Atmospheric circulation |
Reading: GPC Ch 6

Outline:

* Energy balance of the atmosphere

e Scales of motion

* Forcesthat determine the atmosphere and ocean circulation
Eulerian/Lagrangian descriptions of motion
Forces:. pressure gradient, gravity, friction, Coriolis
Equations of motion

o Simplifications of the equations of motion: hydrostatic

balance, geostrophic balance
e Therma wind



The atmospheric general circulation (AGC) and climate

Atmospheric motions are generated by geographic variationsin
surface heating caused by meridional gardients of insolation, albedo
variations, etc... By transporting energy, AGC winds generally act
to offset the effects of these heating variations on atmospheric T.
AGC trangports heat from the tropics to the poles.

Energy balance of the atmosphere Rron
aE“=Ra+LP+SH—AFa 1
where AF, <mmm
R, = Rtoa — Rs
Energy balance jRS I LP, SH
sfc
R, +LP+SH = AF, Local balance of an atmospheric

column of unit horizontal area
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Latitude

Net radiation cools atmosphere
Atmosphere transports heat from tropics to polar regions (1100 W/m?)

Average over longitude
and over 1v:

* LPlatititude distribution
corresponds to precipitation
and isreflected in the distr.

of AF,

*SH isrelatively small

R isnearly indep. of latitude.
Average cooling of (B0 W/m?
(-1.5 °C/day) compensated by
LP+SH where AF,is small
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Atmospheric motions and the meridional trasport of energy
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Wind componentson a spherical earth

v(longitude, latitude, height) = v(A,0,2) = (u, v, W)

u - zonal wind speed (east is +ve) Local cartesian co_ordinates
v - meridional wind speed (northis+ve) ~ Onasphere of radiusa
w - vertical wind speed (up is +ve) ‘b

4> Q

w - pressure velocity (the vertical component
of velocity can be measured in terms

of the rate of change of altitude, or

the rate of change of pressure)

u=acosp DA/Dt
v =aDqg/Dt

w = Dz/Dt

w = Dp/Dt
where D/Dt = temporal tendency experienced by an air parcel moving
with the flow.

In hydrostatic balance, w -pgw




Forces that determine the atmospheric and ocean circulation

Reference: Holton, “An introduction to dynamic meteorology”
5. Fundamental governing law

NOTATION: vectors are boldface, ‘normal’ are scalars. The components of
a vector a are denoted as ax, ay, az (so that a = (ax, ay, az)).

The exceptions are with position x = (X,y,z) and velocity v = (u, v, w),

which are widely used notations.

Newton’s second law
F=ma (1)
applies to a mass element.
BUT fluid is continuous, not discrete, so “mass of fluid” has no clear meaning.
Hence, we need to rewrite (1) in terms of force per unit volume:F = pa.
It 1s often easier to use volume per unit mass  instead of density p:
o = 1/ p so that
a= OF (2)



2. Eulerian and Lagrangian descriptions of motion

Usually we measure properties of a fluid as a function of fixed position and time
(“Eulerian description™), e.g. v(x,t) or T(x,t).

But note that if you measure a property (temperature, say) of a fluid at a fixed
point x at two different times t, and t,, you don’t actually measure the same parcel

of fluid, since it is (in general) moving.

This 1s particularly problematic if you were going to apply Newton’s second law,
since description of acceleration dv/dt involves the velocity of the same parcel
at two different times (even if the gap between the times is infinitesimally small).

In other words, if you measure the velocity of the fluid in the same position x at
two different times, v(x,t) and v(x,t+dt), the acceleration is not

(v(x,t+dt)-v(x,t)) / dt.

The solution 1s to describe fluid properties as 1f you were to follow the fluid parcel
(“Lagrangian description™)



NOTATION:

D/Dt 1s the time derivative following the fluid parcel

So: Lagrangian acceleration 1s D(u,v,w)/Dt
and we can write Newton’s second law for a fluid parcel as

D(u,vy,w)/Dt = 02 (Fx,Fy ,F7) (3)

all _ forces

Here the net force has been written as the vector sum of all forces on the fluid.

3. Forces on the fluid that are important in the atmosphere and in the ocean:

pressure fOI‘C@,’

gravity;

frictional force;

Coriolis force.



Form of these forces:

Fpressure — (l}‘pressureX , ]:]‘pressurey , Fpressurez) = (_ap/ax, _ap/ay, -ap/ﬁz) (4)
Ferviy= (0, 0, -pg) where g = 9.8m/s? (3)
Ffriction — (Ffrictionx, Ffrictiony, Ffrictionz) (6)

Friction usually has a complex dependence.
A simple way to model it is to assume that it is proportional to the parcel’s

velocity:

Firicion=_Lk v = -(ku, kv, kw) (7)
where k 1s the friction coefficient.

This type of friction parameterization is known as Rayleigh friction.



» The Coriolis ‘force’ is strictly not a force — it arises because our usual frame
of reference on the earth — longitude, latitude, height — is actually a non-inertial
frame of reference since the earth is rotating (and hence the frame of reference is
accelerating). The Coriolis force 1s here to compensate for the effects of using an
accelerating frame of reference.

The Coriolis force for atmosphere/ocean is well approximated by this expression:

Feoriols = (ofy, -pfu, 0) (8)
where f 1s the Coriolis parameter f =2 Qsin @ (9)
Q is the rotation rate of the earth and @ 1s the latitude.

What it means is that there will be a force on the parcel perpendicular to the
direction of the parcel motion (to the right in the northern hemisphere, to the left
in the southern hemisphere), and with a magnitude proportional to the speed of
the parcel.

Morthern Hemisphere . southern Hemisphere

. -



A 3-d scketch of the Coriolisforce

Due to the earth's rotation

Objects deflect to the right
in the northern hemisphere

O—

Northern Hemisphere

Southern Hemisphere
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Objects deflect to the left
in the southern hemisphere

MNorth Pole

Rotating Earth
- North Pole

L » Intended path

Target moves
Retating Earth



4. Putting everything together

With all the forces involved. we now have Newton's second law for a eeophysical fluid
(“eeophysical” since you have to account for the earth’s rotation);

L
i

writing it out fully and in its components:
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5. Simplifications of the equations of motion

*Hydrostatic balance

since the “horizontal” extent of the atmosphere is so much larger than the vertical extent
{thousands of kilometers as opposed to kilometers), large-scale vertical motions w can be
considered much smaller than u or v. It also means that Dw/It is also small. If we also
assume Triction is negligible in the vertical (F™ - (). then we can throw those terms
our from the vertical component of (10). If we do that. note that we just get back our old
riend the hyvdrostatic balance: ui =—r o rf“”

i (i e

-

= — Iy (11}



» Geostrophic balance

If we concern ourselves only with atmospheric or oceanic motions that change slowly
(over a number of davs) over time. we can simplify the horizontal equations of motion in
this way. Lets say that U is a characteristic wind speed. then the scale of the acceleration
term is

Du/ID ~ D/t ~ 1T/ (several days)
Note that a similar analysis for the Coriolis terms vield
Iv ~fu ~ U1 dav).

In other words, for motions that change slowly with time, the acceleration term in ( 10}
are neeligible compared to the Corielis term. A similar "scale analyvsis”™ will show this is
also true when compared to the pressure gradient term. Furthermore. if we look only at
motions above the boundary laver. then the frictional term 15 also small. and we can
rewrite the horizontal equations of motion in (10} as;

fv=u— TRl _ componet
ey
r:f,l'l T
fi=—r1— meridional _componeni (12)
i



['his iz called the geostrophie balance. and the motions are called geostrophic motions,
A defining characteristic of seostrophic motions is that the wind direction is parallel to
contours of pressure. o the northern hemisphere, the pressure pradient force iv always
to the left of the wind direction (a5 | changes sign. the pressure eradient force is to the
left of the wind direction in the southern hemisphere). Note that this is opposite of the
Corelis force, which acts to the right of the wind direction. In other words, the pressure
eradient force balances the Coriolis force =0 that the net [orce i1s zero — hence,
ceostrophic balance.

Freseure gradieyt force



Example: let’s compute the geostrophic zonal velocity at 1R0°W, 37N, given the surface
pressure map below:

mean sea levsl prassure Jan (mb)

F
i

F 3 F &8 % § % 8 @ ¥

mq:i:ll. [EES (TR

AL IBOOW , 30°45°N Ap ~ 14mb = [400Pa {[rom above)
Ay ~ 1537 % 21807 & radius of earth (~ 6.4x10°0m) = 1.7x10"m
[=20sing -~ 2x0 710" 5" X 5in (37 =084x107" 5
Hence the geostrophic zonal wind speed at 1BOW, 37°N s

U =-(100 {U/p) aplay
= (10RO (170 3kg m~) (1400 Pa/ 1.7¢10°m)
=7om's

Note: pressure lorce 15 northward, and wind s westerly (eastward)



* Friction and flow acrossisobars

Bote that in the boundary laver, Inction 15 usually not neghgible compared o the terms i
the peostrophic balance, As a consequence, Incton will slow the flow, the Conolis Toree
weakens as a resull, and the wind direction will turn slightly inwards intoa low pressure
regrom froan its ongganal fow parallel o the pressure contours. The balance in this How 15
a 3-way balance between the nctional force, Conolls, and pressure gradient. Tlus effect
15 strongest when § s simaldl (e low latitudes)




6. Thermal wind equation

[t turns out that the geostrophic relationshap, when combaned wath the hvdrostatic
relattonship, can be used to describe zonal Hows associated with mendonal pradients i
pressure (caused by, say, equator-to-higher latitude temperature gradients).

Lines are isotherms

WARM \

w=ea north

The analysis 15 easier 1o doan pressune rather than height as the vertical co-ordinate.

o that i o U e R R ] Sulire surlaces as ol "horsont: I, Pl R EGRLERCITRLS: 43
Mote that if we use constanl pressure surla ur "horreontal”, then gradients ol
peopotential height (dencted O - it 15 eqgual 1o gz, or the actual height muluphed by the
pravitational acceleration) take the place of the pressure gradients,



hendional component of the geostrophic balance {in pressure co-ordinates).

[ u=- adviy (13)
Hydrostatic equation:
dpie = -p g = pozidp = -«
© adidp=-a (14)
Dillerentiate (14) with respect to v to get. " Diavdp = - dody {15)

substitute { L3} inta (13) (o ehinunate D {assume | can be treated constant)
| duldp = dou'dy (18]

But. from the equation of state, p= pRT or = Up= RT/pso that (16) can be wrilten:
I 'dufop = (RipydT/oy (] 04

KT Thermal wind relation (17)

n:"!‘l Ir.? .I'- 4':'_:'-'

The upshot of this relationship s that the vertical sheir of the zonal wind 15 directly
related o the mendional gradient in temperature, through thes relationshap.



Example: letr's estimate the sonal wind speeds in the subtroprcal/mdlatitude jets for the
northern winter given that the mendional emperature drop s ~30K over GO00Km

AT/dy ~ -30K/6x10°m R S i
k=287 Jike K) Warm "————_________ Cold

| =28 sm @
~ Q=070 8" (sin 15 around 0.5 in the midlatitudes)

Let™s assume u at the surlace is small, and that we are looking at winds at 200m b
A = T mb)y = wi 200mb) = - wi 200mb)
Alnp = Ind 1000mb) = In{200mby) = Ind HOC2Z00) = 1n (5)

W RaT
R e W200mb) = [(ZRTOTLLOM) x (30ex1071] « 1ni3)
dlnp v

Hence

=328 m's



