Chapter Ten

Atmospheric Circulation

0.1 INTRODUCTION

is the large-scale movement of gas in a planetary atmo-
) for distributing energy absorbed from the star throughout
the planetary atmosphere. Curiously, many textbooks on atmospheric radiation
omit discussion of atmospheric circulation. Conversely, textbooks on atmospheric
sirculation often relegate a description of radiation in the atmosphere to one chapter
ot less. This segregation happens for two reasons. First, for solar system planets,
terpretation of spectra in terms of molecular abundances and vertical tempera-
wre structure often does not require atmospheric circulation. Second, calculation
of atmospheric circulation and dynamics is computationally time consuming, and

he timescales of atmospheric dynamics are very different from those of radiation.
tmospheric circulation codes can usually only afford to have a relatively crude
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ation is also responsible for many large- an
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‘high wind speeds in jets and the intricate weather patterns on Jupiter, including the

great red spot.
sue is that on all of the solar system planets atmospheric

A very fundamental is
circulation acts to minimize temperature gradients, in part by transporting heat

poleward. This means that, despite all of the atmospheric phenomena on all plane-
tary atmospheres created by atmospheric circulation, the longitudinal and latitudi-
nal temperature variation is relatively small, as are the resultant emergent spectra.
herically integrated spectrum of Barth centered

(One notable exception is a hemisp
on Earth’s cold poles.) Figure 10.1 shows that the latitudinal temperature varies
ant planets. For these planets the

for less than a few degrees for the solar system gi

1D temperature profile approach described in (Chapter 9) and earlier chapters is
adequate to infer the vertical temperature gradient, surface temperature, and atmo-
spheric composition.
On some planets beyond our solar system, such as hot tidally locked exoplanets,
atmospheric dynamics does affect the emergent spectra. We then have a motivation
to study atmospheric circulation beyond basic planetary knowledge to use atmo-
spheric dynamics for interpreting spectra. The hot Jupiters are several times closer
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Figure 10.1 Temperature versus latitude on solar system giant planets. The solar system
giant planets show almost no temperature change with latitude. Adapted from

[1].

to their star than Mercury is 1o our Sun, receiving 400 times more radiation than
Earth and 10,000 times more than Jupiter. The energy from stellar heating domi-
nates any internal flux for hot Jupiters. Together with the permanent day and night
sides, this case of stellar forcing has no solar system analog. The fate of the ab-
sorbed stellar energy and the global temperature structure of the planet can only
be understood via atmospheric circulation. The question of energy redistribution
is especially significant for habitable-zone planets orbiting low-mass M stars. Like
their hot-Jupiter counterparts, such planets are so close to the star that they are
tidally locked, presenting the same face to the star at all times. Whether or not the
planet is habitable depends on the role played by atmospheric circulation. By “tidal
locking™ we are referring to the planet core; an additional complication is to what
extent the atmosphere departs from tidal locking. A reasonable picture for planets
with thick atmospheres is a tidally locked core with a thick mobile atmosphere.

To complete the picture of the thermal structure and emergent flux characteristics
of the tidally locked exoplanet atmospheres, the dynamical response of the atmo-
sphere to heat sources and sinks is the final major process we must consider, These
considerations are most significant for tidally locked exoplanets. Due to the com-
plexity and nonlinearity of the atmospheric circulation equations, the full derivation
and application of the equations are beyond the scope of this book. Similarly, be-
cause of the complexity of the equations, an intuitive, conceptual understanding
of atmospheric dynamics is often elusive. In this chapter we will focus mostly on
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Fipure 10.2 Tlustration of Trad VS. Tadv. Left: pressure (as a proxy for altitude) at opti-
cal depth of 2/3 as a function of wavelength. Two different models are shown
(cloudy by the dashed curve and clear by the solid curve). Right: altitude depen-
dence of the ratio of the radiative to advective timescales (Trad /Tadv). A wind
speed U of 1000 m s~1 was adopted for illustration; the ratio scales linearly
with U so that other values can be considered. Adapted from [3].

E. . .
timescales and parameters that describe large-scale flow. We will also present a
schematic outline of the equations for atmospheric circulation.

10.2 RADIATIVE AND ADVECTIVE TIMESCALES

We begin by estimating the typical timescales that govern whether or not atmo-
spheric circulation is important in causing a longitudinal or latitudinal temperature
gradient. This discussion is necessarily oversimplified but helps to illustrate some

there is a competition between the radiative and the ad-

basic points. Essentially,
vective timescales. The radiative timescale (Teaq) is the time for absorbed stellar
) is the time for

energy to be reemitted as radiation. The advective timescale (Tadv

the absorbed stellar energy to be circulated around the planet.

If Traq <€ Tadv, the bulk of the absorbed stellar energy will be reemitted before
being advected around the planet. In this case, a strong latitudinal and longitudi-
nal temperature gradient are expected to arise. If, in contrast, Tagv < Trads the
temperature should be much more uniform, because heat would be transported and

redistributed efficiently over the entire planet.
The radiative timescale can be estimated by considering an atmosphere layer

of thickness Az that slightly perturbed from radiative equilibrium. Consider an

= e
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Table 10.1 Comparison of radiative and advective timescales of some solar system planets.

Planet Traud Taddv lon -i-rln:m Tadv, lat -i-rl;tt
Venus  years days < few K weeks few K
Earth weeks-months 1 day ~I0K weeks 20-30 K
Mars days 1 day ~50 K weeks ~ 100 K

Jupiter  years—decades  decades < few K decades < fewK
Estimated wemperature differences in longitude and latitede are also presented. Table
adapted from [2] and references therein.

atmospheric layver of pressure thickness AP that is out of radiative equilibrium by
an amount AT, This layer has excess energy per area pe, AT Az, Approximating
the radiation as black body, the layer will radiate a net excess of 4o T7dT. Taking
the above two statements and vsing the hydrostatic equilibrivm equation gives
P o |
P
Trad ™~ (10.1)
i q 'Il‘TIt I 3 |
Here T is temperature, g is surface gravity, ¢y, is the specific heat capacity, and o
is the radiation constant. P/ g is equivalent to mass/area. This estimate applies only
to regions of low optical depth. The advective timescale can be estimated by the
planet radius and the characteristic windspeed I,

[

Here [7 is unknown for exoplanets—indeed the windspeed is a key term one wants
to derive from atmospheric circulation models. We now use these timescale esti-
mates 1o investigate temperature contrasts on planets, at altitudes where the bulk of
solar energy is absorbed. We can see from Table 1001 that, indeed. a longer 7.9
leads to a smaller latitudinal and longitudinal temperature gradient. Although the
advective timescales on solar system giant planets such as Jupiter are long, the ra-
diative times are even longer. Furthermore, the fast rotation rate (~12 hours; see
Table A1) in part means that Jupiter is heated relatively uniformly.

We now turn to an important subtlety in our radiative versus advective timescale
analysis. The ratio of the radiative-to-advective timescales depends on the vertical
altitude where the stellar radiation is absorbed. This is primarily because 7,4 de-
creases rapidly deeper into the atmosphere: it depends linearly on pressure, which
increases exponentially deeper into the atmosphere (section 9.3.1). In general, the
above description of competing timescales is valid for the altitude where the bulk
of the stellar energy is absorbed.

Ditferent layers of the atmosphere may have different circulation regimes. Earth,
for example, has a relatively small latitudinal and longitudinal temperature differ-
ence in the troposphere where we live. High in the thermosphere. however, the
day-night temperature dilference can be as high as 1000 K. How can we observe
different atmospheric layers on exoplanets? Recall that the optical depth is fre-
gquency dependent; molecules absorb more strongly at specific frequencies. We

Ry,
Tadv ~ 1 ‘ (10.2)
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explained in previous chapters that this means we can see different layers of the
atmosphere depending on the frequency of observation. Figure 10,2 shows the op-
tical depth unity for a hot Jupiter atmosphere to illustrate that optical depth—and
hence radiative versus advective regimes—are at different altitudes for differemt
wavelengths,

Can we repeat the radiative versus advective timescale analysis for exoplanets?
The main issue i understanding which regime the atmosphere 15 i is the unknown
windspeed U7, This value is not known on exoplanets but can either be estimated (in
a circular fashion by using 7,4 vs. Ty and an estimated temperature) or obtained
from computer simulations.

10,3 LARGE-SCALE FLOW AND PATTERNS

Characteristic length scales can tell us something about the big picture of heat
transport and weather patterns on a given exoplanet. Belore describing two ma-
Jor characteristic scales, we discuss the transformation from an inertial to a rotating
reference frame.

10.3.1 The Rotating Reference Frame

In planetary atmospheric circulation it is natural to use the rotating frame of ref-
erence, where the so-called inertial or fictitious forces appear. These are the cen-
trifugal and Coriolis forces. Here we will present an outline of the derivation of
a transformation from the inertial to the rotating reference frame, that essentially
results in the addition of the centrifugal and Coriolos “forces.” We will follow [4,
5] in our derivation. Let us take A as an arbitrary vector in a Cartesian inertial
reference frame. The vector 1s described by

A= A0+ A5+ Ak, (10.3)

where i, j. and k are unit vectors, We will describe the same vector in a reference
frame rotating with angular velocity £2,
A=A+ ¢ ’Jj’ + ALK (10.4)
The total Lagrangian derivative of A in the inertial frame (subscript 1) is
A DA, DA,. DA

3 0.5
Dt Dt T At e & (10.3)
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We can use the definition of the derivative in the rotating frame
x - ¢ ; P ~ F (]
DA . .‘r?’?‘.“_"i" + .u'.'.l-"j’ + _‘r"].‘.".*'.f{" (10.6)
Dt o ] Dt
and the cross product terms for the velocity of the unit vectors caused by rotation,
e.g.
D,i

= xi, 10,7
Dt A RRY



216 CHAP

to write equation [10.5] as

DA DA
Di = Dr XA (108).

We can similarly derive a transformation for the rate of change of velocity ]
the rotating frame of reference (again following [4]). We want to find an expressio,
for 2 =5t U’ . We may use a position vector r to write '

D[I‘ [
D =Uj. (10.9)
Applying our transformation equation [10.8] we have
Dir  Dr
De ~ Dp T (10.468
or
U;=U+Qxr. (10,1
We may now again apply our transformation equation [10.8] to U7 to find
D;U; DU, b
Dt = Dr + 2 x Uj. (10.12)
This equation can be worked out to
DUy DU 9
= +2 Q°R, )i
i~ o T AxU- (10.13)8

where the details are left as an exercise. Here €2 is taken to be a constant and R is
a vector perpendicular to the axis of rotation. The magnitude of R is equal to the
distance to the axis of rotation.

The second term on the right-hand side of equation [10.13] is known as the Cori-
olis force or the Coriolis acceleration and the second term is the centrifugal force.
Overall, equation [10.13] tells us that the acceleration following the motion in an
inertial frame is also described in the rotating frame as the rate of change of relative
velocity; and the Coriolis acceleration due to the relative motion; and the centripetal
acceleration caused by the rotation of the coordinates [4].

10.3.2 The Rossby Number: Rotation

The Rossby number can tell us whether or not planetary rotation is important for
a given phenomenon. Let us take a motion with a length scale L and consider the
speed U. We would say the rotation of the planet is important if

L _ 1

>

U—Q
where €2 is the angular velocity of planetary rotation. Rotation is more important
at high latitudes than at latitudes near the equator. We therefore replace (2 with the
term

(10.14)

[ =2Qsinb, (10.15)





































