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



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



Scales of 
atmospheric 

motion

On a particular day ...



The basic scale 
dimensions

Horizontal and vertical motion:

Horizontal velocity ( ) :  For most atmospheric 

circulations the   and   components are of similar 

magnitude,  and so we use a single scale parameter,  

,  to represent both
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Vertical velocity ( )W

Horizontal Length scale ( ):

 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

Phillips,  N.A. (1963) :  ‘Geostrophic
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Vertical Length scale ( ): is the height of the circ

 motion’
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Arbitrary division of space/time 
Synoptic   the length scale of the phenomenon ( )   1000 km geostrophic balance

                     or time scale of the phenomenon  ( )   1 day hydrostatic bal
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Question: How the magic number     1000 km  definition of

       came for synoptic scale motions?   Ro
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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.

Horizontal momentum equation

ˆ           

Inertial acceleration   +  Coriolis acceleration  = 

Pressure-gradient force

Inertial acceleration
Rossby number     

Coriolis acceleration.
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 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 (R0

>> 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−1 and length scale L ~ 
106 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.

Rossby number – characterizes 
atmospheric flow regimes

U ~ 10 m s−1 and L ~ 106 m
U

Ro
fL



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 
applied to planetary-scale circulations 
such as the monsoon, the Walker 
circulation, etc.



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
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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 ba
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Synoptic scale vorticity dynamics (small Ro)– Scale analysis

5 4

For midlatitude synoptic-scale systems, the relative vorticity is often small

compared to the planetary vorticity  (1(1 0 [ 0 )  <<  a    t ]N) .   45of 
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(small Ro)– Scale analysis of thermodynamic energy equation
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heating, the rate of change in   is 

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

statically stable basic state

Synoptic scale motions in mid-latitudes is largely govern
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meso-β features are 
sea and lake-breeze 
circulations, MCS

Jet streaks
Tropical cyclone

Mesoscale motions
(Ro greater than or equal to 1)

Rotating thunderstorms,
Tornadoes, dust devil



Mesoscale motions
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Moderate Ro flows



3 3

4

333

4

       10         

10

10  

10            

2 sin

2 si

1

1

10       10      

10           

n  

  

1
  

    10 

    

u
w

u u
u v

x y

v v
u v

x y

u p
v

u

x

p

y

t z

v

p

z

w w
u v

x

v

t

w
g

z

y

w

t

w
w

z











 







 




    

   













 


 

 
 





















 














 



4

1

3

4

4 1

-1

5

4

10 m s
1 hPa

1000 hPa
      

1 kg m
10 km =10

1 m s

100 km 10  m

10  s  (< 1 d

10  

 m
10

  

 s

     

ay

  10     

)

       

H

V

U
p

H

T
f

W
p

L











 



 

  














(1)  Local time tendency terms  can be neglected  if the 

      movement of the mesoscale system is much less than the advecting 

      wind speed (  <<  ). Such a system is said t
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(2)  If horizontal scale is sufficiently large   hydrostatic equation is valid.
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Mesoscale motions
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Mesoscale vorticity dynamics - Scale analysis

Remember:

For mesoscale flows,  the 

tilting term,  solenoidal term,  

and vertical advection of 

cannot be vorticity  neglected
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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,  synop



tic-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- . 
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Rossby radius (LR)

Fluid deformation

Rossby radius ( )
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The practical application of   is to evaluate whether 
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Perturbations from Balance
For stable balance,  i.e. stability restores balance,  perturbations initiate 

oscillations that result in waves 

For unstable balance  perturbations produce a growing disturbance

Perturbations from Hydros
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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,  i.e. stability restores balance,  pertur
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What causes perturbations?
When     affects the mass (pressure) field in 
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Rossby radius  RL NH f

if a tropical disturbance is larger than the Rossby radius,  the energy 

     from the gravity waves will be contained within the disturbance,

     and it will persist.

if the tropical disturbance is sm



aller than the Rossby radius,  then 

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

     and it is more likely to dissipate
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 approaches   at the equator as    goes to zero.
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Tropical phenomena are

 planetary scale

e.g., Monsoon,

Walker circulation



For a barotropic fluid,  ;  For a baroclinic fluid, 

,  Horizontal and vertical scales of the imbalance
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How far the effect of the disturbance 
is being felt? – Rossby Radius



Rossby radius of deformation ( ) :  is the distance 

a gravity wave travels during one inertial period
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RL

increases with decreasing latitude for all   simply because a gravity wave 

can propagate further as the inertial period increases.

For a give

For a given flu
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id depth 
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f the fluid, reflecting the decrease of gravity wave speed with 

the depth of the fluid. Clearly the choice of   is very important   H
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 can be thought of as the length scale at which the 

     velocity vector of a gravity wave is rotated such that 

     it is perpendicular to the pressure gradient

In other words,    is the scale at 
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For scales    ,  velocity and pressure fields both adjust to maintain balance 

     between momentum and mass f
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  ,  pressure field adjusts to the velocity field during geostrophic adjustme
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ance for straight flow

      Flow accelerations and ageostrophy are small.

    pressure gradients can be much larger than on the synoptic scale while 

       remains of similar magnitude to that on t

RL L

f



  

he synoptic scale  large flow 

    accelerations and ageostrophic  motions  gradient wind balance doesn't hold.
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Mid-latitude synoptic-scale motions are primarily driven by baroclinic instability.

Baroclinic instability most likely with disturbances   3   
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Cyclones and anticyclones

  The Rossby radius can be scaled to 

    is larger (smaller) for an anticyclone (cyclone) 
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Why 
anticyclones 
are larger in 
size than 
cyclones?



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 in 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 syste   As an indicator of how 

much of the adjustment results from changes in each of the mass fie

m).

ld and 

momentum field,  consider the periods of these waves. 

For inertia waves ,   and for gravity waves  , where   is 

the length of the gravity wave (defined by the horizontal scale of 
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mbalance) 

and   is the depth of the imbalance (the vertical scale).H



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

toward the geostrophic state, the wave mode with the

                    . 

T

shortest period accomplishes most of the adjustment

 

o define the condition where there is equal adjustment from both types of 

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

Solving for the wavelength yields
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he 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.

Geostrophic adjustment problem



Geostrophic adjustment

The Rossby Radius of Deformation,  , is the distance

a gravity wave travels during one inertial period.

 Length scale of the disturbance
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 and the final state of the shallow fluid is flat.
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buoyancy effects dominate

rotational effects dominate



Disturbances characterized 
by Gravity (Buoyancy) Waves 
(stable) or Deep Convection 
(unstable).

Length scales 

Inertia-gravity waves

Mass adjustment

RL L

Length scales 

Quasi-geostrophic

Wind adjustment

RL L



Scaling of horizontal motion in tropics

Element Mid-latitudes Tropical region

U,V  
(horizontal 

velocity)
10-20 m s-1 10-20 m s-1

W (vertical 
velocity)

1 cm s-1 1 cm s-1

L  
(length,

distance scale)
1000 km 1000 km

H 
(depth,

height scale)

10 km 
(depth of 

troposphere)
10 km

Horizontal 
pressure change 

(ΔpH)
10-20 hPa 1 hPa

Vertical 
pressure change 

(ΔpV)
1000 hPa 1000 hPa

Time (L/U) 27 hours 1 day

ρ (density) 1 kg m-3 1 kg m-3

g (gravity) 9.8 m s-2 9.8 m s-2

Ω (angular 
velocity)

7.292 × 10-5 s-1 7.292 × 10-5 s-1
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Equation for horizontal motion can be written as
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In tropical regions, the horizontal pressure
gradients are one order smaller than in 
mid-latitudes



Why streamlines are good choice for tropics?
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Convergence and rotation of winds are important 
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 monsoon circulation to be viewed on planetary scale 
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theory applicability  
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The hydrostatic equation can

Synoptic scale temperature gr
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Temperature and pressure gradients in the tropics
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gravity waves treated hydrostatically
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For low-frequency limit: hydrostatic approximation is 
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For synoptic ( 10  m) or planetary scales ( ), both of which have scales   the hydrostatic 

approximation remains valid even if   ,  as    decreases toward the e

 >>  ,

quator. 

Thus,

1

 the app
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L L a

f f f
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lication of the hydrostatic approximation for all motions of scales greater than cloud clusters 

appears justified.

Is the Tropical Atmosphere Hydrostatic?
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Synoptic scale vorticity dynamics (tropics)– Scale analysis

 

On the synoptic scale tropical motions,  the vorticity equation  can be 

can be approximated as  

It tells us that outside regions where condensation are important,
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In tropics, the flow is almost non-divergent on synoptic scale
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tion

vorticity equation for 10  m scales of motion in the tropics would appear to be

predomin

0    For tropics,  1000 km,  1

tropiantly baro However, note that for larger scales of motion in tc. 

d
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he tropics 

(   > 10  m), the form adopts a div For tropics, ergent for 10000 km    m,  1LL Ro 

communication 
between the lower and 
upper troposphere in 
terms of divergence.

Non-divergent nature of 
tropical motions of the 
same spatial scale and
a lack of communication 
between the lower and 
upper troposphere.

(L ~ 107 km) : Walker and Hadley circulations 
and the major monsoon systems, tropical 
motions are divergent

On scales of L∼106 m, tropical motions 
appeared to be non-divergent
On scales of L∼107 m, tropical motions are 
moderately divergent

Monsoons
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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 
quasi-stationary systems in the tropics are weak.

Extratropics vs Tropics

Geostrophic

Gradient



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)
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