominates the generation of
TKE (� 6 × 10−3m2 s−3), and is almost totally balanced by
dissipation, the main TKE remover. The vertical turbulent
transport is positive, with values �1×10−3m2 s−3, meaning
that the CML receives TKE from the SL, though it still plays a
minor role. The imbalance term is of the order of the vertical
transport term, and about 25% of the main mechanisms.
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Figure 15. As Figure 11, but for VL2 Sol 20.

Finally, the storage and shear terms are negligible, presenting
the same values as in PF Sol 25.

4.2.3. VL2 Sol 20

The averaged horizontal and vertical velocity standard
deviations, together with the corresponding averaged TKE,
are shown in Figure 14. The values are lower than for the
VL1 and PF Sols, specially for the TKE, though the isotropy
is still maintained. As discussed below, these low values

Table III. Dependencies of the TKE budget terms in the
surface layer on (i) the inclusion of a parametrization
accounting for the molecular sublayer, (ii) the surface rough-
ness (z0 ∈ (0.1, 10) cm), and (iii) the ground temperature,
Tg. The storage term has not been included due its negligible

values compared with the rest of the terms.

Molecular Surface Tg

sublayer roughness scenarios

Bu ↘ ↗ ↗
Sh None ↗ ↗ None
|Tr| ↘ ↗ ↗
Di None ↗ ↗ None

↗ and ↘ denote an increase or decrease of <30% of the most likely
values shown in Figures 5,7, and 9.
↗↗ denotes an increase of >85% of the most likely values.
‘None’ denotes no dependence at all.

are thought to be caused by the particular environmental
conditions during this Sol.

We turn to the CML TKE budget for VL2 Sol 20, displayed
in Figure 15. Though in this case the imbalance term has
not the largest impact on the TKE budget, as was the case
in the SL for this Sol, it still represents 30% of buoyancy or
dissipation. Therefore, the weight of Im on the TKE budget
in the overall PBL has not a minor role for VL2 Sol 20.
We attribute this behaviour to the atmospheric variability
and higher amount of dust occurring during the VL2 first
summer, which makes the imbalance term across the PBL
higher than would be expected under ideal conditions for
application of similarity theory. Section 5 will shed light on
the origin of the imbalance and its special impact on the
TKE budget for VL2 Sol 20.

4.3. Sensitivity studies for the TKE budget

Each of the terms obtained for the TKE budget in the last
two subsections, both in the SL and CML, have been derived
under the most probable scenario in the broadest sense,
namely:

(i) a parametrization accounting for the molecular
sublayer was added to terrestrial similarity theory,

(ii) the surface roughness was set to a value of z0 = 1 cm,
and

(iii) the ground temperature corresponded to the most
probable scenario shown in Figure 3.

To check the consistency of the results, sensitivity studies
regarding the above parameters have been performed. From
the data presented in section 2, Monin–Obukhov length
L, friction velocity u∗, scale temperature T∗, convective
velocity scale w∗, and PBL height zi were obtained in
Martinez et al. (2009b), together with their dependence on
molecular sublayer parametrization, the surface roughness,
and the ground temperature. From those results (L, u∗,
T∗, zi, w∗), and using the described data and methodology,
we have obtained values for the TKE budget terms via
Eqs (5), (6), (7), (8), (14), (15), (17), and (18). It is now
straightforward to study the variation of buoyancy, shear,
vertical turbulent transport, and dissipation with respect
the surface roughness, the ground temperature, and the
inclusion of a parametrization for the molecular sublayer.
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Table IV. As Table III, but for the convective mixed layer.
The storage and shear terms have not been included due to

their negligible weight in the TKE budget.

Molecular Surface Tg

sublayer roughness scenarios

Bu ↘ ↗ ↗
Tr ↘ ↗ ↗
Di ↘ ↗ ↗

4.3.1. Surface layer dependencies

We show in Table III the dependencies of the TKE
budget terms in the SL. A parametrization accounting for
the molecular sublayer has been included by assuming
a relationship for z0/z0T (Brutsaert, 1982), with z0T the
surface skin temperature height taking values in the range
10−3–10−4m. The main effect of adding this parametrization
has been found to be a surface heat flux decrease.
Consequently, the values for the buoyancy and vertical
turbulent transport terms become lower, while shear
and dissipation remain unchanged. Regarding the surface
roughness, it is expected that more horizontal momentum
is lost to the ground as the surface becomes more irregular.
Thus, shear is observed to grow even one order of magnitude
for z0 = 10 cm, as does dissipation, since this term is in
charge of balancing the production (shear) of TKE in the
SL. The effect of the surface roughness on the other terms
is less noticeable. Finally, under the highest Tg scenario, the
difference from the atmospheric temperature becomes the
greatest, and so the convection should be more powerful.
Accordingly, buoyancy grows under the highest ground
temperature scenario, as does vertical turbulent transport,
since the more buoyancy there is to be exported, the better
the vertical turbulent transport can perform. Shear and
dissipation remain unaltered.

4.3.2. Convective mixed-layer dependencies

The dependencies of the TKE budget terms in the CML
are shown in Table IV. Buoyancy and turbulent transport
decrease with the inclusion of a parametrization for the
molecular sublayer, for the same reasons as those accounting
for the SL decrease. Dissipation, which balances buoyancy in
the CML, also decreases, in order to maintain such balance.
On the contrary, all terms increase slightly with the surface
roughness. Finally, the warmer the ground is, the stronger
the buoyancy becomes, as does the dissipation to balance
the buoyancy. In addition, the turbulent transport also
increases, since more TKE is being received in the CML via
buoyancy in the scenario of highest ground temperature.

5. Discussion

The discussion of the results is arranged in two subsections.
First, an explanation is presented on the significance of the
imbalance, followed by some calculations to clarify which
of the component terms are the most likely to account for
it. Second, a comparison is given between Earth and Mars
regarding the weight of each of the terms involved in the
TKE budget.

5.1. Justification of the imbalance

Under ideal conditions for the application of similarity
theory–horizontal homogeneity, no baroclinic disturbances,
and predominance of the turbulent convective heating
versus the radiative one–the imbalance term, as defined
in Eq. (3), should have a negligible impact on the TKE
budget, both in the unstable SL and in the CML.

However, based on our results, the imbalance always
plays a non-negligible role. This is because its weight in the
TKE budget can be regarded as a measure of how far the
topographical and environmental conditions are from the
ideal ones. Accordingly, the imbalance plays only a minor
role during PF Sol 25 and VL1 Sol 28–both for the SL
and the CML–where such ideal conditions were met to a
reasonable degree. However, the atmospheric distortion and
the dust content during VL2 Sol 20 made the environmental
conditions differ notably from the ideal scenario. As a
consequence, the imbalance even dominates the budget in
the SL, while still plays a non-negligible role in the CML.

We next analyze the most likely terms accounting for the
imbalance based on Eq. (3), both in the SL and in the CML,
and for the three Sols under study.

5.1.1. Surface layer

The SL TKE budget for PF Sol 25 and VL1 Sol 28, shown in
Figures 5 and 7, respectively, is basically the same. During
both Sols, the imbalance term is close to 5×10−2m2s−3, and
thus the next justification is applicable to both Sols.

The advective term, supposing W  U and that ∂e/∂z
does not vary considerably in the SL (Wyngaard and Côté,
1971), results in U∂e/∂x. If we compare this term to the
value determined for Im (� 5 × 10−2m2s−3), it is concluded
that a variation of TKE of the order of 1 m2s−2 across 100 m
in the horizontal would account for the imbalance, provided
U = 6 m s−1 (Figures 1 and 2). Therefore, though VL1 and
PF were moderately flat terrains, such variation of TKE in
the horizontal cannot be ruled out, which makes advection
likely to account for the imbalance.

The horizontal turbulent transport term is unlikely to
account for Im. The reason is that the vertical turbulent
transport is expected to be more important than the
horizontal one, and even the former presents lower values
than the imbalance term based on Figures 5 and 7.

Turning to the horizontal shear, we find that it can be

simply written as −σ 2
u ∂U/∂x, where it has been assumed

that:

(i) σ 2
u is at least one order of magnitude higher than σ 2

w,
u′w′, −u′v′ and −v′w′ (Figures 4 and 6; Table I), and
that

(ii) ∂U/∂x should not be lower than ∂W/∂z, ∂U/∂y,
∂W/∂x, and ∂W/∂y.

Thus, a change in U around 0.75 m s−1 across 100 m, with

values of σ 2
u based on Figures 4 and 6, would allow the

horizontal shear to account for the imbalance term, which
cannot be disregarded. Therefore the horizontal shear likely
accounts for the imbalance term.

Very little is known about the pressure redistribution

term ρ−1∂u′
jp

′/∂xj, even in the case of the Earth. Based
on Wyngaard and Côté (1971), this term may become
important in the terrestrial SL TKE budget. Thus, we should
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not rule it out on Mars, since the lower density and the
existing turbulent pressure variations might cause this term
to account for Im. This issue requires a further study which
is beyond the scope of this paper.

We proceed to justify the imbalance term of the
SL TKE budget for VL2 Sol 20, which presents values
around 1.1×10−2m2s−3 (Figure 9). Following the same
methodology than that used for VL1 Sol 28 and PF Sol 25,
and assuming values for U and σu based on Figures 1 and
8, respectively, the advective term could account for Im,
since ∂e/∂x � 0.5 × 10−2m s−2 would be required for this
to happen, a value which may be regarded as attainable. The
horizontal turbulent transport term is unlikely to account
for it, due to the same reasons as for VL1 Sol 28 and PF Sol 25.
On the contrary, the horizontal shear term could justify the
imbalance, with ∂U/∂x ∼ 10−2s−1 being necessary, which
seems plausible. Finally, the pressure redistribution term
cannot be ruled out either.

5.1.2. Convective mixed layer

Justifying the imbalance as expressed in Eq. (10) is extremely
awkward, since, in order to derive the terms for the CML
TKE budget, only surface-based ‘inputs’ have been used.
Nonetheless, some clues can be still obtained, as we next
show.

The imbalance for the three Sols under study presents
values around 1×10−3m2s−3, as can be observed in
Figures 11, 13 and 15. For the three Sols, the averaged
advective term can be written as

1

0.6zi

∫ 0.8zi

0.2zi

(
U

∂e

∂x
+ W

∂e

∂z

)
dz ,

where just Eq. (9) has been used. Assuming that
U ∼ 101 m s−1 and W ∼ 100 m s−1, and that their values
regarding the order of magnitude can be considered
constant with height, we obtain the advective term to be
� 10〈∂e/∂x〉 + 1〈∂e/∂z〉, where the integral mean value
theorem has been used. If the advective term is to account
for the imbalance, at least either 〈∂e/∂x〉 ∼ 10−4m s−2 or
〈∂e/∂z〉 ∼ 10−5m s−2 is required. From these values, it can
be concluded that there are no reasons to rule out the
averaged advective term.

The averaged horizontal turbulent transport is not
expected to account for 〈Im〉 instead, since, as was also
the case in the SL, the vertical turbulent transport, which is
supposed to be higher than the horizontal one, is equal to
or smaller than the imbalance, as observed in Figures 11, 13,
and 15.

With regards to the horizontal shear, it does not
necessarily have to be lower than the vertical shear term–as
it had to be in the SL–since the vertical mixing in the
CML is expected to be powerful. Thus, although the vertical
shear is of the order of 10−6m−2s−3, the horizontal shear
might account for the imbalance. Finally, we do not dare
give explanations for the hypothetical values of the pressure
redistribution term because of the lack of sufficient data to
study it. Thus, we cannot exclude it accounting for 〈Im〉
either.

5.2. Comparison Mars versus Earth

Several attempts to characterize the TKE budget have been
carried out on Earth, as can be seen in the seminal work of

Wyngaard and Côté (1971) and Champagne et al. (1977) for
the SL, and of Lenschow (1974) and Kaimal et al. (1976) for
the CML. In all these studies, the TKE budget was studied
under fair-weather conditions and over flat terrain, with
the objective of deriving generic results–as has also been
intended in this work. We next discuss the most remarkable
similarities and differences found, under the assumption that
the TKE budgets on both planets can be compared, since
they have been obtained under similar weather conditions
and topography.

Champagne et al. (1977) and Kaimal (1978) studied the
TKE budget at z =4 m, and concluded that shear was the
dominant mechanism generating TKE. It was virtually coun-
teracted by dissipation (slightly exceeding shear), which was
in charge of leading the removal of TKE. Buoyancy and
transport played a minor role, and counteracted each other,
the first creating TKE, and the second exporting it upwards.
This is the same qualitative behaviour that we have found
on Mars close to the ground. However some values were
different in those terrestrial studies. They obtained for the
buoyancy (expected to be independent of height in the SL)
values of the order of 10−3m2s−3, which represents one
order of magnitude less than our obtained Martian values
(∼10−2m2s−3). This difference lies in the higher Martian
surface kinematic turbulent heat flux w′θ ′

s, which is caused
by the more vigorous convection existing due to the lower
atmospheric density and the higher vertical temperature gra-
dient close to the ground. Shear and dissipation were found
to be of the order of 10−2m2s−2, which represents one order
of magnitude less than our Martian values. However, shear
and dissipation mostly decrease as ∼ z−1, and those terres-
trial results were obtained at 4 m, while ours have been at 1.3
and 1.6 m. Thus, the results might be considered still similar.

Lenschow (1974) and Kaimal et al. (1976) studied the
TKE budget across the CML from measured discrete values
covering the bulk of the CML, and so did Pino and Vilá-
Guerau De Arellano (2008) and Moeng and Sullivan (1994)
via LESs. In all cases, given the nature of their research,
they could obtain vertical profiles of the TKE budget, and
not single averaged values as in this study. Based on all
these terrestrial studies, two features have been found to be
similar between both planets in the bulk of the PBL under
convective conditions: shear production of TKE due to the
term −u′w′∂U/∂z was found negligible, and dissipation was
roughly constant and the main TKE remover. Yet, unlike
our averaged results, buoyancy and transport were found
to be of similar importance, both balancing the dissipation
term. In addition, transport was not positive (generation)
across the entire CML, but it was negative initially, then
becoming positive. If we compare precise values, they all
found the dissipation to be of the order of 10−3m−2s−3,
which matches our results. This is the only term which can
be compared easily with our results, since it is expected to
remain constant across the CML, and so its discrete values
should coincide with the averaged value.

6. Conclusions

The Martian TKE budget, both for the unstable SL and the
CML, has been determined for the first time from surface-
based data belonging to VL1 Sol 28, VL2 Sol 20, and PF
Sol 25. An adaptation of terrestrial similarity theory has
been used to address such a budget, which constitutes a new
approach to study it.
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The SL TKE budget for VL1 Sol 28 and PF Sol 25 is
expected to account for each typical midlatitude northern
summertime Sol, when the atmospheric variability and the
dust content are usually weak, and thus the environmental
conditions are close to the ideal ones for the application
of similarity theory. Under such a scenario, we have found
shear to be the most important mechanism generating TKE,
whereas dissipation is the main mechanism for removing
TKE, and barely exceeds the shear production. Both
mechanisms are of the order of 10−1m2 s−3. Buoyancy and
turbulent transport, which balance each other, play a minor
role, with values one order of magnitude lower than shear or
dissipation. Specifically, buoyancy generates TKE (upward
surface kinematic heat flux), and turbulent transport
removes it by transferring it upwards. The imbalance
represents about 30% of the main mechanisms. It presents
positive values to balance the tiny excess of dissipation with
respect to shear, and can be likely attributed to the advective
term, to the horizontal shear term, and to the unknown
pressure redistribution term. Finally, the storage term can be
considered negligible with values of the order of 10−5m2s−3.

The atmospheric variability and the dust content were
higher during the first VL2 summer, which caused the
environmental conditions to differ significantly from the
ideal ones. Accordingly, the SL TKE budget for the VL2
Sol 20 presents anomalous behaviour, with the imbalance
becoming the main mechanism generating TKE, where
the advection, the horizontal shear, and the pressure
redistribution terms are likely accounting for it.

The CML TKE budgets for the three Sols under
study present similar characteristics. Buoyancy plays the
major role generating TKE, whereas dissipation virtually
balances buoyant production. Both mechanisms are around
5×10−3m2s−3. The vertical turbulent transport plays a
minor role, presenting values one order of magnitude
lower than buoyancy or dissipation. Unlike in the SL,
vertical turbulent transport is positive, which implies that,
on average, the CML is receiving TKE from the SL, from
which it is extracted. The imbalance becomes 25% of the
buoyancy or dissipation (main mechanisms), and can be
likely attributed to the advective term, to the horizontal
shear, or to the pressure redistribution term. The storage
term can be neglected, as can be the shear (vertical) term,
with values of the order of 10−5 and 10−6m2s−3, respectively.

In order to accurately address the Martian TKE budget
in the SL, simultaneous measurements of temperature,
horizontal and vertical wind speed, and pressure at several
different heights with a high sampling rate (>1 Hz) would be
required, together with additional measurements of ground
temperature and dissipation. Similarly, balloon or aircraft
measurements with the previously mentioned characteristics
would be needed in the CML as well. Such studies are not
affordable yet on Mars, and the current approaches which
remain are to operate LESs, or to try to make use of the
few in situ measurements taken at the surface. We have
developed this last option for the first time, and created a
methodology to study the TKE budget from such data.
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