Atmospheric dynamics I

Atmospheric circulation



Planetary-scale atmospheric circulation



Radiative energy budget and meridional circulation
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ig. 10.7  Streamfunction (units: 107 kgm~'s~ 1) for the observed Eulerian mean meridional circu-
lation for Northern Hemisphere winter, based on the data of Schubert et al. (1990).
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Hadley circulation: a kind of horizontal convection
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Adjustment of surface pressure to midtropospheric heat source. Dashed lines
indicate isobars.
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Baroclinic wave disturbances
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Frontal dust storms on Mars
(Wang et al. 2005)

Fig. 6.5 Schematic 500-hPa contours (heavy solid lines), 1000-hPa contours (thin lines), and 1000~
500 hPa thickness (dashed) for a developing baroclinic wave at three stages of development.
(After Palmén and Newton, 1969.)

Holton 2012



Quasi-geostrophic vorticity equation

a£=_v V(C +f)+fo

vV  : horizontal differentiation

v, du, V&
L =——-—= : geostrophic vorticity
ox  dy Jo
1 - L
vV, = —k xVO : geostrophic wind
0
() : geopotential
f  :Coriolis parameter (planetary vorticity)

w = dp/dt : vertical velocity in pressure coordinate



Equation of thermodynamics
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Omega equation

Combining the vorticity equation and the thermodynamics equation to
eliminate the time derivative term, we get the “omega equation”:

(V2 +;°2%;)w —%’%[v V(E, + f)] Jgf[vz(vg- VT)]
(A)

Let us consider a sinusoidal perturbation
w o sin(7 p/ p,)sin(kx)cos(ly)

Then the term (A) becomes

. 2
& )._
o Jdp- p()

Since the sign of the vertical velocity w is opposite to that of ® (W = —w),
(A) is proportional to the vertical velocity. (Upward motion is forced where
the right-hand side is positive and downward motion is forced where it is
negative.)



Vertical motion forced by the advection of vorticity

Omega equation

The term (B) is rewritten as

(B) « 3(—@- ve Ly,
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Eady stability problem for baroclinic disturbances

The structures of unstable modes in a simplified atmosphere with a
north-south temperature gradient

e f-plane (B =0).
* 0U/0z = constant.
* Rigid lidsatz=0and H
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Fig. 3.8 Rclationship between vertical shear of the geostrophic wind and horizontal
temperature gradients. (Note: p <0.)
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3D structure of baroclinic wave disturbance
(= Ferrel cell)

Hadley cell
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rising warm air to the east of trough & subsidence of cold air to the west of trough
- conversion from eddy potential energy to eddy kinetic energy

cold advection below trough = development of trough
warm advection below ridge = development of ridge



Surface meteorological measurements on Mars by Viking-2

(Wang et al.

2005)

(Barnes, 1980)
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F16. 2. The unfiltered pressure and zonal (#) and meridional
(v) wind data for a 44-sol portion of the spring period at Lander 2.
The pressure is in mb, with the wind speeds in m s™',



Meridional heat transport
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Fig.10.3 Observed northward eddy heat flux distribution (°Cms™ 1) for Northern Hemisphere winter.
(Adapted from Schubert et al., 1990.)
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Fig. 10.7 Streamfunction (units: 107 ke m~'s™1) for the observed Eulerian mean meridional circu-
lation for Northern Hemisphere winter, based on the data of Schubert et al. (1990).



Meridional circulation in a Martian GCM (general
circulation model)

ZONALLY AVERAGED MASS STREAMFUNCTION (kg/s)
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Baroclinic instability in Venusian atmosphere?

Sugimoto et al. (2014)

The superrotation of the atmosphere
takes the place of planetary rotation,
thereby sustaining baroclinic instability

2.26 um image of Venusian nightside
taken by Akatsuki IR2

(ulvl) (U,T’)



wave momentum transport

baroclinic instability

— generation of Rossby waves

—>Rossby waves take away retrograde (westward) angular momentum from
the md-latitude

- maintenance of (eastward) mid-latitude jets

Rossby waves N
break & dissipate ~ Momentum
divergence

Momentum
convergence

Stirring —

Rossby waves
break & dissipate

Momentum
divergence

Vallis, 2005
(Vallis, ) (Salby, 1996)
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Fig. 3.1 The time-averaged zonal wind at 150°W (in the mid Pacific) in December-
January February (DFJ, left), March-April-May (MAM, right). The contour interval is
Sms~1. Note the double jet in each hemisphere, one in the subtropics and one in
midlatitudes. The subtropical jets is associated with strong meridional temperature
gradient, whereas the midlatitude jets have a stronger barotropic component and
are associated with westerly winds at the surface.

Vallis (2006)



Latitudinal structures

Rotation 243 days 1 day 10 hours
period



Rossby radius of deformation

Lp = H : depth of the system

f=2Q cos @: Coriolis parameter

, /gH g : gravitational acceleration

The characteristic scale at which the velocity
field and the pressure field adjust with each
other to maintain geostrophic flow

Faster planetary rotation leads to large f, and
then shorter L

©UCAR
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Parameter study of the
atmospheric circulation
of Earth-like planets with
general circulation
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Meridional stream
function

white : anti-clockwise

shade : clockwise

Pressure

PRESSURE (mb)

PRESSURE (mb)

PRESSURE (mb)
#ise 5.

PRESSURE (mb)

#is e yis

PRESSURE (mb)
~

@*

H a*=k STREAMFUNCTION

MOIST
S'IREA.MFUNCTION_

= 1 LA

L

th) a*=lk

N

—_— r " =

o] o*=%

LATITUDE

e

Latitude

> Y T
75 L 45 x* 15* L
LATITUDE

Fig. 3. Meridional distribution of the mean stream function for the MOIST model with Q% = 0-8. Units: 10" g s~!



MOIST (%)

o) 0*-g TEMPERATURE ) a*=); TEMPERATURE

25
954"

PRESSURE (mb)

PRESSURE (mb)

Temperature

Pressure
PRESSURE (mb)

white : > 220K
shade : <220 K

PRESSURE (mb)

- lil_a*=0
9 -

5 208 puis ) A —

£ 3504 % X

"é 515 1 L =N \
—

90 78° 60° 450 0° 15% o 0°q 90° 75° 60° 45° 30* 15 o
- LATITUDE Latitude LATITUDE

Fig. 4. Meridional distribution of the mean temperature for the MOIST model with Q* =0-8. Units: K



Superrotation

taken by Akatsuki UV Imager



Observed superrotating atmospheres

Venus

Jupiter Satumn

Imamura et al. (2020, Space Sci. Rev.)



Superrotation of Venus’ atmosphere

Zonal winds measured by entry probes
70
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60 times faster rotation of the atmosphere (period=4 Earth days) than the solid
planet (period=243 Earth days)



Superrotation of Venus atmosphere

Cloud-tracked winds from various

Latitudinal profiles of the zonal wind Missions

speed at different levels (20-60 km)
measured by entry probes
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Fig. 10. Latitudinal variation of retrograde zonal wind speeds measured by interferometric
tracking of Pioneer Venus probes. The symbols refer to different altitudes: 20 km, (0); 30
km, (A); 40 km, ([J); 50 km, (V); 55 km, (X); and 60 km, (+). The curves represent solid
body rotation at different rates. It is assumed that the zonal circulation is approximately

ic about th , so the wind speeds for the D d Night prob be plotted 4
gr;ﬂl;t.nca out the equator, so the wind speeds for the Day and Night probes can be plotte SancheZ_Lavega et al. (2017)



Superrotation of Titan” atmosphere

Horst et al. 2017
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The atmosphere circulates 10 times faster than
the rotation of the solid planet.



Infrared observation by
CIRS on NASA Cassini

. Zonal-mean
(northern winter)

temperature

Achterberg et al. 2008

Zonal winds calculated
from the temperature
using thermal wind
relation



Dias Pinto & Mitchell (2014)



Hide’s theorem

Hide (1969) showed that non-axisymmetric eddies (waves) are needed
to maintain the jets aloft the surface and that the required momentum

convergence should be provided by upgradient angular momentum

transport.

S NP

P EQ ,
z=H <
<
2] "
z=0 |

(Vallis, 2005)

M=




Hypothesis: Acceleration by meridional circulation and
horizontal eddies (Gierasch, 1974; Rossow & Williams, 1979)

Hadley circulation Horizontal eddies

transport angular
momentum equatorward
to smooth out the
differential rotation of the
atmosphere.

transports angular
momentum poleward,
thereby creating high-
latitude jets.

The combination of the two processes leads to an accumulation of
angular momentum in the equatorial upper atmosphere.



2D simulation in a slowly-
rotating system

(Williams and Rossow 1979)

e planetary rotation same as Venus
* momentum forcing at high latitudes

= baroclinic instability, followed by
generation of large-scale waves and
equatorward momentum transport

mean zonal
stream function  velocity

2.8 days

11.5 days

17.2 days




Difference in wave characteristics between Earth and Venus

Earth Venus

Rotation period 1 day 243 days

Small waves Large waves

Poleward AM transport ?



Rossby radius of deformation

Lp = H : depth of the system

f=2Q cos @: Coriolis parameter

, /gH g : gravitational acceleration

The characteristic scale at which the velocity
field and the pressure field adjust with each
other to maintain geostrophic flow

Faster planetary rotation leads to large f, and
then shorter L

©UCAR



Rossby-Kelvin instability
(Sakai 1989; Iga and Matsuda 2005; Wang & Mitchell 2014)

Coupled mode seen in a Titan-like Coupled mode seen in a Venus GCM
GCM (Wang & Mitchell 2014) (Takagi et al. 2022)

Planetary-scale shear instability can transport angular
momentum equatorward



Parameter dependence in Earth-like GCM (bias Pinto & Mitchell 2014)

Zonal velocity

Meridional circulation

Temperature

Earth’ condition R, =0.04

Rot. rate x 1/20 R,=0.8

Hadley cell spreads, but superrotation

does not develop because of the
relatively short radiative/viscos time

scale.

Rot. rate x 1/20 R,=1.2
Relaxation time x 20
Superrotation develops when the

radiative/viscos time scales are made
longer.



Radiative relaxation time

* The time scale over which the atmosphere is warmed by solar radiation or
cooled by emitting infrared radiation.

* |t is considered that the meridional circulation is determined by this time
scale.

* The larger the heat capacity of the atmosphere, the longer the radiative
relaxation time.

* Mars
Surface pressure = 0.006 bar = Relaxation time ~ 3 Earth days

e Earth
Surface pressure = 1 bar = Relaxation time ~ 100 Earth days

Surface pressure = 92 bar = Relaxation time ~



Conditions for superrotation
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v’ Slow planetary rotation

* On slow-rotating planets, atmospheric waves
caused by planetary-scale dynamical instabilities
unknown in Earth's meteorology lead to an
acceleration of the atmosphere.

(When the planet rotates rapidly, atmospheric

waves accelerate the atmosphere at high
latitudes like the Earth)

v’ Long radiative relaxation time

* A dense atmosphere has a large heat capacity
and a longer relaxation time. The vertical
circulation slows down, making it difficult to
smooth out the velocity change with altitude and
making it easier to maintain the superrotation.




Opposite extreme = Mars

Short-timescale effect of the lower atmosphere to the upper
atmosphere

Dust storms

Hydrogen escape

observed by MAVEN

Solar Wind lon Analyzer
Frontal dust storms (Wang et al. 2005)

Vertical distribution of
water vapor observed by
Mars Reconnaissance

‘ Orbiter MCS

Heavens et al. (2018)



Venus Mars
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Another mechanism: Acceleration by thermal tides
(Fels & Lindzen 1974)

A
: N~
Rotation e < >
> a

— <cceleration <

Thermal tide
WEST

EAST

Heating ¢ <— > acceleratioy

Thermal tide %
acceleration <
—

Eastward movement of the solar heating region in the cloud generates thermal
tides (planetary-scale gravity wave) = The tides having eastward momentum
propagate upward and downward = Vertical redistribution of momentum leads
to a westward acceleration of the cloud-level atmosphere

cloud layer




Vertical structure of thermal tides in Venus’s atmosphere

Linear solution (Takagi & Matsuda, 2006) Temperature perturbation
Dirunal Semidiurnal (Schofield & Taylor 1983)
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Wind field of thermal tides on Venus (Fukuya et al. 2021)

Clouds seen in thermal IR

Velocity vectors
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Local time

* Equatorward circulation was discovered on the nightside

* Dayside poleward flow and the nightside equatorward
flow cancel each other



Numerical models

Zonal winds

Garate-Lopez and Lebonnois (2018) Sugimoto et al. (2014)



Numerical model of Titan Lebonnois et al. (2012)

Mean zonal wind and meridional stream function

Seasonal variations of the vertically-integrated latitudinal transport of angular momentum

mean meridional circulation transient waves



Equatorial superrotation on Mars induced by thermal tides

Wavenumber 1+2 components observed by

MCS onboard MRO o
Zonal-mean zonal wind in a

Mars GCM (dusty period)

/\

Mars GCM Momentum
transport

Height / km

Kleinbohl et al. 2013

Rajendran et al. 2018



Implications for exoplanets

e Tidally-locked planets are mostly slow rotators like Venus.

e Super-rotation can redistributes thermal energy along the local time on
such planets.

Slow rotation Fast circulation
Hot dayside Moderate climate?
Cold nightside



Antisolar

Antistellar Peoint

Subsolar T

Polar view of the atmospheric circulation and temperature
distribution at 20 km altitude on a synchronously rotating terrestrial
planet (Joshi et al., 1997)



A map of the day-night contrast of the extrasolar planet HD
189733b (Knutson et al. 2007)

A minimum brightness temperature of 973 +/- 33 K and a maximum brightness
temperature of 1212 +/- 11 K at a wavelength of 8 microns, indicating that energy from
the irradiated dayside is efficiently redistributed throughout the atmosphere

Observed phase variation for HD 189733b, Brightness estimates for 12 longitudinal
with transit and secondary eclipse visible. strips on the surface of the planet



Linear, analytic solution for parameters relevant to hot, tidally locked exoplanets
(Showman & Polvani 2011)

radiative-equilibrium height field

Height field (orange scale) and
horizontal wind velocities (arrows)

Acceleration



Matsuno-Gill pattern (Matsuno 1966; Gill 1980)

* Heat-induced tropical circulation composed of Rossby wave and Kelvin wave

* Plays crucial roles in Earth’s troposphere

Figure 1. Solution for heating
symmetric about the equator in the
region |x| < 2 for decay factor

i &= 01,

(a) Contours of vertical velocity w
(solid contours are 0. 0-3, 0-6,
broken contour is —0-1) super-
imposed on the velocity field for the
lower layer. The ficld is dominated
by the upward motion in the heating
region where it has approximately
the same shape as the heating
function. Elsewhere there is
subsidence with the same pattern
as the pressure field.
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(b) Contours of perturbation
pressure p (contour interval 0-3)
which is everywhere negative. There
is a trough at the equator in the
casterly régime to the east of the
forcing region. On the other hand,
the pressure in the westerlies to the
west of the forcing region, though
depressed, is high relative to its
value off the equator.

Two cyclones are found on the
north-west and south-west flanks of
the forcing region.

PP

g
o
.
e

1 (c) The meridionally integrated
r4 flow showing (i) stream function
contours, and (ii) perturbation
pressure. Note the rising motion
in the heating region (where there
is a trough) and subsidence
clsewhere. The circulation in the
15 right-hand (Walker) cell is five

o D 10 x times that in each of the Hadley
(i) cells shown in (c).

(1)




Driving forces of the zonally-averaged structure

Transformed Eulerian-mean equations:

Momentum eq.

o (aa )+ ot 1<6F(3’) aF(Z)> zonal acceleration
p
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Wave-driven meridional circulation
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Earth’s stratospheric meridional

circulation (Holton 2012)

Diabatic circulation
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Earth’s mean meridional circulation in the troposphere

Eulerian-mean

(v, w)

Lagrangian-mean

(", w*)

100

Holton 2004

7

e
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1000

Fig. 10.7 Streamfunction (units: 107 kem™ 1s~1) for the observed Eulerian mean meridional circu-
lation for Northern Hemisphere winter, based on the data of Schubert et al. (1990).




Meridional circulation of Mars atmosphere

(Santee & Crisp 1995)

Mean temperature
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Figure la. Diurnal-mean temperatures obtained by
averaging the 1400 LT and 0200 LT temperature maps
retrieved from the Mariner 9 IRIS spectra in Paper 1.
For consistency with the results of Paper I, the verti-
cal coordinate in this and all subsequent figures is the
atmospheric pressure p. The approximate altitude z
corresponding to a given pressure level is also included
in these figures (see section 2.1). This correlation of
altitude with pressure is based on the following values:
ps = 6.0 mbar, R=191.0J K~! kg~!, g = 3.74 m/s?,
and Tp = 196 K (the globally and diurnally averaged
value of the atmospheric temperature at the surface),
resulting in a mean scale height # = 10 km.
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Figure 3. Net radiative heating rates (K/d) calculated
from retrieved IRIS temperatures and dust abundances
using the radiative transfer model described by Crisp
[1990] and in the appendix of Santee [1993]. Negative
contours are dashed, the zero contour is thicker, and
the contour interval is nonuniform.



Meridional circulation of Mars atmosphere
(Santee & Crisp 1995)
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Figure 4a. Diabatic meridional velocity, in m/s. Pos- Figure 4b. Diabatic vertical velocity, in cm/s. Pos-
itive values represent northward winds, negative con-  itive values represent upward winds, negative contours
tours are dashed, and the zero contour is thicker. are dashed, and the zero contour is thicker.



Meridional circulation of Mars atmosphere
(Santee & Crisp 1995)

Stream function E-P flux divergence (zonal acceleration)
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Figure 4c. Mass-weighted stream function, ¥,,, in Figure _51- Elias:?'en—Palm_l flux divergence
units of 107 kg/s. Positive values represent clockwise ((pacos ¢)™* V - F) in units of ms™"/d. Negative con-

flow, negative contours are dashed, the zero contour is tours are dashed, the zero contour is thicker, and the
thicker, and the contour interval is nonuniform. contour interval is nonuniform.



temperature field

Meridional circulation of
Venus atmosphere

Lee et al. (2015)



Hot polar dipole & cold collar at Venus’s cloud top

Pioneer Venus thermal infrared mapping of the North polar region
(Taylor et al. 1980)




Ando et al. (2016)

With tide Without tide



