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Clouds on the terrestrial planets
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Mars - March 1997

Hubble Space Telescope - WFPC2

Mars
albedo 0.16

albedo 0.30

Venus
albedo 0.78



* In one-dimensional model, the atmosphere is assumed to be
horizontally uniform

* This is not a good assumption in general

TES Limb+Madir Tomperatuees (8), L =270

(Smith et al. 2001)

* Large latitudinal/diurnal variation in Mars’s atmosphere

 Potentially large horizontal contrast on slow rotators like Venus and
tidally-locked exoplanets

MOIST (0*)

Parameter study of the P
atmospheric circulation 77 {7
of Earth-like planets with
general circulation
models (GCMs)

Williams (1988)
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Momentum eq. in a rotating frame




Momentum equation

Pressure gradient force:

(xo. ¥o.20)

A—‘—F‘.

----- Xx-component

ap
F\' — F.-l,\' + F/?_\' = —'T ox (S_V(S;'
ox

The x component of the pressure gradient force acting on a fluid element.

Holton, 2004

Momentum equation in the inertial coordinate system

- ¥ :velocity
d_v - _l D+ g, t:time
dt 0 p : atmospheric density

p : atmospheric pressure
g : gravity acceleration

Momentum eq. in a rotating frame

Let us consider a frame rotating at an angular velocity Q.

For a position vector 7, the relationship between the time derivative in
the inertial frame d_/dt and that in a rotating frame d/dt is

dr dr =
—=—"—+Qx7
dt dt
SV =V o+ Qx7F ¥, :velocity in rotating frame
Similarly
v dv - L
— = +QxV <l \
dt dt > \ . /!1 xI',
Combining these, using Q x (Q x 7) = -Q°R we have N
& di . ~ Q *x(Qxr) r,
— =L 42QxV, -Q°R /
dt  dt PANO
s

R :vector from the rotational axis to the fluid position k,i 0



Substituting the relationship into the momentum equation, one gets
dv.
dt

R 1 R
=-2QxV, -—Vp+g+Q°R
0

Hereafter the subscript r is omitted. The effective gravity acceleration
is defined as the sum of § and Q°R. Then the momentum equation in

the rotating frame is
av — 1
& 5 VE-2QxV - —Vp+g
ot o)

Next we consider an expression in a Cartesian coordinate system on a

spherical surface. Using the velocity component (i, v, w) in the unit
vector system (7, J, k),

V=iu+jv+ kw 1: eastward, J: northward, k : upward
Then
dv  ~du ~dv -dw di dj  dk
—=l—+j—+k—+u—+v—+w—
dt dt dt dt dt dt dt
1l e
A,
di (tan(pﬁ l;)
=y ji-=
dt r r
N/ kg ~
kY Pi . dj t - -
\of_ ]\oé‘ff g__. angbi v
i dt r r
dk  u- v~
—=—i+—]
dt r r

Salby (1996)

Figure 11.2 Spherical coordinates: longitude A, latitude ¢, and radial distance r. Coordinate
VeCLors ¢ i, ¢ J,and e, k change with position (c.g., relative to fixed coordinate vectors

and e, of rectangular Cartesian coordinates)



Momentum equations (a: planetary radius)

d t 1a
au _ (2Qsin¢ 42 an¢)v B -2Qwcos ¢ i
dt a a P 0x
d t 1a
@ _ —(2Qsin¢ 4 an¢)u N -2
dt a a pay
dw u’+v’ 1 dp
= -2Qucosp - —— - - b - Corioli
7 ; Ucos ¢ 0 0z 8 f =2Qsin¢ : Coriolis parameter

The shaded terms are “metric” terms arising from the spherical
geometry. These are small on the Earth. (Venus is exception)

When dw/dt =0, the equation in the

vertical direction reduces to the hydrostatic

equilibrium:

1\

> Q

204-, _2Q cosdj

2Q sing k
=fk

& ¢ latitude

o

Figure 11.3  Planctary vorticity 242 decomposed into horizontal and vertical components.

Neglecting the metric terms and defining v = (¢, v) as the horizontal
component of the velocity, we have a set of governing equations:

v . o - _ 1
o -V Vy - Wa_z - fkxv —;Vp horizontal momentum eq.
W v _Lop .

o 0z poz vertical momentum eq.
0

a_p =-V- (pv) continuity eq.

p = pRT state eq.

R/C

06 60 1 "

—=—v-VO-w—+— Ps H thermodynamics eq.
ot iz c,\p

T &

diabatic heating

=2Qsing

: unit vector in the vertical direction
: Coriolis parameter
: diabatic heating rate (J/m3/s)



Geostrophic flow

x
- l pressure gradient
- P force
Coriolis fOF(% / *— pressure contours
fex v _x“\\\w'ﬁnd - 7
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Geostrophic flow

For synoptic scale (>1000 km) motions in Earth’s atmosphere:
horizontal scale L ~ 1000 km
pressure scale P~ 1000 hPa
velocity scale U~ 10 m/s
time scale L/U ~ 10° s
Coriolis parameter f ~ 104 Hz

ov o -
\%\=—W-w Y XV -V
d d ioli pressure

Coriolis
force gradient
force

1074 1074 10% 107 103 (ms?

The ratio between the acceleration (U2?/L) and the Coriolis force (fU)

R, =— : Rossby number (around 0.1 on Earth, 10-100 on Venus)



G eOSt ro p h | C ﬂ oW pressure gradient

""‘-\\_Vcb force _
Geostrophic flow becomes a good e NN
approximation for small Rossby  Coriolis forcel__;géi'f_‘x'm.___ "= -+ pressure
numbers fkxvo T~ “wind - - , contours
- H ~. —  /
fkxV, ==V e
Definition of geostrophic flow
1 = 1 0P 1 0D
Vv =—k x or u,=——"—", V,=—7"—
V, 7 k x VO P 7 oy « = ¢ ox
Geostrophic flow is two-dimensional:
V-v, =0
w=0

Geostrophic flow is not a good approximation near the equator (f is small) or
for scales < O(100km) (L is small) where Ro (= U/fL) is large.

Pressure coordinate

Large-scale atmospheric motions satisfy hydrostatic equilibrium.
In this case the pressure p can be used as the vertical coordinate:

p=pz) -|z=2z(p) p : pressure, z : altitude

EIE dp/dt :vertical velocity in pressure coordinate
®| :geopotential dd = gdz

z p—9op
Approximate relationship
p between w and w:
o w = dp/dt
. ~-w/pg
é 4z
P %i x

ax
B3.2 x-zEROKE. INE(1978)



Pressure coordinate

300hPa, 2002/1/15

Pressure coordinate

“Primitive equations”

W =—v- Vv _wa_v — ﬂ? xV —= VO horizontal momentum eq.
ot p
oD RT . N
_— = state eq. + hydrostatic equilibrium
ap p
. Jw -
V-v+—=0 continuity eq.
P

RIC,
90 =—-VO-w 90 + i(&) H thermodynamics eq.

=(u, v) : horizontal velocity
: vertical velocity

‘_)’

1)

k : unit vector in the vertical direction
f =2Qsin¢g : Coriolis parameter

H : diabatic heating rate (J/m3/s)



Thermal wind

Differentiating fk x v,

0P RT

—-V® with respect to p and using —=-—,

“thermal wind” relation is obtained:

ov R -
—& =——kxVT
p /2
or
du, R oT
dp  fp dy
W, _RIT
dp  Jpox

-
pquSp o — /

90*89 e —=—7

pressure
/. P4
/grsigl/rent force

e ——

pof-—7/—" "

A

Xy

dp p

Coriolis force

Holton (2004)

Fig. 3.8 Relationship between vertical shear of the geostrophic wind and horizontal

temperature gradients. (Note: 5p <0.)

Latitude-altitude cross section of Earth’s atmosphere

Temperature

18
FHREE)

BE (kn)

Eastward wind

18
REER (/=)

60y T T

BE (kn)




Pressure (mbar)

Pragsura {rmbar}

Latitude-altitude cross section of Mars’s atmosphere

TES L+ Madir Temperatures (K), L =200

Temperature

Pressure (mbar]

Pressure (mbir)

: Eastward wind

(Smith et al. 2001)

Titan




Superrotation

acosg

u? tan ¢
a

Prevails in Venus’s atmosphere
planetary rotation: 1.8 m/s on the equator

zonal wind: 100 m/s at the cloud top

Momentum equations

du =(2Qsin¢+ utancp)v B -2Qwcos ¢ —lg—p

dt a a p 0x
t 1

ﬂ=—(29$in¢+uan¢ u—ﬂ——a—p

dt a a pay

d 2 2

Y —ZQucosq)—la—p—g

dt a p 0z

Atmospheric rotation takes the place of planetary rotation.

Meridional force balance of zonal flow

cyclostrophic flow

geostrophic flow
(planetary rotation << wind)

(planetary rotation >> wind)

\J J

pressure gradient

pressure gradient

L__

Coriolis force centrifugal force

Earth-like Venus-like



Thermal wind

geostrophic flow cyclostrophic flow
(planetary rotation >> wind) (planetary rotation << wind)

YVX= —|[2Q2sin ¢|+ utan(i))u _X%_la_p
d a a\ pady

20sinpau+-2P =0 2 tan g+~ 2P = 0
sinpau+—-——= u“ tan ——=
pop pod
< state eq.
< hydrostatic equilibrium
ou R aT ou? R aT

0

6_(+2aﬂsin¢%= a¢ +tan¢%=0

{ = —Inp : log-pressure altitude

Latitude-altitude cross section of Venus’s atmosphere
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S " . . . Fig 8. Latitude-height cross section of zonal thermal wind speed (ms ') derived
Fig. 2. Meridional cross section of atmospheric temperature (K) obtained combin from VeRa temperature profiles assuming cyclostrophic balance (Eq. (5)). The

ing 116 VeRa profiles. Hemispherical symmetry and local time independence has . 7 A X
I"Sn assumed. Contours hav‘:hl = $y lhg Contours interval is 10K, velocity used as lower boundary Mdmozi“ the cloud-tracked wind profile

3 : retrieved from VIRTIS/VEx 1.74 pm images (Sinchez-Lavega et al., 2008), Contour
contours have been removed to render the plot clearer, interval is 10ms=".

(Piccialli et al., 2012)



Latitude-altitude cross section of Venus’s atmosphere

Zonal winds determined from cyclostrophic
balance (Piccialli et al., 2012)

Cloud-tracked zonal winds around 70 km
(Sanchez-Lavega et al. 2017)
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Fig. 8. Latitude-height cross section of zonal thermal wind speed (m s ') derived
from VeRa temperature profiles assuming cyclostrophic balance (Eq. (5)). The
velocity used as lower boundary condition is the cloud-tracked wind profile
retrieved from VIRTIS/VEx 1.74 um images (Sinchez-Lavega et al., 2008). Contour

interval is 10ms~'.
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The discrepancy is not understood

Radiative energy budget and meridional circulation
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Fig. 10,7  Streamlwnction (units 107 kgm "5~ 1) for the cbwerved Euberian mean meridional circe-
lation for Northern Hemisphere winter, based on the data of Schubert et al. (1990)

Holton (2004)
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Fig. 3.11 Adjustment of surface pressure to midtropospheric heat source. Dashed lines
indicate isobars.
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Radiative energy budget and meridional circulation
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Mid-latitude disturbances

3-D disturbance arising from instability of zonal jets
(baroclinic instability) = Ferrel cell

({#7% 1976)
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Hierarchical structure of Earth’s meteorology
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Rotational wind and divergent wind

The horizontal velocity vector can be expressed with the stream
function ¥ and the velocity potential ¢ :

V= kxVy + V¢

Rotational Divergent
wind wind

ORT

Rotational component is nodivergent

V- (lg x Vy)=0 :geostrophic flow, Rossby wave

Divergent component is irrotational
VxV¢p=0 : convection, gravity wave

Planetary-scale motions

subsolar-to-antisolar circulation
(divergent flow)

mean zonal wind (rotational flow)
J
press

o
-




a Rotational Wind m/s
1 1

30N

180  150W 120W  S0W  80W  30W 0 30E  60E 90E  120E 150E 180

b Divergent Wind

A
T
180 150W 120W  SO0W  &0W  30W 0 30E 60E 90E 120E 150E 180

180 150W 120W  S0W  80W  30W 0 30E 60E 0E 120E 150E 180

Atmospheric waves

 generated in an unstable background atmosphere
* can transport momentum and energy over long distances
* can induce mixing of the atmosphere

- Waves play crucial roles in the development of planetary-scale
atmospheric structure




Atmospheric waves

Rossby wave (horizontal oscillation) Gravity wave (vertical oscillation)

Height —»
K
lo,,
)
7,
O
&\@\ i

Salby (1996)

Vorticity

The circulation C about a closed contour is defined as the line integral
along the contour of the component of the velocity vector that is
locally tangent to the contour:

C = ggiv- dl = g{S|\7|cosadl - fsf(v x V) idS
n: unit vector normal to the surface

(Stokes’ theorem was used.)

Dividing the circulation oC encircling a small
area oS, and considering the limit 6520, we
get the vorticity:

oC

=g=(va)-l€
_9v _du
dx dy

Holton (1992)



Quasi-geostrophic approximation

Even in a small Rossby number regime, non-geostrophic (ageostrophic)
components play crucial roles in driving vertical winds and temporal changes.

The real wind is divided into geostrophic wind and ageostrophic wind.

—

V=V, +V, R{)EQ

1 - fL
Vv =—kxVDd v_a=0(R)
¢ fo Vg °

The ratio of the magnitudes of the ageostrophic and geostrophic winds is the same
order of magnitude as the Rossby number (around 0.1 in Earth’s atmosphere)

Lagrangian derivative: 0 0
—=—+V'V+o—
dt ot op

The advection term is approximated by advection by geostrophic wind:

d, 9
L =" 4y 'V
dt at

Beta-plane approximation

The first-order Taylor series approximation of the Coriolis parameter f :

f =2Qsing
~2Q [sing, + (¢ — ¢,)cos¢,]
= fo + /3}7

where
fo =2Qsing,

B = @cosqbo ~ i
a dy

Mid-latitude beta-plane: f = f, + By
Equatorial beta-plane:  f =By



Quasi-geostrophic vorticity equation

Introducing beta-plane approximation to the quasi-geostrophic Lagrangian
derivative and retaining small quantities to the first order, the rate of change
of the geostrophic wind is given by

o . _ -
(5+vg°V)vg=—(f0+[3y)k><(vg+va)—VCI)

~ —fok x ¥, = Byk x ¥, (1)

(v, = L/E x VP was used)
i

0

Since geostrophic wind is nondivergent (V- v, =0 ), the continuity eq. is

Vv, +—=0
Va op (2)

Operating rotation (VX) to (1) and using (2), we have the quasi-geostrophic
vorticity equation.

Quasi-geostrophic vorticity equation

¢, dw
—=—v -V +H+f,—
Py VG + )+ ] o
d 0 P
C = s _ %% = v : geostrophic vorticity
¢ ox dy o

Vorticity changes with time through
- advection of absolute vorticity ( §g + /) by geostrophic wind (7, )
- vertical divergence (horizontal divergence)

\—"- Holton (2004)
——6

Fig. 4.7 A cylindrical column of air moving adiabatically, conserving potential vorticity.



Rossby wave

Let us consider a two-dimensional motion (o = 0)
Jd _
5+vg- \Y (Cg +f)=0

- Absolute vorticity (¢4 + f) is conserved along the geostrophic wind 7 .

A basic state where a homogeneous zonal flow exists:

fii = —a®/dy
g, =0

® small

vV v Vv
&l

v

Y

E ® large
X

Rossby wave

The deviation from the basic state is denoted by ()’ :

) g, G,
—C +(u+u +V! +v' =0 1
at@g (Utu)= ~+V, o P (1)

The velocity and vorticity are related to the geopotential perturbation
LA UL A O

= . ug = —_—— , vg =
fo Jo 9y Jo ox

g,

Substituting these into (1) and retaining first order terms only, we get
d d oD’
—VO +iui— VP +— =0
ot 0x ax




Rossby wave

Assuming a wave solution @' = Ci)exp[i(kx + 1y — kct)] , the phase
velocity of Rossby wave is obtained:

_ p k: zonal wavenumber
- PEE I: meridional wavenumber
c: zonal phase velocity

Propagation opposite to the —
planetary rotation R 0 e
B effect (latitude variation of the - =
Coriolis parameter f) is needed. Ly
Longer waves (smaller k) propagate ;"
faster. Tr 3

The wave possesses angular = .y
momentum in the direction o
opposite to the planetary rotation :

Rossby wave

large f

small f

Figure 1416 Schem
Displaced equatorwarg
t Nor

Salby (1996)



planetary-scale waves on Venus

Latitude (degree)

SPRINC 19079
70 rTTTTTY

LATITUDE

PERIOD (DAYS)

Power spectra of UV brightness
(DelGenio & Rossow 1990)

e Rossby (F) 10ms!
2 \?‘,wrr_‘& )

)

' Linear solution of Rossby wave at 70 km
| (Kouyama et al. 2015)

2

§ 2
» L
=

. The superrotation of the atmosphere takes

a‘hm;aux¢4a%” 1 .
e the place of planetary rotation.
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Gravity wave

In Cartesian coordinates, without the assumption of hydrostatic equilibrium,
the governing equations are:

ou ou ou 1dp horizontal momentum eq.
—tU—+W— =—— .

ot ox dz  pox (x-axis only)

ow ow ow 1 ap

+Uu +w =—-——" vertical momentum eq.

ap  dpu)  a(pw)

= continuity eq.
ot 0x 0z

—+u—+w—-=0 thermodynamics eq.

Gravity wave

Equations for disturbances:

_ou - _ op’ horizontal momentum eq.
ot 0x (x-axis only)
_aw'  dp’
or - 0z ~ P8 vertical momentum eq.
op ___dw_apw)
ot ox oz continuity eq.
1000 N’
= +w—=0 _
0 ot g thermodynamics eq.
P59
P c’ p 0
2 Cp
¢, =—RT c,: sound speed
CV
7= gdlm9 N: buoyancy frequency



Gravity wave

Isothermal atmosphere:
N* = g/c,T
p(2) = p,exp(-z/H)

Substituting the wave solution W'(x,z,t) = w(z)expli(kx +or)]
(o:frequency) into the governing equations before, an equation for
the vertical velocity w is obtained as
o’ K4 N°k?
c’ o’

N

2, —A — A
d(pi) | 1 dpi) |

ow =0
dz* H dz pw

Considering the amplitude growth with height in a stratified atmosphere, w
is assumed to have the form

w(z) =W (2)exp(z/2H) < pw’(z) « W?(2)

Gravity wave

Then the equation becomes

aw |00 , Nk 1
|5 -k + -—
dz c o 4H

N

W =0

Assuming a wave solution W « exp(imz) (m: vertical wavenumber), the
dispersion relation is obtained:
2712
m2=i_k2+Nk 1
c’ o 4H’
Solutions for acoustic-gravity wave (connected to sound wave) and internal
gravity wave exist.

Approximate solution for internal gravity wave is
N?k?
g2 = 1 2> o0<N

2 2
k“+m +4H2




Gravity wave

For a large-horizontal scale waves (typical in planetary atmospheres),

k? o?
mz ~ NZ?
- Long period waves have near-horizontal phase surfaces
I\
|
o
Q
= =
4 & ,,\9‘\
R4 +° & N
» c® Holton 2004

Horizontal distance —w=

Fig. 7.9 Idealized cross section showing phases of pressure, temperature, and velocity perturbations
for an internal gravity wave. Thin arrows indicate the perturbation velocity field, blunt solid
arrows the phase velocity. Shading shows regions of upward motion.
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c
. g
acoustic wave /

Ad QD

L] NG ST
c
,,.;‘" Amplitude growth with height
w<N and wave breaking
-> turbulence generation,
I gravity wave mean-wind acceleration

Salby (1996)

B 11, VM omases of polar waves: Jeft -~ Jong waves (NIR] filer ), mididle « lome werves poodecne shant wave trains [UVL ot « imesoabss waves (UV)

on Venus

Mountain waves on Earth

Altitude (km)

40 Lower atinosphere
120 70 -20 30 80 130 180
Temperature (°C)

Mountain waves on Mars



Vertical structure
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Thermal tide

Planetary-scale gravity wave generated by the movement of
the solar heating region in the diurnal cycle

©ONASA

Excitation mechanism:

Earth : solar heating of stratospheric ozone layer
Venus : solar heating of cloud layer

Mars : solar heating of atmospheric dust

Thermal tide in Earth’s atmosphere

amplitude of 4T {K)

Fig. 4.7. {2) Amplitude and {b) phase of salar diumal component of T at various latitudes
for equinox, [After Lindzen (1967].]

Holton (1992)



Thermal tide in Venus’s atmosphere

Linear solution (Takagi & Matsuda, 2006) Temperature perturbation
Dirunal Semi-diurnal (Schofield & Taylor 1983)
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