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» Classify weather
systems according to
their intrinsic or
characteristic time and
space scales.

Scale name Scale dimension Examples
Molecular scale <2 mm
Molecular diffusion, molecular viscosity
Microscale 2 mm-2 km Eddies, small plumes, car exhaust, cumulus clouds
Mesoscale 2-2000 km Gravity waves, thunderstorms, tornados, cloud
clusters, local winds, urban air pollution
Synoptic scale 500-10000 km High- and low-pressure systems, weather fronts,
tropical storms, hurricanes, Antarctic ozone hole
Planetary scale =10 000 km Global wind systems, Rossby (planetary) waves,

stratospheric ozone reduction, global warming




Length, velocity and time scales in
the Earth’s atmosphere and oceans

Length scale Velocity scale Time scale
Phenomenon L U T
Atmosphere:
Sea breeze 5-50 km 1-10 m/s 12 h
Mountain waves 10-100 km 1-20 m/s Days
Weather patterns 100-5000 km 1-50 m/s Days to weeks
Prevailing winds Global 5-50 m/s Seasons to years
Climatic vanations Global 1-50 m/s Decades and beyond
Ocean:
Internal waves 1-20 km 0.05-0.5 m/s Minutes to hours
Coastal upwelling 1-10 km 0.1-1 m/s Several days
Large eddies, fronts 10-200 km 0.1-1 m/s Days to weeks
Major currents 50-500 km 0.5-2 m/s Weeks to seasons
Large-scale gyres Basin scale 0.01-0.1 m/s Decades and beyond




Typhoon Xangsane Coastal Clouds

Scales of N .
atmospheric
motion

Nimbostrates Coastal Stratus

On a particular day ...

Cumulonimbus Towering Cumulus Trade Wind
Stratocumulus

cirrus

cirrocumulus cirrostratus Cumulonimbus

HIGH

MIDDLE

Cumulus
Cumulus (with development)

fair weather Stratus

Nirao

LOW




The basic scale
dimensions

Symbol

u

Variable Units
horizontal velocity mst
vertical velocity ms?!
Length m
height or depth m
horizontal pressure fluctuation J I(g'1 = m? 5'2,
weighted by density units of

geopotential

Time s

Horizontal Length scale (L):
L can be defined in a few ways
= For wavelike features in the atmosphere it is

usually taken to be one-fourth of the total wavelength

A |Phillips, N.A. (1963): ‘Geostrophic motion’
4 | Rev. Geophys. 1, 123 -175

= Based on the concept of "Rossby radius"

Vertical Length scale (H): is the height of the circulation
or disturbance, generally — height of the troposphere

Horizontal and vertical motion:

= Horizontal velocity (U): For most atmospheric
circulations the # and v components are of similar

magnitude, and so we use a single scale parameter,
U, to represent both.

= Vertical velocity (W)

o p : Pressure change — In the horizontal, this will be the
range between the maximum and minimum pressures
found moving horizontally across the circulation

In the vertical, it will be the maximum and minimum

pressures found moving vertically through the circulation

(5}? )horizontal << (5}7 )Vertical

Time (7) : For the time scale we use the advective time scale, defined as |z,,, = L/U|. This is the time it

would take for a parcel of fluid traveling at speed U to travel the distance L




Arbitrary division of space/time

Synoptic = the length scale of the phenomenon (L) > 1000 km geostrophic balance

—
or time scale of the phenomenon (7') > 1 day hydrostatic balance
Mesoscale = 10km < L < 1000 km; small enough to be significantly out of
lh < T < 1day <> |geostrophic balance, but large enough
MCC = 7'=10hr, L =250 km that hydrostatic approximation is valid
Convective = L < 10 km
e.g., Turbulence = T =10sec, L=1m neither geostrophic balance
—
Thermal = T =5min, L =500m nor hydrostatic balance
Cb = 7' =30min, L =3 km
Question: How the magic number L ~ 1000 km definition of
came for synoptic scale motions? Rossby radius

Rossby radius: 1s the characteristic horizontal length scale at which

rotation effects become as important as buoyancy effects




Rossby number -

characterizes atmospheric flow regimes

* When the Rossby number is large (such as in the tropics
and at lower latitudes), the effects of planetary rotation are
unimportant and can be neglected.

* When the Rossby number is small (Ro << 1), the effects of

planetary rotation are large.

Balanced Flows

Rossby Number
Small ~1 Large
>
Geostrophic Flow Gradient Flow  Cyclostrophic Flow
Mid-latitudes Tropics

Despite the apparent complexity of atmospheric motion systems as depicted on
synoptic weather charts, the pressure (or geopotential height) and velocity
distributions in meteorological disturbances are actually related by rather simple
approximate force balances.

Ro =

U

1

Horizontal momentum equation

—

dt

dv. A
Ly fkxV, =

-V,

Inertial acceleration + Coriolis acceleration =

Pressure-gradient force

Ro = Rossby number =

Inertial acceleration

Coriolis acceleration.

ROEdV
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Rossby number - characterizes
atmospheric flow regimes

A small Rossby number (Ro << 1) implies that the inertial terms are unimportant, and that the
pressure gradient force balances the Coriolis force (geostrophic balance). A large Rossby number (R,
>> 1) implies that the Coriolis term is unimportant, and that the inertial terms and the pressure
gradient term balance (cyclostrophic balance).

For synoptic scale motions we typically use values of velocity scale U~ 10 m s! and length scale L ~

10% m. The graph below shows the Rossby number as a function of latitude for these values of U and
L.

Poleward of 20° the Rossby number is small enough that the geostrophic wind and actual wind are
fairly close. Equatorward of 20° the Rossby number is no longer small, and the geostrophic and actual
wind can differ greatly, especially as the Equator is approached.

The comparatively large values of Rossby number in the Tropics vs. the mid-latitudes means that on
the synoptic scale quasi-geostrophic theory isn’t very useful in explaining the dynamics of synoptic-
scale tropical circulations.

On the planetary scale, where L ~ 107 m,
the Rossby number does remain small

through most of the Tropics. Therefore, '
quasi-geostrophic theory may be carefully ro- Y |
applied to planetary-scale circulations fL|
such as the monsoon, the Walker !
circulation, etc. T

Rossby Number

>3 U~10mstand L ~10°m

1.5

0.5

20 40 60 80

latitude




Scale analysis of atmospheric motions (small Ro)

Not all of the terms in the momentum equations are significant. If a term is much smaller
than the others, then it is reasonable to ignore it under certain circumstances

Ro = 0.1

2 2 2 . -1
aM+uau+vau+wa—u=—la—p+2§231ngpv 2Qwcos @ +v §_+§_2 +Va— U=10ms
ot ox Oy 0z 0 Ox ox* 0Oy oz’ W=1cms’
ov  ov  0ov 8\/ 1 op . o’v 0 o*v | |L=1000 km
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When the Rossby number is much less than unity (Ro << 1), then the acceleration (inertial) term can be
ignored, and the only two terms left are the PG term and Coriolis term, which must be nearly in balance
<> synoptic scale motions tend to approach "geostrophic balance" and in "hydrostatic balance"




Synoptic scale vorticity dynamics (small Ro)- Scale analysis
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For midlatitude synoptic-scale systems, the relative vorticity is often small

compared to the planetary vorticity [¢(107) << f (107" at 45°N)].

0 pop
szz
107"

L7~ 10 m s-;_]

On the synoptic scale, the total absolute vorticity advection can be

approximated by the horizontal advection

og ou Ov ow
ot +V V(é’ f) f{@x 8y] f

synoptic scale vorticity processes in mid-latitudes is governed by

horizontal convergence/divergence and associated vertical motion

W~ 1lcm 5‘1

L~ 10°m

HwEO"im

dp ~ 10 hPa

P~ Il-:gm_3

For synoptic-scale flows, the tilting term, solenoidal term, and
vertical advection of vorticity can be neglected, f plays a dominant

role in the divergence term. For intense ({ = f) cyclonic storms,
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(small Ro)- Scale analysis of thermodynamic energy equation

ds dIn® = 0 < This can be linearized by letting |60(x, y,z,t) =6 (z) + 0'(x, y,z,t)

!
—| <<,
0

dind _Q d{ln9+£}_cpdl L, G dY |, d0 0

do,

dz

do'
<<

dz

Assuming

C i
dr " dt T

and Inf=1In| 6, 1+£ ~Ing, +£

8() 8()

c :>C — =
Podt T Tdt , dt 6, dt 6, d T

LA g, wp)unf118). 2
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The above equation may also be written as 5
4 g

g dgy
6, dz

For the mid-latitude scales, U =10 ms™,

1, L=10°m, 6,~ 300K, 0~ 4K, N~ 0.01s",

Q/c, <1K day”

ot g

Alternatively, =
statically stable basic state

' 2
o0 +\_}H Vo' + (9 w=0 . . . . . .
in the absence of strong diabatic heating, the rate of change in €' is

equal to the adiabatic heating or cooling due to vertical motion in the

"Z_fw VT +(T,-T)w=0

and static stability, less influenced by diabatic heating.

Synoptic scale motions in mid-latitudes is largely governed by horizontal temperature advection




Mesoscale motions
(Ro greater than or equal to 1)

meso-

200 to 1000 kilometers

meso-{3

20 to 200 kilometers

meso-y

2 to 20 kilometers

Jet streaks
Tropical cyclone

meso-3 features are
sea and lake-breeze
circulations, MCS

Rotating thunderstorms,
Tornadoes, dust devil



Mesoscale motions
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All terms in the equation are of the same magnitude

We no longer have geostrophy!

Moderate Ro flows

U=10ms"’
W=1ms'T

L=100km=10"m<

H =10km =10 m

T=10"s{ (<1 day)

Ro ~1

e.g., MCC =
T =10hr, L =250 km

\

From Synoptic Scale

200—-1000 km
6 hours — 2 days

5 20 —-200 km
meso-
30 min — 6 hours

meso-oa (
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— hydrostatic balance is still a good approximation

for mesoscale flows — The vertical motion 1s much

smaller than the horizontal motion (W < U).

op, =1hPa

~ 1 hPa/100 km
~ 10 hPa/1000 km
op, =1000 hPa

quasi 2D = |w| <<

ageostrophy is significant

u,v

= f is not negligible
= nearly hydrostatic

W <U, £<<1
L




Mesoscale motions
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(1) Local time tendency terms ~ 75 can be neglected < if the
[ ot ot

movement of the mesoscale system is much less than the advecting

wind speed (c

system

c..= 0 or quasi-steady i1f ¢

System

System

<< U). Such a system 1s said to be steady state if

# but still ¢

<U.

System

(2) If horizontal scale 1s sufficiently large = hydrostatic equation is valid.

(3) If horizontal scale 1s sufficiently small = the Coriolis term is small

relative to the advective and pressure gradient forces (Ro >>1)




Mesoscale vorticity dynamics - Scale analysis
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107° 107 107° (& >> f) 107° 10 *| < Tropics

U=10ms"
B 1

Remember: =l mst T

For mesoscale flows, the
tilting term, solenoidal term,

and vertical advection of

vorticity cannot be neglected

L=100km =10 m+<

H =10km =10 m

T=10* s (<1 day)

opy, =1hPa=10hPa/1000 km
op, =1000 hPa

p=lkgm™

ﬁ)‘45"N ~107" 5™

U
~—~10"s!
- 3




Mesoscale-alpha (a) 200 - 2000 km 6 hrs - 2 days Jet stream, small hurricanes, weak L
anticyclones 250 e —
= T
Mesoscale-beta (b) 20 - 200 km 30 mins - 6 hrs Local wind fields, mountain winds, =5
land/sea breeze, mesoscale ‘E’ 400
convective complexes (MCCs), g 500
large thunderstorms a
700
Mesoscale-gamma (c) 2-20km 3 - 30 mins Most thunderstorms, large 850
cumulus, extremely large 1000
tornadoes

The COMET Program

One of the keys to mesoscale processes is the role of non-hydrostatic processes.
On a synoptic scale and even upper meso-«, the atmosphere is very nearly in hydrostatic equilibrium.

Consequently, synoptic-scale parcels of air rise and fall very slowly relative to their horizontal motions.

However, this is not true for the lower meso-£ and especially for meso-y.

= vertical velocities, driven by processes including buoyancy and topographic effects, can approach

or even exceed horizontal velocities (over short distances).

As a result, mesoscale meteorology is frequently determined by non-hydrostatic processes.




Convective/storm scale ||Ro ~ 10

1
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f can be neglected when studying cumulus convection that lasts

for an hour or so. The acceleration term is as important as the PGF.

High Ro flows
Meso-y (2 —20 km)

non-hydrostatic

U=10ms™"; W=10 ms'1
L=10km=10* m{

|H =10 km =10 m

7=10sl; 6p, =1 hPa <
p=lkgm?; f, =107 s~

Three-dimensional (U = W)

non-hydrostatic

Following Boussinesq approximation ageostrophic

W g Lok 9, Coriolis effect is negligible
Ot ox 0Oy 0z p 0z o,

U UW W 5p AQ op' =1hPa; A@=10K;

I 7 N7 SH 9—0 6, =300 K 3

0 e e e 0= p= 0.5kgm™ (vertical mean)
= Clearly, the vertical acceleration term is now important. Thermal= 7 =5min, L =500m
Thus, the hydrostatic approximation is no longer applicable | |[€b = 7 =30min, L =3-20 km




NH f = Coriolis parameter
Rossby radius (L) = 7

Fluid deformation

(Baroclinic fluid)

How far the
effect of an

disturbance
Rossby radius (L)

— Rossby
= _ Radius

(Barotropic fluid)

H = Fluid depth I JeH
N = Stratification o f




Systems Persists

S s

4L F Storm Radius |, _ N’H?
. ' R
- - 2v an
hEN (f+4)(f+ : )
| R
: Ly<L,,, = system survives
Ly > L., = system dissipates

55

What is the Rossby Radius of Deformation?

-Distance at which energy disperses by atmospheric waves from the center of a circulation

If this distance exceeds the storm radius, the energy disperses too far away and the
system tends to dissipate.

If this distance is contained within the system radius, the storm will persist.



NH
/

The practical application of L, 1s to evaluate whether

Rossby radius (L) =

a pressure or height perturbation feature 1s dynamically

"large" or "small" << whether 1t persists or decays

= If 1t 1s dynamically "large", 1t will retain 1ts perturbation
characteristics for a considerable period and winds will
come 1nto balance with the mass field (wind adjustment).

— If dynamically "small", the feature will decay and the
height field will adjust to the remnants of its wind field

(mass adjustment).



Perturbations from Balance

For stable balance, 1.e. stability restores balance, perturbations initiate
oscillations that result in waves

For unstable balance = perturbations produce a growing disturbance

Perturbations from Hydrostatic Balance : Oscillation frequency NV

= Perturbations from stable balance : Gravity or Buoyancy waves —

: : L / 06 : : 2
Horizontal phase speed 1s ¢, = — & {Tlme period T = il

27\ 6, oz

— From unstable balance (buoyancy > gravity) lead to: convection

N

|

Perturbations from Geostrophic Balance :

—> Stability produces balance : oscillation frequency is f

: . . 2
Wave speedisc, .., = / = / Time period T = il
k 2rx/L, f

— Unstable balance produces: Inertial instability




If both hydrostatic and inertial balances occur and the flow is
perturbed, what is the result?

= Depends on which adjustment dominates
= Determine dominant adjustment from ratio of gravity wave phase speed
to inertial wave phase speed

For stable balance, 1.e. stability restores balance, perturbations initiate

et : Ci LN NL NH
oscillations that result in waves |22 = —= | — L,=—=%~x

Cinertial L H f f f

Scale at which there 1s equal inertial and gravity wave response

. C gravity

. L LN NH
—> The definition of Rossby Radius 1s: |L, = 7 = } > 7

—> Rossby Radius for axisymmetric vortex having tangential wind v, and

radius R = LR—Cgravity/\/(f + g)(f n 2";1)




What causes perturbations? |

When latent heating from convection affects the mass (pressure) field in

dynamically large systems, the system will adjust through changes in the
rotational part of the wind (\7\") <> Wind adjustment

In contrast, for dynamically small systems, adjustment of the mass field

to the latent heating will cause divergent circulations (\7%) that will influence

the future evolution of convection (= Mass adjustment — making this

process difficult to parameterize in numerical modeling!)

—> if a tropical disturbance is larger than the Rossby radius, the energy
from the gravity waves will be contained within the disturbance,
and 1t will persist.

—> 1f the tropical disturbance 1s smaller than the Rossby radius, then

the energy will be dispersed outside of the radius of the disturbance,

and 1t 1s more likely to dissipate

Rossby radius L, = NH/ f




Jai

For a barotropic fluid, L, = —=—; For a baroclinic fluid, L, = —

L,H = Horizontal and vertical scales of the imbalance

NH

Typical values of L,

How far the effect of the disturbance
is being felt? — Rossby Radius

f =107 s™
Middle-to-high latitudes, |H ~ 10 km = L,
T;Juoyancy ~ 10 min
f = 25x107 s™
At 10°N, |H = 20 km = L, ~8000 km
T'buoyancy ~ 10 min
f = 13x107 s™
At 5°N, |H =~ 20 km = L, ~15000 km
Tz)uoyancy ~ 10 min

L, approaches oo at the equator as f goes to zero.

~ 500 -1000 km

Tropical phenomena are
— planetary scale
e.g., Monsoon,

Walker circulation




Rossby radius of deformation (L, ): 1s the distance

a gravity wave travels during one 1nertial period

(a) Inertial period (days)

Period 5°N 10°N 15°N 20°N 30°N 45°N 27[
_ Inertial period (7)) = —

56 29 1.9 1.5 10 07 f
(b) Atmosphere Rossby radius of deformation LR /gH

5N 10°N  15°N 20°N 30°N  45°N |For a barotropic fluid, L, = ——
20m 1101 553 371 281 192 136 S
50m 1742 874 586 444 304 215 .. : NH
lom 63 1236 s 7 4w 3 |Forabaroclinic fluid, Z, = f
400m 4926 2472 1658 1225 859 607

For a given fluid depth /, L, increases with decreasing latitude for all /' simply because a gravity wave
can propagate further as the inertial period increases.

For a given f, L, decreases with depth of the fluid, reflecting the decrease of gravity wave speed with

the depth of the fluid. < |Clearly the choice of H is very important

= L, could be dominated by rotational processes at higher latitudes

but by buoyancy effects in the tropics




L

Rossby Radius of Deformation, A

Small scales

A= NHIf \

Large scales

A= NH
(E+f )12 (2VIR +f )12 I

u ©
H, troposphere || E':;_;:}h :' radius | % 2 L= horizontal scale
depth =10km _| = m i —
AA : :
L] @6 i
v L< L & :
® ! R & [
00 g : °°¢ ] : 272'
10,000 p— g | & : .
S ¥ o : =—~10 min
s € | go"&a*a : gravity A7 0
3o o L> Ly
B - ! & |N=0.015s"
1] :‘ ' "
g & ¢ & | 2
' 48 4 Large scale: S ~ 1 da
- E ( Quasi-horizontal inertial y
(5] : balance flow
g ’ (Hydrostatic, 4 -
10— ' Geostophic) = f =10" s
i 10 100 1000 ;u.ueu >
Coravi LN NH 2v
__ gravity g ~ _ tan
/1 - f B f ~ f /1 Cgravity (f + é/) f +




= L, can be thought of as the length scale at which the NH
— Rossby Radius L, = 7

velocity vector of a gravity wave is rotated such that

it 1s perpendicular to the pressure gradient

= In other words, L, is the scale at which rotational effects become important.

— For scales L = L,, velocity and pressure fields both adjust to maintain balance
between momentum and mass fields

= L >> L,, velocity field adjusts to the pressure field during geostrophic adjustment
adjustment

= L << L,, pressure field adjusts to the velocity field during geostrophic adjustment

= Synoptic scale (2 LR) 1s characterized by near geostrophic balance for straight flow
— Flow accelerations and ageostrophy are small.

= L < L, — pressure gradients can be much larger than on the synoptic scale while
f remains of similar magnitude to that on the synoptic scale — large flow

accelerations and ageostrophic motions — gradient wind balance doesn't hold.

Mid-latitude synoptic-scale motions are primarily driven by baroclinic instability.

—> Baroclinic instability most likely with disturbances = 3 x L,

H 0.01s"'x10* This is why L = 1000 km 1s
LM OOLs AU M g0 2 1000 ke | Y |
f 107" s used in the scale analysis

L




TIME SCALE

1 month

1 day

1 hour

1 minute

1 second

Orlanski (1975)

Fujita (1981)
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Cyclones and anticyclones

Why

anticyclones
are larger in
size than
cyclones?

NH
&t/

L, 1s larger (smaller) for an anticyclone (cyclone)

The Rossby radius can be scaled to L, =




Geostrophic adjustment

* Suppose the winds and heights are in perfect
geostrophic balance when a disturbance is suddenly
imposed upon it.

— The atmosphere responds by sending out gravity wave
pulses, spreading out like ripples on a pond when a

rock is dropped. In the wake of these gravity waves is
left behind a new geostrophically balanced state.

— The new state is different from the original
geostrophic conditions in both the winds and heights.
These changes remain for a long time because the new
state is balanced. This process of the atmosphere
evolving toward a balanced state is called
"geostrophic adjustment."



Geostrophic adjustment problem

To resolve this, consider the ways in which the mass and wind fields can

adjust 1n such situations. The shallow-fluid equations represent a simple
framework for addressing this, which nevertheless contains all the relevant
dynamics. Two of the admissible wave solutions are gravity waves and

inertia waves. Both mechanisms operate simultaneously to reconcile an

imbalance.

The inertia waves modify the winds, and the gravity waves modify the mass
field (the fluid depth, in the shallow-fluid system). As an indicator of how
much of the adjustment results from changes in each of the mass field and

momentum field, consider the periods of these waves.

L 2z : L .
For inertia waves , 7, = —, and for gravity waves 7, = —, where L 1s

> Tin @

the length of the gravity wave (defined by the horizontal scale of the imbalance)
and H 1s the depth of the imbalance (the vertical scale).




Geostrophic adjustment problem

Given that both types of waves simultaneously act to adjust the atmosphere

toward the geostrophic state, the wave mode with the

shortest period accomplishes most of the adjustment.

To define the condition where there 1s equal adjustment from both types of

waves, the expressions for the two periods can be equated.

2 H
2oy o L Solving for the wavelength yields < L, = NS

T’r
T JgH f

L, 1s the Rossby radius of deformation for the shallow-fluid system.

For wavelengths shorter than this value, redistribution of the mass field
through gravity waves is responsible for most of the adjustment,

whereas for longer wavelengths, modification of the windfield by the

inertia waves accomplishes most of the adjustment.




(a) Initial state

/a Geostrophic adjustment

U The Rossby Radius of Deformation, R, is the distance

a gravity wave travels during one inertial period.

L = Length scale of the disturbance

ot

Case 1: If L <2.7R then buoyancy effects dominate

and gravity waves will disperse rapidly. The PE

b L<2.r LOUOYancy effects dominate of the initial disturbance is quickly transformed into
| oA *_/jij:q KE. Here the mass field adjusts to the wind field.
— gratvity meaxe dapersion For the smaller scale, there is no residual potential
= energy and the final state of the shallow fluid is flat.
t=t, ull'tmﬂlel;' ft surface Case 2: If L > 2.7 R then rotational effects dominate

and rotational waves are produced. For the larger

rotational effects dominate| scale case, there is sufficient time for the rotational

g-waves

(c)L > 2R

- AT factors to come into effect with the winds adjusting

Coriolis turning: winds adjust to mass field

an anticyclonic circulation.

o= =

L The limiting case is L ~ 2z R where mass and velocit
t=t, P e ) S N g L =oARW \4 Yy

e

finite hump
anticylonic circulation

fields mutually adjust with each other




Length scales L > L,

m e S 0 — a Quasi-geostrophic

Wind adjustment

200 to 1000 kilometers

Length scales L < L,

m e S 0 —-— B Inertia-gravity waves

20 to 200 kilometers | | V12ss adjustment

Disturbances characterized

m eS o-y by Gravity (Buoyancy) Waves

(stable) or Deep Convection
2 to 20 kilometers | (unstable).




" Scaling of horizontal motion in tropics

Equation for horizontal motion can be written as

—

N (Vv fixV = - Lvp
ot 0z yo,
%8 U? wuU U Ap
L L H oL
For midlatitudes (~ 45°N),

w1 1wt 07 107

For equatorial latitudes (5-10° latitude)

0% 10% 1%

For the balance to be maintained,

107 29

A
For L = 10° m, —fzzlo—“ — Ap~10>=1hPa

P
For equatorial zone (5°S — 5°N latitude)

10
yo,

— PG force balanced by the advection term

107

1077 177 A—Z(Apztha)

In tropical regions, the horizontal press
gradients are one order smaller than in
mid-latitudes

ure

-

Mid-latitudes | Tropical region

uv
(horizontal 10-20 m s 10-20 m s
velocity)
W (vertical 1cmst 1cmst?
velocity)
L
(length, 1000 km 1000 km
distance scale)
H 10 km
(depth, (depth of 10 km
height scale) troposphere)
Horizontal
pressure change 10-20 hPa 1 hPa
Vertical
pressure change 1000 hPa
(Apv)
Time (L/U) 27 hours 1 day
1 kgm3 1 kg m3
g (gravity) 9.8 m s? 9.8 ms?

Q (angular 7.292 x 10 st 7.292 x 10 s71

velocity)



Why streamlines are good choice for tropics?

d - ! i
u_uvtang  uw _ 2Q(vs1ngp—wcos¢)——a—p+vvzu Let £ = 2Q sing and ' =2Q cosg
dt a a p Ox
1
B e e 1o
dt a a p Ox

L=10°m, U,V =10ms~", H=10" m, ¢ =10° (for simplicity), f ~107 s™', W (small at large
scales) = 10” ms™', a = Radius of the earth 10" m, p = Air density = 1 kg m™. v = dynamic

viscosity of air #10”° m” s — W u~10"" ms~ (tiny)

’ 1 ’ 1
v U+ fw +UW _ UV tang :__5_p+ F —>V—+fV:——a—p
L a a o L R 0 OR
10°* 107 10° 107 10°° 107 107"

— This leaves us with gradient wind balance on synoptic length scales in tropics, since f* is small.
— Pressure gradient is about 100 Pa per 1000 km (i.e., 1 hPa for a length scale of L = 1000 km).

= Since Coriolis acceleration is weak, synoptic scale pressure gradients are small, plotting surface
pressure gradients in the tropics is not a particularly useful analysis in general.

— Convergence and rotation of winds are important to tropical circulations. Therefore,
streamline analysis is of greater use than plotting pressure on a constant height surface

especially at low levels, 1.e., for better description of confluence (diffluence)is when streamlines
come together (move apart)




rapedion || = Convergence and rotation of winds are important

Sy

\\“‘\V to tropical circulations. Therefore, streamline
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1.e., for better description of confluence (diffluence)
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Indian monsoon context |~ quasi-geostrophic

— small Ro flows

theory applicability

for planetary scale

0 10F 20€ “OF $0F £0F €0E 70E “0f

= monsoon circulation to be viewed on planetary scale
(L = a = radius of the earth = 6378 km)




Temperature and pressure gradients in the tropics

Synoptic scale temperature gradients (like pressure gradients) in the tropics are small

The hydrostatic equation can be written as

o __RT__1

op p P

~1|=|Since p~1kgm™

Q

Following ideal gas equation, |Ap = pRAT

Ap 1hPa
AT| = ~ ~0.35 K
tropics R R 5(p’p’ H) F]/‘Z U U
{0 hp ; ER , Where Fr = ——; Ro= —
AT midlatitudes - : ~ 35 K (p,p’ ) ° gH fL
o op 06 : :
Ro<<1=22 2% %7 210 & mid-latitudes (Fr =~ 107°; Ro~0.1)
P P
Rox1= op %P 90 10~ < tropics (Fr = 107; Ro~1)
P P
For scales of L = 10° m, the fluctuations in p, p and @ are an order of magnitude
smaller in the tropics than in middle latitudes.




[Is the Tropical Atmosphere Hydrostatic?]

dw Lo +2Qu cos +u2+v2 -1 -5
1 oz g 2 P U=10ms"; Q=10 s'; a = 6400 km
L 1 U
P U? W=lems ; L=10°m; r=—; —=f =—
148 —1 |g| |QU] o TR
pD a
For high-frequency limit: f, >> f = pLUf >> pLUf = |P=F = pLUf.| & | fr<<1
For low-frequency limit: f, << f = pLUf, << pLUf = |P =P, = pLUf | < | f7r >>1
For hydrostatic balance, dw [1p =5 <<1
dt| p oz

Inertial motions are hydrostatic

: . D :
For high-frequency limit: = (WU) bl Z(—j S W<<U, D<<L < §<<1
L pD) U\ L . :
— gravity waves treated hydrostatically

For low-frequency limit: = (WUJ R K(gj 1 S
L pD) U\L)\ f

Evenif W =U, D=L

— hydrostatic approximation is

justified, as long as f <<f < § <<

For synoptic (L =10° m) or planetary scales (L ~ a), both of which have scales L >> D, the hydrostatic
approximation remains valid even if f, = f, as f decreases toward the equator.
— Thus, the application of the hydrostatic approximation for all motions of scales greater than cloud clusters

appears justified.




Synoptic scale vorticity dynamics (tropics)- Scale analysis

instability mechanisms)

How can the kinetic energy be generated in tropics?

<> Answer lies in convective processes

0 - 0 ou ov owov  Ow Ou 1 (O0pop Opop
—§+VH-V(§+f)+w—§=—(g+f) —+— |- —~ +— —~
ot oz ox Oy Ox 0z Oy o0z) p \Ox0Oy Oyox
% wu U wu S pdp
L HL L HL p’L
10—10 10—11 10—10 _10—11 10—11 10—11
On the synoptic scale tropical motions, the vorticity equation can be _
can be approximated as 86_4’ +V, - V(S + f)=0[< |Non-divergent|| [ =1 cm s
4
6
It tells us that outside regions where condensation are important, L=1000km=10" m
not only the vertical motion is exceedingly small, and the flow is Hp, posphere = 10 —20 km
alm(?st non-divergent (barotropic/no divergence in the large-scale Ap—1hPa| U
tropical flow) Tropics
such motions cannot generate KE from PE, they must obtain their p=1kg m”
energy either from barotropic processes (such as barotropic f ~103 st |
5-30°N

In tropics, the flow 1s almost non-divergent on synoptic scale




Remember: Vorticity equation for large-scale motions

d :
—(c+f)=—(sc+ /) ou +@ <> For extratropics, L = 1000 km, Ro << 1
dt ox Oy
—> Here the flow is baroclinic, right-hand term suggests large-scale vertical communication
d :
z(g + f) =0 <« For tropics, L =1000 km, Ro = 1
4
= vorticity equation for 10° m scales of motion in the tropics would appear to be

predominantly barotropic. However, note that for larger scales of motion in the tropics

(L > 10" m), the form adopts a divergent form — For tropics, L =10000 km, Ro << 1

: - L (10°m), f(10~*s™) . L (107 m), (1057
e I T R, << e U (10ms™) Ry<<| Moggoons
< = e communication i I
A betweenthelowerand [Z — — — — = — —« — — — L4 — — — — — — — —
I B upper troposphere in — iy  —
& < terms of divergence. divergent 2,
divergent ~
e longitude E—

G B
L (10%m), (107 s7) (L~ 107 km) : Walker and Hadley circulations

ks et U(10ms™)R,=1 and the major monsoon systems, tropical
Non-divergent nature of motions are divergent
= <— tropical motions of the
same spatial scale and On scales of L~10° m, tropical motions
7 a lack of communication | appeared to be non-divergent
_ _

between the lower and On scales of L~107 m, tropical motions are
upper troposphere. moderately divergent

non-divergent




Extratropics vs Tropics

A% — 1
~1 ~10 ~10
~1 ~1 ~1

~0.1 Geostrophic
~1 Gradient

Extratropics

Tropics

* In the extratropics, the weather is controlled by
migratory systems in the form of extratropical
waves and quasi-stationary systems

* On the other hand, generally the migratory and
guasi-stationary systems in the tropics are weak.



Distinguishing between large-scale and
mesoscale

* Large-scale (synoptic and sub-synoptic) processes
can be restricted to:

— Adiabatic

— Hydrostatic

— Mass continuity must be satisfied

— Advection is dominated by the geostrophic wind

* Mesoscale (thermodynamic environment) stands in
between large and small scales

— Defined as processes which cannot be understood
without considering the large scale and microscale
processes



Rossby radius

RROD is defined as the radius at which rotation becomes as
important for maintenance of a circulation as buoyancy.

The basic premise is that small circulations are typically
dominated by buoyancy forcing, which results in gravity
waves quickly dispersing energy in a stable environment.
Thus, most of the energy is released as kinetic energy.

Larger circulations are more rotational in character, and are
dominated by rossby wave dynamics, allowing for additional

persistence. In this scenario, potential energy is stored within
the circulation.

Simply put, if a disturbance is larger (smaller) than the
environmentally derived RROD, it will persist (dissipate)

L - NH
c+/f




