NMSU Department of Astronomy
CUME Exam #321

Saturday, December 2™ 2006
Exam prepared and administered by Jim Murphy

This exam covers materials related to the accompanying paper, “Titan’s planetary boundary
layer structure at the Huygens landing site”, by Tokano et al (J GR-Planets, 111, 2006).
Specifically, Sections #1, #2, #6, and #7 of the paper are the basis for the direct paper-
related questions which follow.

My a priori expectation for a passing grade is an exam score of 65% (29 of the 45 points
availabie).

Below are some constants that may, or may not, be useful in answering the questions in the
exam.

TABLE OF CONSTANTS

Saturn’s Orbital semi-major axis: 9.5 AU (1 AU = 1.5 x 10" meters)
Saturn’s mass: 5.68x10% kg

Titan’s surface radius: 2575 km

Titan’s Bond albedo: 0.2

Titan’s orbit period: 15.95 Earth days

Titan’s atmospheric specific heat at constant volume (C): 760Tkg' K1

Titans atmospheric ideal gas constant (R): 343 Y kg' K?

Titan’s Huygen’s-measured surface pressure: 1467 hPa (= 1.467 x 10° Pascals)
Titan’s surface gravity: 1.35m s?

Titan’s bulk density: 1881 kg m?

Earth’s atmospheric surface pressure: 1.013 x 10° Pascals (= 1013 hPa)
Solar flux received by Earth: 1“31(1“\_?\,?(_13}'2

GENERAL QUESTIONS (which do not require knowledge of paper content)

1) a) Calculate Titan’s equilibrium temperature, and for this calculation assume that Titan is
a “rapid rotator”. [5 points] SR 569 x15” % mks anits

b) Titan’s observed surface temperature (Figure 1) is hotter than Titan’s equilibrium
temperature. Considering the minor-abundance gases (CH,, C;H,, Cotks, ...) that are

contained within Titan’s atmosphere, describe the mechanics of the physical process

which results in Titan’s ‘warmer than expected’ surface temperature. [3 points]

2) If we assume (incorrectly) that the Cassini-Huygens spacecraft employed a minimum-
energy direct orbit path (no gravity assist flybys) from Earth to Saturn:

a) draw a labeled diagram illustrating the Cassini-Huygens flight path from Earth to
Saturn {3 points]

b) calculate the time required for Cassini-Huygens to travel from Earth to Saturn along
this path. [2 points]



3)

QUESTIONS FOR WHICH YOUR ANSWERS WILL BENEFIT FROM YOUR
READING OVER THE PAPER, SECTIONS 1 & 2 & 6 & 7

The concepts of static stability and potential temperature (Eqn. #1) are introduced
beginning in Paragraph 11 (Page 2) and are invoked to describe the thermodynamic state

of Titan’s planetary boundary layer (PBL). Describe these two concepts (static stability
and potential temperature) in connection to the adiabatic lapse rate and the environmental
lapse rate (Figures 1 and 2 will be useful), and invoke the information presented in Figure
1 (left graph) and Figure 2 (left graph) to support the paper’s stated conclusion that the
atmosphere’s lowest 1 kilometer is essentially buoyantly neutral. [4 points]

4

In the right-side graph of Figure 1 of the paper (page 3), the pressure variation with
height, P(z), essentially varies (declines) linearly with increasing height z.

a. Starting from the hydrostatic equation, show that pressure decline as a function ofL‘ it K

height, P(z), generally exhibits an exponential form. [S points] et _ b 054 =
.\')
b. Using your result in a) above, clearly describe why the temperature profile, T(z),
shown in the left-side graph of Figure 1 is consistent with the essentially linear

P(z) variation in the right-side graph of figure 1 {4 points]

3)

The paper’s abstract includes an indication that the near-surface Titanian atmospheric
turbulent diffusivity has a magnitude of 7.4 x 103 m® s,

-a) Under this condition, if a “puff” of methane gas is released at the surface, what length

of time would be required for methane to diffuse up to the top of the PBL’s outer layer
height of 300 meters? [do not worry about buoyancy effects for this calculation]. [4
points]

b) Does your calculated diffusive time-scale suggest that methane buoyancy probably is
or is not important to consider in regard to methane being present above the planetary
boundary layer and methane exhibiting a ‘cycle’ analogous to Earth’s hydrologic (water)
cycle? Explain your reasoning. {4 points]

6)

The upward “from-the-surface-to-the-atmosphere” heat flux quantified in this paper (0.02
W m™) is stated to result from solar heating of Titan’s surface. Let’s assume, however,
that the “slightly warmer than the atmosphere’ surface arises due to heat stored within
Titan’s surface. Sketch a graph of Temperature vs. depth below the surface which would
be consistent with the upward atmospheric heat flux being sustained over a Titanian day.
Be sure to label your axes, using reasonable magnitudes for the axis quantities. [4 points]

7)

a) Quantitatively compare the near-surface atmospheric gas density values of the nitrogen

dominated atmospheres of Titan and Earth. Justify your use of any numbers you employ
which are not provided in the ‘Table’ of constants above. [3 points]

b) If the Huygen’s probe/parachute system was to descend down through Earth’s
atmosphere, how would its descent velocity within the lowest 100 meters qualitatively
compare to its descent velocity in the lowest 100 meters of Titan’s atmosphere? Discuss
all of the relevant physical processes of importance. [4 points]
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[1] Huygens Atmospheric Structure Instrument (HAST) for the fitst time performed an in
situ measurement of the thermal structure in Titan’s atmosphere with a-vertical resolution
sufficient to analyze the planetary boundary layer (PBL). The vertical potential
temperature profile reveals the presence of a weakly convective PBL, with a surface
layer thickness of 10-m and an outer layer with a depth of 300 m. With a mean eddy
diffusivity of only ~7.4 x 107> m*s™", the turbulence in the PBL is weak. The turbulent heat
flux in the surface layer was upward but tiny (~0.02 W m™2), indicating that the ground
surface was marginally warmer than the air. The surface heat flux is too small to cause a
diurnal variation of the PBL except in the lowest few meters, so the observed profile
may be a nearly steady state feature within this season at the landinig site. In the
surface layer the meen wind speed is likely to be less than 0.1 m s™!, Given the tiny
surface heat flux, the buoyant production of turbulence is very weak. The PBL structure:
reveals that the weather condition at the time and place of the Huygens landing resembles a
calm, overcast day on Earth but is clearly different from the PBL typical for the polar night.

Citation: Tokano, T., F, Ferri, G. Colombatti, T. Méikinen, and M. Fulchignoni (2006), Titan's plané.tary boundary layer structure at
the Huygens landing site, J. Geoplys. Res., 111, 08007, doi:10,1029/2006]E002704.

1, Introduction

[2] The planetary boundary layer (PBL) is the lowermost
portion of the atmosphere that is affected by surface friction.
The study of the PBL structure is relevant because it
controls the surface- atmosphere exchange of energy,
momentum and matter, thus affecting’ the meteorology
and exogenous geology. Not surprisingly, the PBL is not
unique to the terrestrial atmosphere, but ought to exist in
any planetary atmosphere bounded by a solid or liquid
surface. The behavior of the Martian PBL was investi-
gated by landers [Zurek et al., 1992; Larsen et al., 2002;
Smith et al., 2004]. It was shown that generally Earth-like
boundary layer meteorology is found on Mars, except that
the diurnal variation is much more vigorous, The PBL on
Venus measured by the Vega 2 lander has a stable
stratification down to the surface [Linkin e al, 1986].

[3] Titan is another accessible solid body “planet” in the
solar system surrounded by a dense atnosphere on which a
PBL can be expected to exist. The first crude information on
Titan's PBL was provided by the radio occultation exper-
iment of Voyager | [Lindal et al, 1983]. The vertical
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temperature profile near the equator retrieved showed a
lapse rate of 1.38 K km™' below about 3.5 km and an'abrupt
drop to 0.9 K km™ above this level. The lapse rate
below | kan m the evening profile (ingress) was slightly
targer than in the morning profile (egress). Hence the
surface may have had a slight vooling effect on the
atmosphere during the nighttime. However, the tempera-
fure retrieval from the refractivity data suffered from the
uncertain atmospheric composition, 50 any statement
about the depth of the PBL on the basis of the Voyager

-data is -somewhat inconclusive. Furthermare, intensity

scintillations observed in the radio occultation profile
were intetpreted as internal gravity waves possibly driven
by convection near the surface [Hinson and iler, 1983).
[4] The putative structure of Titan’s PBL was examined
on theoretical grounds by 4lison [1992]. According to this
assessment the depth of the PBL was estimated to be 700 m
and several PBL parameters to be smaller than on Earth.
Another approach to the PBL was a prediction of aeolian
features on Titan by Lorenz et al. {1995]. They showed that
the threshold speed for saltation would be higher than the
friction speed, so aeolian transport was regarded rather
difficult on Titan under present atmospheric conditions,
However, in that study it was not considered that the wind
in Titan’s troposphere caused by Saturn's gravitational tide
is much stronger than thought before [Tokano and Neubauer,
2002}, which may have some influence on aeolian features,
More recently Tokano [2005] investigated the seasonal and
global variation in the surface and near-surface totsgpraturo
by means of a three-dimensional GCM (general ¢irculation
model) assuming different surface properties and concluded
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that for a reasonable choice of surface parameters there may
exist a stable PBL with an inversion layer in winter and a
shallow convective PBL, in summer, while another GCM
predicted that the surface temperature is almost independent
of season {Rannou et al., 2006].

[s] The Huygens probe that descended into Titan’s atmo-
sphere on 14 January 2005 measured for the first time
several meteorologically relevant quantities such as temper-
ature and pressure [Fulchigneni et al,, 20057, wind [Bird et
al., 2005; Tomasko et al., 2005] or chemical composition of
the atmosphere [Niemann et al.,, 2005]. The reversal of the
wind direction from westerlies o easterlies near 7 km
observed by Huygens was interpreted as evidence of enter-
ing the PBL [Tomasko et al., 2005}, This comparison
illustrates that the previous estimations of the PBL depth
differ by one order of magnitude from each other. Recent
images of Titan’s surface taken by Cassini show some
sutface albedo streaks and other features that might point
to aeolian features {Porco et al., 2005]. Since the signifi-
cance of acolian feature is intimately coupled te the PBL
structure there is an urgent need to analyze Titan’s PBL on
in sity observational basis.

[s] In this study we analyze the structure of Titan's

PBL mainly on the basis of the thermal structure mea-
sured by Huygens Atmospheric Structure Instrument
(HASI) [Fulchignoni et al., 2005] by analogy with the
terrestrial boundary layer meteoralogy.

2. Observational Evidence for the PBL
2.1. General Setting of the Huygens Landing Site

[7] Before analyzing the data relevaat for the character-
ization of Titan’s PBL we first briefly describe the general
seiting of the Huygens landing site to facilitate the meteo-
rological interpretation of the data,

[8] The landing site of the Huygens probe on Titan is
located at 10.3° £ 0.4°3, 192.3° & (,5°W (167.7° & 0.5°E),
in & dark area close to the boundary between a bright, icy,
rugged terrain and a darker flat area [Lebreton et al., 2005].
It has been interpreted as a dried lakebed and is located
some 5 km to the south of highlands where fluvial features
were detected [Tomasko et al., 2005), The image taken after
the landing shows a flat plain strewn by small ’cobbles’
presumably consisting of ice with a typical size of 15 cm.
The surface material was described as solid but soft {Zarnecks
ef al., 2005]. The solid state of the surface in contrast to a
liquid surface strongly constrains the characteristics of the
FBL since the heat and momentum exchange is substantially
larger than in the case of liquids.

{s] The landing of Huygens on Titan took place at
14 January 2005 1138:10 UTC, corresponding to 9:47 A.M.
local true solar time (LTST) at the landing site according to
the algorithm by Allison et al. [2004]. The season of landing
was Lg = 300.5°,. i.e., in southem midsummer. The solar
zenith angle was 34° and the subsolar point was located
to the east of the landing site. An overview of the different
time units used in this work is given in Table.1.

[16] The simutation of the global and seascnal variation in’

. the surface temperature by the GCM (general circulation
model) of Tokano [2005] shows for two solid surface types
that in the season and latitude of landing both the surface and
near-surface temperature are predicted to be close to the
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Table 1. Overview of Different Time Units Used in This Work®

Time Unit Sunrise Landing

Julian Date 245338177 2453384.98
UTC ‘ 12 Jan 2005 1830 14 Jan 2005 1138
Local true solar time (LTST) 3:42 AM, 9:47 AM.
Time past sunrise

in seconds _ 0 277 x t0°

in Earth days 0 3.2]

in Titan days 0 0.20
Seagon (Lg), deg 300.5 3005

*The values are valid for the Huygens landing site.

global and annual average and also very close to that at the

. foot points of the radio occultation profiles of Voyager 1 near

the equator at Lg = 9°. Therefore the PBL structure at the
Huygens site can be expected to be similar to that retneved

- from Voyager | [Lindal et al., 1983].

2.2. Potential Temperature Profile

[1] The most reliable and convenient signature of a PBL
to'be found in the vertical sounding of the atmosphere is the
vettical profile of potential temperature 8. The 8 profile in
the PBL can markedly differ from that in the free atmo-
sphere, and reveals the static stability of the atmosphere at a
given instant, which is a major classification criterfon of the
PBL, while the local lapse rate alone is insufficient to

“determine the static stability.

{12] The meteorological data relevant for the analysis of
the PBL were acquired approximately within the last minute
before landing. The atmospheric temperature was measured
by two independent and redundant HASI temperature
sensors (TEM) mounted ‘on a stem (STUB) to ensure
appropriate positioning and orientation in the gas flow
during measurement. The TEM sensors are located

- 140.5 mm distant from the base of the stemn. The two
- TEM- sensors . measured alternately and. each sensor mea-

sured with an accuracy of £0.25 K and during the last km
before touchdown the sampling interval was 2.5 s,
corresponding to a height resolution of about 10 m. For
the analysis in this work the temperature measured by the
TEM 1 fine sensor is used, The atmosphetic pressure was
measured by the HASI Pressure Profile Instrument (PPI)
also mounted on the stem, and the entering hole of the
Kiel probe.is located approximately 205 mm from the
baseofthe stem. PP1 measures with an accuracy of 1 hPaand
a sampling interval of about 4.7 s, For the altitude reconstruc-
tion from the measured time series the real gas equation (virial
equation) was used considering the atmospheric composition
meagured by Huygens GCMS (Gas Chromatograph Mass
Spectrometer) [Niemann et al, 2005}, as described in
Mikinen [1996). Since the temperature and pressure were not
measured simultaneously the pressure values fiom PPl are
interpolated to the altitudes of temperature measurements of
TEM 1 fine sensor. The measured vertical proﬁie of temper-
ature and pressure in the lowest | km are shown in Figure 1.
{13] The potential temperature 8 is defined as
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Figure 1. (left) Vertical
(right) Vertical profile of pressure measured by
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profile of temperature measured by TEM 1 fine sensor in the lowest 1 km.
the PPI sensor. Temperature and pressure profiles at

higher altitudes can be found in work by Fulchignoni er al. [2005].

where T'is the temperature, p, is the reference pressure, p is
the pressure at a level under consideration, c, is the specific
heat capacity at constant pressure and ¢, is the specific heat
* capacity at constant volume. '
[14] The reference pressure is taken to be the mean
surface pressure measured after the landing (py =
1467.2 hPa}./For calculating the specific heat capacities
the atmospheric composition near the surface mieasured
by Huygens GCMS [Niemann et al, 2005} is adopted,
ie, 95.1% N,, 4.9% CH, and no Ar. Using the ideal gas
equation the corresponding ¢p and ¢, near the surface
with this atmospheric composition is 1204.5 J K~' kg™
and 824.5 1K' kg™, respectively, with the exponent in
equation (1) being 0.3063. Using the real gas equation
(virial equation) [Mdkinen, 1996] they amount to Cp =
1103.5 JK™ kg™" and ¢, = 760.5 J K~ kg™, with' the
exponent being 0.3108. However, the difference between §
calculated with these different specific heat capacities is
negligible in the lower troposphere. For instance at 300 m
the difference is only 0.006 K, much smaler than the error bar
of § resulting from esrors in T, p or methane mixing ratio,
[+s] Figure 2 shows the vertical profile of 8 in the
lowermost part of the troposphere in two different scales.
At the immediate surface 0 slightly decreases from 93.52 K
at the surface down to 93.48 K within the fowest ~10 m, 6
then virtually stays constant up to 300 m. Above 300 m the

potential temperature gradient becomes positive, with an .

average gradient of v ~ 4 x 107 K m™', However, a well-
defined capping inversion, i.e., a positive jump of 6 at the
top of the PBL, cannot be recognized. The potential
teperature calculated with the redundant temperature data
from TEM 2 fine sensor virtually exhibits the same vertical

profile, with a tiny offset (0.09 K), so this observed structure
is reliable. ' ‘ )

[1s] The presence of a negative 8 gradient near the
surface, constant 6 for some altitnde and positive gradient
on top of it can only be interpreted as a convective PBL
according to the PBL classification shown in Figure 5,17 of
Stull [1988). In this case the static stability is slightly
unstable in the entire PBL. The lowermost part in which 8
decreases as aititude increases is referred to as the surface
layer, and is characterized by a vertically constant flux of
heat and momentum. In a convective PBL the upper
boundary of the PBL is defined as the altitude at which 8
exceeds the surface B for the first time. In Figure 2 0 begins
to increase and exceeds the surface § near 300 m, so this
may be regarded as the depth of the PBY at the Huygens site
at the time of landing. With a surface pressure of 1467.2 hPa

and a pressure of 1446 hPa at 300 m the PBL contains

roughly 1% of the total atmospheric mass. The depth of the
surface layer constitutes only 3 to 4% that of the entire PBL,
somewhat smaller than in a typical terrestrial PBL (10%).
Although the wind direction reverses near 7 km and this
was interpreted as the top of the PBL {Tomasko et al.,
2005], we cannot recognize any qualitative or quantitative
change in the 0 profile between 5 and 10 km. For this reason
we do not regard 7 km as the depth of the PBL at the
landing site on the basts of our data,

[17] The convective character of the observed PBL is only
marginal considering the tiny vertical gradient of O near the
surface. Even a decrease of the surface 8 by 0.1 K would turn
the surface layer into a slightly stable state and the outer layer
will then be mechanically decoupled from the surface layerby
virtue of weakening the turbulence. However, the presence of
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Figure 2. Vertical profile of potential temperature ¢ in two different scales: (left) lower 1 km and (right)
lower 10 km. The temperature data are obtained from TEM 1 fine sensor, and 8 is calculated from
temperature and pressure data considering the atmospheric composition measured by Huygens GCMS
[Niemann et al., 2005]. The tics in the left plot mark the altitudes at-which the temperature data were
acquired. Pressure data are interpolated to the temperature levels. The ermor bar for 8 is ~0.3 K.

such a diurnal cycle will essentially depend on whether the  “foi] At higher latitudes, i.e., with a larger Coriolis pa#t
ground can respond to diumal forcing and the heat is  ramMer, the PBL depth would be shallower for a given gddy
efficiently exchanged between the atmosphere and surface,  diffusiity. For mstance at 60° latitnde (Coriolis parg
and will be investigated in section 4. of 7.9 10"6 s" ') the PBL depth would be shallo /e

3, Dynamicsl Parameters of the PBL  diffustlity Xor Béygens site

The poténtial temperature profile shown in Figu
ts one major data sst that can be used to co
arameters of the PBL. for the place and

zp is a geometric
iency as a momentutn

A icdl formula for the surface
roughness length for a platy strgfvn by rocks was provided

1988] via o

where X is the

Qy diffusivity and f is the Coriolis ¢ (ooke This
parameter {1.63

10—6 -1 for the latitule of 10,3°S at the PBL. but ha#

[203 Wit

amounts 36 K ~ 7.4 x 10'3 m? 8~ order of

—1 i
s by Acodiding to analyses of this image typically H, is 15 m,
- H/fis 10 cm and 4 is ~1/6 m™=. With these values W

spécific to the Huygens landing site where the Coridlis  fyi01a Zoto~3 x 107 m

arameter is particularty smatl.
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4] The surface roughness length can be correlated to the
surtice drag, coefficient Cp, via .
k2
—— (4)
z .
e
8

20

CD=

where & = 0.4 isNthe von Karman constant, z is 10 m by
" definition in bound\y layer meteorology [Studl, 19881,
{251 This estimatio\ yields Cp = 0.0028 characteristic of
such a plain consisting\of solid material. Cp, smaller than
0.001 is unlikely in the akgence of a liquid surface and Cp 6
larger than 0.005 is also_ uMjkely in the absence of vegeta-
tion or high topography. HoWgver, we note that z, and Cp
may considerably vary across \(itan. For instance Cassini
radar observations seem to indic¥g that the bright Xanadu
region is rougher than the dark terraly surrounding it [Elachi
et al., 2005]. Very small values coesponding to liquid 4
surface are not representative of Titat\anywhere because
there is no evidence of oceans on Titan [Rest et al., 2005].
Possible presence of small lakes wouldN\pot drastically

change these values.
3.3. Fricton Speed

[26] The fiiction speed u« is a PBL parameter character-

izing the strength of the surface wind stress. We estimMe the

Height fm]
[,
f

0.04

friction speed from the eddy diffusivity, surface layer ddypth
and surface roughness length using one of the matchihg
conditions between the surface layer and outer laye

[Haltiner and Williams, 1980]
K =ku (b +2)

where 2= 10 m is the sarface layer depth, z, =5 x ¢ m

is the surface roughness length. .
[271] From this relation u. is determined 1.9 x
107" m 5!, The corresponding surface stress 't = puf =
1.9 x 107 N m™, where p = 5.4 kg m™ is e air density
at the surface calculated from the measured mperature and

pressure. The derived friction speed is stpfiller than typical
other hand, this

terrestrial values (0.3 m s7'). On
estimation is consistent with the frigfion speed estimated

by Lorenz ef al. [1995] using their formulation we

Vov,Cp~3 x 107 ms™! whef vo=3 x 109 ms ' is
57" is the circumferential

the heat transport speed, v, = 11.6
speed of Titan at the equator phid Cp, = 0,002 is the surface
drag coefficient they assumeg{(which is realistic according to

our analysis in section 3.2)/ ‘
3.4. Wind Profile infhe Surface Layer

[28] In the surfacy’layer where the vertical momentum
flux is regarded a¢ constant with height and the Coriolis

force is treated eligible the vertical profile of the hori-
zontal wind cad be approximated by the logarithmic wind

profile

—u*lni
u_k Zp

,

0 . A il 1 1

0 0005 0.0t 0015 002 0025 003 0035
Herizontal wind fm 5]

Figurg 3. Putative mean wind profile in the surface layer
caloulated with the PBL parameters derived from the

potential Nemperature profile. The wind direction should’
not change Within the height region shown here. The dashed -
line is the puik, logarithmic profile neglecting the similarity
function, whilethe solid line is the wind profile corrected

with the similariti function for unstable condition,

increases from zero at thé\surface to ~0.04 m s~ at the top
of the surface layer (10 m), The wind direction cannot be

determined solely from the ihNformation we gather from the
is result is consistent with

the atmosphere of 0.2 m s™' or prdbably much less on the
basis of the analysis of the cooling Behavior by ventilation
of the landed Huygens probe [Lorenz, 006].
[2s] However, since the stratification i\the surface layer
is slightly unstable the logarithmic wind profile has to be
arity theory

modified according to the Monin-Obukhov siil

[e.g., Stuil, 1988] as
Hy 2 F4

u=g [m (g) -, (Z)]

where ¥, is the similarity function which is a sole fun

7

(6)
ctio

Figlire 3 shows the logarithmic wind profile caleulated with  of the stability parameter z/L,

fic parameters derived above. The wind speed rapidly
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[30] Here L is the Obukhov length defined as

L=

— (8
k

&£y
Y
=]

With ‘the jarameters already determined above and the
kinematic hex flux w'' defined in section 4.1, L turns out to
be —0.32 m, °

311 The similagty function is

, )_1[ fﬁ)C;XY}—mm4x+g )

where x = (1-15 z/L)*%,

[32] -The resulting wind protie in the surface layer is also
shown in Figure 3 for comparisqn. This profile exhibits a
sharp increase only in the lowesy 20 cm and above this
height it remains almost constait at \01 m s~ up to the top
of the surface layer, with a negativd\ deviation from the
logarithmic profile. Given the unceriaidy in some of the
parameters it is reasonable to assume thay the mean wind
profile is likely to be located between theseNwo profiles.

{33] Essentially the stecpness of the wind pryfile depends
on the friction speed, surface roughness parametgr and the
Obukhov length, However, a characteristic featuyg of the
tion.
The reason for the unidirectional wind in the sugface
layer is the negligible influence of Coriolis force in tis
portion of the PBL. Therefore the wind direction at thy
surface is the same as at 10 m above the surface.

[34] The wind profile in the outer PBL above 10 m is 2
more complex issue, and will not be treated in this papér;
this could be better analyzed in conjunction with the #ind
data measured by the Doppler Wind Experiment fDWE)
{Bird et al., 2005] and Descent Imager Spectral Radiometer
{DISR) [Tomnasko et al, 2005], which is beyond/the scope

“of this study.

4, Heat Budget in the PBL
4,1, Surface Heat Flux
{3s] The surface (sensnble and latgnt) heat flux is one

relevant component in the surfacy/encrgy budget, along

with absorption and reflection of pdiation at the surface and
heat conduction in the scil. Ahe sensible heat flux is
equivalent to the convectivg heat flux used in energy
balance models. There is ng’method for directly measuring
the surface heat flux [A4ryd, 2001). On the other hand, the

observed 8 profile can pe thought of as a result of vertical -

heat flux at the surfdce. The surface heat flux can be
estimated from the 8 profile and the friction speed under
the assumption that the heat flux is height-independent
within the surfage layer.

[36] In the Monin-Obukhov similarity theory the potential
terperature 4n the surface layer obeys a logarithmic profile

(-]

Hefe, 6, is the potential temperature on the surface and B« i
Ke torbulent temperature scale, a factor determining the

L

(10)
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igure 4, Vertical profile of potential temperature near the
sukface along with the logarithmic potential temperature
profle (equation (10)) for different turbulent tempetature
scales Q. The data are shown as points with error bars; 8, =

~=0.002 K can- best reproduce the observed data.

steepness of e logarithmic & curve that can be estimated
from the observed 9 curve, T =2 ln(—'*i) ts the smnlanty
function for heat)but in deriving 8« we neglect ¥, since L
hidden in ¥, itself 18 a Rinction of the unknown {Bx) we are
seeking for. As can bdgeen from Figure 4 8« = —0,002 K is
found to best fit the obgerved 8 curve in the surface layer,
However, since ¥, is poditive but smaller than. In(z/z,) this
B« may be regarded a lowerNimit and a slightly larger 8. not
larger by a factor of 2 may b realistic.

fa7] The kinematic heat flux\g given by
O=-wht = (m
Using u« ﬁom section 3.3, Q is detd ined as 3.7 x-

. This can also be expressed } energetlc units
(sensible heat flux) as Hg=Qcp=0.02 Wm 2, The upward
heat flux indicates that the ground surface temgerature was
slightly higher than the air temperature immediately above the
sutface. The heat flux at Titan's surface is smaller than in the
equatorial regions ofthe Earth (~200 W m~2) [Arya, 2801} or
Mars (~10 W m™2) [Zurek et al,, 1992] by several oiers
of magnitude. The radiative-convective model for Titan Qf
McKay ef al [1991] predicted a surface heat flux o
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- 8037 W m™? corresponding to roughly 1% of the global
meqn incident solar flux. The radiative-convective grey
atmogphere model of Lorenz and MeKay [2003)] predicted
4 surfage heat flux of 0,02 W m™2 cormresponding to 0.5%
of the thgident solar flux, Both estimations nicely agree
with our Wlue within the estimated error.

4.2, Diurnal Variation of the PBL

. [38] One impM\tant characteristic that is not readily visi-
ble in the instantdyeous vertical @ profile is the exient of a
diurnal variation in'Mpe vertical heat flux at the surface and
within the PBL in thé\form of sensible heat flux. Basically
the observed § profile Wigure 2) could also be consistent
with a transient feature ¥ _the morning, given its resem-
blance to similar § profile, in the terrestrial PBL in the
morning. However, considedpg the weak solar flux on
Titan’s surface we also have th consider a case in which
the observed profile is a stead\state permanent feature
without a diurnal cycle.

[39] The presence or absence of a &umal variation in the
PBL structure at the Huygens landing sie can be examined
by analyzing the vertical heat flux betwedg the surface and
atmosphere that manifests itself in the Nprofile. If we
hiypothetically assume that the convective PBM was growing
because of surface heating ikp the morning, the tin¥-integrated

kinematic heat flux Q,,, = i) W& dt can be determined by the

area in the O profile bolnded by 0 and the dowwyward
extrapolation of the & gradient in the free atmosphere betWeen
 the top of the PBL and surface, and is described [Garrys,
1992, equation (6.22)] by .

O = Q-S'YDZ {1

where y ~ 4 x 107 K m™' is-the vertical gradieflt of
potential temperature mentioned in section 2.2 and & is the
FBL depth. The time-integrated kinematic surfacefieat flux
between suntise and the time of Huyjens landipf turns out
to be Q;m ~ 18K mn.

[40] Considering the instantancous kinemgfic surface heat
flux of 3.7 x 107° K m s~! from the pre¥ious subsection
some 5 x 10% s would be necessary to provide the total heat
flux, However, sunrise took place onlf 2,77 x 10° s before
Huygens landing. Moreover, the Bat flux earlier in the
moming is likely to be weaker #an at the local time of
landing. Therefore it appears unitkely that a convective PBL
as deep as 300 m can be an/mmediate result of moming
heating, ‘

{41] The diurnal evolutién of the convective mixed layer
can also be estimated fros the variation in the surface sensible
heat flux using a therpfodynamic model [Arya, 2001]

s ¥

[Ye= [D?, +% 1.20(LT —LT.))] (13)

where Dy j€ the PBL depth at a given local time LT, o &nd LT
is the insfantaneous local time.

[42] /The diurnal wave of the kinematic heat flux can be

pargrheterized as a function of solar local time as

. [RLT—6)] . :

Q= (rnexsin [i'l"ﬁ"—)'} (14)
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Ngure 5. Diumal variation in several PBL paramsters
siniilated by a simple thennodynamic model of mixed-layer
growsl. (a) Sensible heat flux, Positive value indicates
upward\flux from the surface to atmosphere. (b) PBL depth,
(¢) Height-independent potential temperature of the mixed
layer. TheYpodel is constrained by instantancous values at
the time of 1aqding. The time axis is shown in units of local
true solar timeNd ison et al., 2004] at the Huygens Janding

site.

where Oy is the didgnal maximum of Q. Ornax is chosen
such that the instantandgus value of Q at the local time of
Huygens landing equals e value derived in section 4.1,

[43] The model results shsn in Figure 5 clearly indicate
that the tiny surface heat flux'\ga Titan is not sufficient at all
to cause a diurnal variation. The\PBL depth changes by only
1 em during one Titan day and the change in the potential
temperature is smaler than it coulM be resolved by HASI
temperature sensots. The negligible digrmal variation in the -
PBL depth can be regarded as the reasoy for the absence of
a capping inversion at the top of the PR (Figure 2).

5. Natare of Turbulence in the PBL

{44] In this section we estimate the strength of afypospheric
turbulence in the PBL at the Huygens landing sM¢ using
several parameters derived above. The turbulent Nnetic
energy (TKE) is a measure of the intensity of turbuld Lee,
and is directly related to the momentum or heat trans Xt
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| be approximated by K glz’- ang
diffusivity deriked in section 3,1.

(16)

Halght [m]
o
T

oy
T

L. parameters required for
calculating these TKE j
function ¥, is negleg & wind profile, the shear
production termn domjhates in the loyest 1.5 m, but this term
rapidly declines wi

| altitude, and bycomes insignificant at
higher altitudes

; Sets  tews
immediately above the surface, where the

1e-Q7 1e-08 1g-05 0.0001 0.001
TKE production [m* &)

vanish fSrufl, 1988]. The buoyant production tgrm is only ~ Figure 6. Yertical profile of shear production and buoy-
~T m?® s, For comparison the corresponding typical ~ &ncy production terms of the turbulent kinetic energy in the
valyé in terrestrial convective PBL on a sunny da)

to

is 1073
02 m* 5> [Stull, 1988], i.c., several orders of\yn

agni-
dde larger than on Titan. This illustrates that the turbence
aused by the heating of the surface of Titan is tiny. )

surface layer. The dashed linc is the S term for the pure
logarithmic wirid-profile, the solid line is the S term for the
wind profile corrected with the similarity function (ss in
Figure 3), and the vertical dash-dotted line is the B term.

6. Meteorological Interpretation of the PBL Data the strong cooling of the surface generates a near-surface
[48]1 The PBL observed at the Huygens landing site can

be classified as a convective (unstable) PBL, albeit the
instability is tiny. The presence of such a PBL without : . A ,
significant convective or stable stratification on Titan is an model results for.the equatorial Tegton. Virtually all Titan
immediate consequence of the weak sunlight at Titan’s GCMs prgdwtfad m th_e equatorial regions _lapse rates close
surface. The resulting small diumal.variation in the ground to the adiabatic one n the lowest fow kllometers.fo'r all
surface temperature can create only a minor temperature seasons. More vanab_le are the mode} predictions
difference between the surface and atmosphere at any time, t°h°“°ggﬁg ﬂ;_.e 1?‘;::" regzl’%r(; ;Dtthmeas““’d bly H“f/ gens. 1{1"
so the surface heat flux responsible for the heating or ''° afi o g no [ l] .e'seaslon;l cyife In the
cooling of the atmosphere from below is always quite 'MSO'ation caused a scasonal variation in the surface tem-
fimited. In combination with the huge radiative time con- perature by 2 fow K, somewhat depending on the assumed
stant in Titan’s troposphere large diurnal variations in near- surface thermal properties. In the case of solid surface the
surface temperature cannot be expected at all. summer pole turped out to be the warmest place Titan-wide
[49] Although a quite calm weather condition is implied, and the correlation of the predicted ;uperadlabatxc lapse
the observed structure should be clearly distinguished from tates and the occurrence of gonvective clouds near the
a terrestrial winter-type PBL, i.e., stable PBL with a SWmmer pole [B row et al.,2002} wgs.pomted out-{Toka{to,
substantial inversion-{ayer near the surface. Despite weak 2005). The opposite, winter pole exhibited @ weak inversion
sunfight the landing site is illuminated for half a Titan day iﬁ;c:“gn athtj:?f;gtﬁ:; d'“;iﬁif:;ﬁeslsgl,gﬁJegcﬁz
. 1 1 (3 » ! il
@® Earth days), in stark contrast to the polar night in which [Rannou et al., 2004, 2006] predicted that the near-surface

inversion layer and stable stratification.

fso] The thermal struciure of the PBL revealed by Huy-
gens is largely consistent with previous expectation and
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© temperature barely changes with season. The equatorial
region is always warmest and the temperature decreases
by about 3 K. toward the poles. This difference is explained
by the permanent accumulation of haze particles in the polar
tegion, giving rise to a greatly subdued solar flux near the
peles even in high summer,

{s1] This difference in the predicted PBL structure in the
polar region, particularly in summer, would have a signif-
icant impact on our understanding of Titan’s tropospheric
meteorology. I the near-surface temperature increases
monotonically from the winter pole to summer pole, as
predicted by Tokano [2005), this would indicate via thermal
wind relation that the zonal wind is retrograde in summer
and prograde in winter [Tokano and Neubauer, 2005]. The
strength of seasonal temperature variation in the PBL affects
the zonal wind direction, which in turn gives rise to angular
momentum exchange between the surface and atmosphere
and eventually Titan’s léngth of day [ Tokano and Neubauer,
2005}, If instead the near-sutface temperature is permanently
symimetric about the equator, as predicted by Rannou et al,
{2004, 2006], the zonal wind would be prograde both in
winter and summer considering the thermal wind refation.

[52] The second importance of the seasonal varation in
the PBL temperature at high latitudes concerns the mech-
anist of tropospheric clouds observed on Titan, Brown et
al. [2002] proposed that convective clouds may develop
near the summer pole as a result of surface heating. This
mechanism requires superadiabatic lapse rates in the lowest
few kilometers, which indeed are predicted to exist near
the summer: solstice in the polar region [Tokano, 2005).
However, this mechanism can barely explain,_ rapidly

evolving clouds recently observed at southem midlatitudes -

(Griffith et al., 2005; Roe et al., 2005). Rannou et al,
[2006] proposed a different scenario for the same cloud
observations on the basis of their GCM with a coupled
methane-ethane cloud microphysics. According to their
model prediction thick clouds near the summer pole natu-
rally develop by slanted rising motion of methane in an
oblique meridional cell into the cold polar region. In
contrast to the above hypothesis the thermal stratification
at the summer pole is stable, so convection was not
possible. Unfortunately, the PBL. data from HAS! cannot
constrain the vertical temperature profile in the polar Tegion
and thus the mechanism of cloud development,

7. Conclusions

(53] HASI performed the first in situ measurement of the
temperature and pressure down to the surface of Titan with a
vertical resolution sufficient to analyze the vertical structure
of the PBL. The HASI measurements provide the first
"ground truth’ and so far the best data on Titan’s PBL.
The high accuracy of the data enabled us to extract relevant
information on the instantaneous thermal structure as well
s diurnal variation. No remote sensing instrument is
expected to yield a comparable resolution in the PBL. After
Earth and Mars, Titan is the third place in the solar system
in which the validity of boundary layer meteorology can be
tested.

[s4] The potential temperature profile reveals the exis-
tence of a slightly convective but close to neutral PRI, with
a depth of about 300 m, of which the surface layer

constitutes the lowest .10 m, The decrease of potential
temperature near the surface indicates upward flux of heat
at the surface, but the derjved heat flux is too small to cause
a diumal variation in the PBL depth. The derived eddy
diffusion coefficient of less than 1072 m? g~! suggests that
the turbulence in Titan’s PBL is quite weak, at least at the

landing site. The mean wind speed near the surface is likely

to be less than 0.1 m 5%, The turbulence in the PBL is tiny
by terrestrial standards, mainly as a result of veak heating
of the surface. Otherwise HASI did not detect any qualita-
tively unexpected structure of the PBL on Titan, ‘
fss] Despite its relevance for the understanding of Titan’s
climate, dynamic meteorology and cloud microphysics the
characteristics of the PBL at high latitudes cannot be
examined on the basis of our data. Besides seasonal and
latitudinal varfation geographical variation may also exist
given the vast heterogeneity of Titan’s surface that is being

- revealed by Cassini [e.g., Elachi et al, 2005; Porco et al.,

2005; Sotin et al., 2005; Barnes et al., 2005). Topography or
roughness of the surface are relevant factors affecting the
PBL structure, such as the roughness length 7, surface drag
coeflicient Cp, or fijction speed wx.

(s8] The wind profile is another major means of charac-
terizing the PBL. Moreover, acolian_erosion has been
considered long before [Lorenz e al, 19957 and tentatively
suggested by several Cassini teams [Porco et al, 2005] to
explain some of the observed surface featurss on Titan,
calling for a detailed knowledge of the atmospheric siruc-
ture close to the surface. However, the temperature and
pressure data acquired by HASI do not allow a comprehen-
sive analysis of the wind structure. A combined study with
the wind data measured by other Huygens instruments
(DWE and DISR) and the descent frajectory working group
{DTWG) holds promise for a further insight into the PBL
structure of Titan, -
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SoLvToh SET

NMSU Department of Astronomy
CUME Exam #321

Saturday, December 2™ 2006
Exam prepared and administered by Jim Murphy
This exam covers materials related to the accompanymg paper, “Tltan s planetary boundary
layer structure at the Huygens landing site”, by Tokano et al (JGR-Planets, 111, 2006).
Specifically, Sections #1, #2, #6, and #7 of the paper are the basis for the dn'ect paper-

related questions which follow.

My a priori expectation for a passing grade is an exam score of 65% (29 of the 45 points
available).

Below are some constants that may, or may not, be useful in answering the questions in the
exam,

TABLE OF CONSTANTS
Saturn’s Orbital semi-major axis; - 95AU(1 AU=1.5x% 10" meters)
Saturn’s mass: 5.68 x 10 kg
Titan’s surface radius: 2575 km
Titan’s Bond albedo: : 02
Titan’s orbit period: 15.95 Earth days
Titan’s atmospheric specific heat at constant volume (Cy): 7 60 Tkg' K1
Titans atmospheric ideal gas constant (R): 343 kg 'K
Titan’s Huygen’s-measured surface pressure: 1467 hPa ("" 1.467 x 10° Pascals)
Titan’s surface gravity: 1.35ms?
Titan’s bulk density: 1881 kg m>
Earth’s atmospheric surface pressure: 1.013 x 105 Pascals (= 1013 hPa)
Solar flux received by Earth: 1370 W m™

GENERAL QUESTIONS (which do not require knowledge of paper content)

1) a) Calculate Titan’s equilibrium temperature, and for this calculatlon assume that Titan is
a “rapid rotator”. {5 points]

At 9.5 AU, the solar S is: 1370/(9. 5% = 15.18 Wm?= FSa,,,,,,
(I 'ABom:I) F Saturn nRSatum =4x RSatum £ oT; EQ
Rearranging, eliminating common terms, we get:
Trg = [ (1-Aond) Fsarurn )4 0 ]
For which Tgp = 85.5 Kelvin (assuming that emissivity, e=1)



b) Titan’s observed surface temperature (Figure 1) is hotter than Titan’s equilibrium
temperature. Considering the minor-abundance gases (CH,, C;Hz, C;Hs, ...) that are

contained within Titan’s atmosphere, describe the mechanics of the physical process
which results in Titan’s ‘warmer than expected’ surface temperature. [3 points]

“Greenhouse warming” is the physical process. Gases such as CH, are effective IR
absorbers, and they absorb thermal IR emitted upward by the surface. The CH, absorbs
this flux and then reemits some portion of this flux downward, adding an additional
heating flux to the surface and thus warming the surface. The process ‘ends’, with a
warmer surface, when the surface flux occurs at a short enough wavelength to no longer
be impeded to space by the ‘greenhouse’ gases.

2) If we assume (incorrectly) that the Cassini-Huygens spacecraft employed a minimum-
energy direct orbit path (no gravity assist flybys) from Earth to Saturn:

a) draw a labeled diagram illustrating the Cassini-Huygens flight path from Earth to
Saturn {3 points)

Saturn’s orbit (9.5 AU 0SA)

Cassini-Huygen’s orbit
g -

dEarth’s orbit (1.
'

.-.-_’

D AU OSA)

b) calculate the time required for Cassini-Huygens to travel from Earth to Saturn along
this path. [2 points]

Orbit aphelion = 9.5 AU

Orbit perihelion = 1.0 AU

Orbital semi-major axis = 0.5 x (9.5 AU+ 1.0 AU) = 5.25 AU

P’ =084’ -

P’ =525 <1447

P=12.03 Earth years BUT only ¥ time required to travel to Saturn, so:
6.015 Earth years




QUESTIONS FOR WEICH YOUR ANSWERS WILL BENEFIT FROM YOUR
READING OVER THE PAPER, SECTIONS 1 & 2 & 6 & 7

3) The concepts of static stability and potential temperature (Eqn. #1) are introduced
beginning in Paragraph 11 (Page 2) and are invoked to describe the thermodynamic state
of Titan’s planetary boundary layer (PBL). Describe these two concepts (static stability
and potential temperature) in connection to the adiabatic lapse rate and the environmental
lapse rate (Figures 1 and 2 will be useful), and invoke the information presented in Figure
1 (left graph) and Figure 2 (left graph) to support the paper’s stated conclusion that the
atmosphere’s lowest 1 kilometer is essentially buoyantly neutral. [4 points]

Static Stability refers to the buoyant stability, instability, or neutrality experienced by a
parcel of air that is raised or lowered adiabatically. If the environmental lapse rate
magnitude (getting colder with increasing height) is greater than the adiabatic lapse rate (=
g/ Cp), a parcel of air raised adiabatically will find itself warmer than, and thus less dense
than, environmental air inwhich it is embedded, and thus will be buoyantly unstable. The
potential temperature is the temperature a parcel of air would have if it was to be vertically
transported adiabatically to reference pressure PO.

Figure 1 shows that the environmental temperature declines at a rate of ~1 Kelvin per
kilometer, and figure 2 shows that the potential temperature only increases by 0.3 Kelvin
Jrom the surface to 1 km, with some increase in the lower atmosphere. The fact that the
potential temperature does not change much is an indication that the environmental lgpse
rate is very near fo the adiabatic lapse rate, and parcels are buoyantly neutral,

4) In the right-side graph of Figure 1 of the paper (page 3), the pressure variation with
height, P(z), essentially varies (declines) linearly with increasing height z.
a. Starting from the hydrostatic equation, show that pressure decline as a function of
height, P(2), generally exhibits an exponential form. [5 points]

dp/dz = - pg and p = P/RT
Substituting for p, dp/dz = -(P/RT) g
Rearranging, dp /P = ~(g/RT) dz
Integrating over z, P(z) = P(0) e7*"® where H =R¥/g is defined as the
atmo.?heric Scale Height, the length scale over which pressure changes by a factor of e
{ore”)

b. Using your result in a) above, clearly describe why the temperature profile, T(z),
shown in the left-side graph of Figure 1 is consistent with the essentially linear
P(z) variation in the right-side graph of figure 1 [4 points]

For an isothermal atmosphere, where T is a constant with height, pressure will
decline exponentially with height, so the sfc to 100 meter drop in pressure will be
larger thom the 100-200 meter pressure drop; However, if the temperature declines
with height, than the scale height also declines with height, and thus the 100-200
meter pressure drop can equal the sfc-100 meter pressure drop in that warmer
(larger scale height) layer.




5) The paper’s abstract includes an indication that the near-surface Titanian atmospheric
turbulent diffusivity has a magnitude of 7.4 x 102 m% s,
a) Under this condition, if a “puff” of methane gas is released at the surface, what length
of time would be required for methane to diffuse up to the top of the PBL’s outer layer
height of 300 meters? [do not worry about buoyancy effects for this calculation]. [4
_points]

To get units of TIME (seconds), need distance’ / diffusion (n 5). If wishing to mix to
300 meters, than distance = 300 meters, so (potentially ignoring a 4z term), 300° m* /
(7.4x 10° m’ 5*) = 1.216 x 107 seconds = 140 Earth days

b) Does your calculated diffusive time-scale suggest that methane buoyancy probably is
or is not important to consider in regard to methane being present above the planetary
boundary layer and methane exhibiting a ‘cycle’ analogous to Earth’s hydrologic (water)
cycle? Explain your reasoning. [4 points] -

The calculated 140 days is a long time to diffuse methane upward through the PBL,
especially in the presence of methane precipitation which removes methane from the
atmosphere, so additional upward vertical transport (buoyancy effects, large scale
motions) is likely required. -

6) The u})ward “from-the-surface-to-the-atmosphere” heat flux quantified in this paper (0.02
W m™) is stated to result from solar heating of Titan’s surface. Let’s assume, however,
that the ‘slightly warmer than the atmosphere’ surface arises due to heat stored within
Titan’s surface. Sketch a graph of Temperature vs. depth below the surface which would
be consistent with the upward atmospheric heat flux being sustained over a Titanian day.
Be sure to label your axes, using reasonable magnitudes for the axis quantities. [4 points]

incren

Temperatures must dwﬁe;ﬂég %vith depth within the ‘soil’ in order for heat to be conductively

made available to the surface, so:
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The gradient need not be too steep, since the surface-to-atmosphere heat flux is itself small,
S0 not much thermal energy is required 1o be resupplied to the surface to maintain the
upward in-to-the atmosphere heat flux




7) &) Quantitatively compare the near-surface atmospheric gas density values of the nitrogen

dominated atmospheres of Titan and Earth. Justify your use of any numbers you employ
which are not provided in the ‘Table’ of constants above. [3 points]

Ps: =Py/ (R Tpe)
For Titan, Py, = 146700 Pascals, and T:=93.5 K, thus:

P = I46700Pa/(343Jkg K“'x935K) 4.57 kg m”
For Earth, Py = 101300 Pascals, and Ty, = 288 K

ps. = 101300 Pa /(287 JTkg' K x 288 K) = 1.025 kg m

So, Titan’s near surface gas density is ~4.5 times greater than Earth’s

b) If the Huygen’s probe/parachute system was to descend down through Earth’s
atmosphere, how would its descent velocity within the lowest 100 meters qualitatively
compare to its descent velocity in the lowest 100 meters of Titan’s atmosphere? Discuss
all of the relevant physical processes of importance. |4 points]

Taking the naive approach, an assuming that a parachute’s effectiveness is dependent
directly upon the gas density, the parachute would be ~4.5 times more effective at
‘slowing’ Huygen’s on Titan compared to Earth. Additionally, Titan's surface gravity is
only 15% that of Earth. So, combining these terms, I would naively assume that the
descent velocity on Earth would be ot least one order of magmtude greater than the
Huygen’s probe’s near-surface descent speed on Titan,



