


 First, MUST have a pressure gradient force (PGF) for the wind 
to blow.

Otherwise, all other forces are irrelevant because they 
depend on wind having a velocity (or speed). 

 Some balances we will examine:
Hydrostatic
Geostrophic Balance 
Gradient Balance
Cyclostrophic Balance
Guldberg-Mohn



 Recall the 
vertical 
pressure 
gradient force. 

Why doesn’t the 
air get sucked 
up into outer 
space? 



 Answer…GRAVITY!! The gravitational force BALANCES the 
vertical pressure gradient force: 



Vertical PGF and gravity are roughly equal in 
magnitude, but opposite in direction. Thus,  they act 
to keep the vertical velocities minima (not zero!).

𝜕𝜕𝑝𝑝
𝜕𝜕𝑧𝑧 = −𝜌𝜌𝜌𝜌

 There MUST be vertical motion to get precipitation 
and clouds. 



Most global NWP models (like the GFS) are 
hydrostatic. 

They don’t solve for vertical momentum 
(velocity) explicitly.

Two additional methods to get vertical 
motions: 
Kinematic method (Continuity Equation) 
Thermodynamic method (Based on first law) 



Balance between the pressure gradient 
force and the Coriolis force  :

This balance describes the geostrophic 
wind  







Winds in upper atmosphere are largely 
geostrophic. 

Therefore, wind blows parallel to isobars (or 
isoheights), which is useful to consider when 
looking at weather maps.

 If low pressure is always to the left of motion, this 
means: 
 Wind must move counterclockwise around low pressure 

areas 
 Wind must move clockwise around high pressure. 





 The strength of the 
geostrophic wind will 
be proportional to the 
gradient (slope) in 
temperature. 

 Thus, geostrophic 
winds increase with 
height up to the 300 mb 
level. 

 Cold air on left.  



 This increase in geostrophic wind with height is 
known as the thermal wind. 

Geostrophic wind shear: 

𝑉𝑉𝑇𝑇 = 𝑉𝑉𝑔𝑔 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 − 𝑉𝑉𝑔𝑔 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

 Vertical shear of geostrophic wind (thermal wind)
directly related to horizontal (virtual) temperature 
gradient



 The thermal wind assumes hydrostatic and 
geostrophic balance. 

 This relationship explains the general west – east 
motion of mid-latitude weather and the jet stream.

 Example 

https://weather.cod.edu/forecast/


 TECHNICALLY, geostrophic balance only applies to flows with 
no curvature. 

 If there is curvature, then the centrifugal force should be 
included. 

 The result is the gradient wind -- > flows along gradients 
(isobars / isoheights). 

 In reality, CF contributes only a little.  Not really worth the 
trouble to include. 





 Used in wind engineering to represent winds above the 
boundary layer 
 Gradient height, for example. 

 The winds around a hurricane are also typically modeled as 
gradient winds / flow. 

Coriolis still important here. 



Friction slows the 
wind

Coriolis force 
(dependent on wind 
speed) is therefore 
reduced

Pressure gradient force now 
exceeds Coriolis force

Wind flows across the 
isobars toward lower
pressure









Horizontal movement of air can result in 
convergence or divergence.
Convergence = winds coming together; colliding
Divergence = winds separating

Areas of convergence are areas of rising air

Areas of divergence are areas of sinking air

Rising air (upward vertical motion) is needed to 
form clouds and precipitation.



Convergence associated with areas of low
pressure at the surface. Therefore areas of low 
pressure are associated with rising air. 



Divergence is associated with areas of high
pressure at the surface. Therefore areas of 
high pressure are associated with sinking air. 



The consideration of both friction (surface) and 
gradient winds leads to the standard wind profile 
above the surface. 

Typically modeled as logarithmic profile (or a 
power law) 

http://www.google.com/url?sa=i&rct=j&q=&source=images&cd=&cad=rja&docid=JVdIJ7IzoF1-HM&tbnid=pE2PrrVJzY5SJM:&ved=0CAUQjRw&url=http://archive.nrc-cnrc.gc.ca/eng/ibp/irc/cbd/building-digest-28.html&ei=yo_IUdDdHYjO8QTOsoHIAQ&bvm=bv.48293060,d.dmQ&psig=AFQjCNES07fFPt5ToWVN_p3DrkFNnaFo0Q&ust=1372184818150420


 Separate into equations for horizontal and vertical momentum 
as well as zonal and meridional components: 

 In vector form: 
𝑑𝑑𝑉𝑉
𝑑𝑑𝑑𝑑

= −
1
𝜌𝜌
𝛻𝛻ℎ𝑝𝑝 − 𝑓𝑓�𝑘𝑘 × 𝑉𝑉 + 𝐹⃑𝐹𝑟𝑟

 Also called the Navier-Stokes of Motion

𝑑𝑑𝑢𝑢
𝑑𝑑𝑡𝑡

= −
1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑓𝑓𝑓𝑓 + 𝐹𝐹𝑥𝑥

𝑑𝑑𝑣𝑣
𝑑𝑑𝑡𝑡

= −
1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

− 𝑓𝑓𝑓𝑓 + 𝐹𝐹𝑦𝑦

PGF 

Coriolis

Friction



 Expanding the total derivative: 

𝜕𝜕𝑉𝑉
𝜕𝜕𝜕𝜕

= −𝑈𝑈 � 𝛻𝛻𝑉𝑉 −
1
𝜌𝜌
𝛻𝛻ℎ𝑝𝑝 − 𝑓𝑓�𝑘𝑘 × 𝑉𝑉 + 𝐹⃑𝐹𝑟𝑟

 In words, the local time rate of change of the wind at a fixed 
location is due to: 
 Horizontal advection
 The PGF
 The Coriolis force projected into the vertical 
 The resultant friction (molecular stress term)

 But do all of these terms really matter? It depends. 


	Session 3: Force Balances / Winds
	Atmospheric Force Balances
	Hydrostatic Balance
	Hydrostatic Balance
	The Hydrostatic Equation
	The Hydrostatic Equation
	Geostrophic Balance
	Slide Number 8
	Slide Number 9
	Geostrophic Wind 
	Geostrophic Wind 
	Temperature and wind
	Thermal Wind 
	Thermal Wind 
	Gradient Balance
	Slide Number 17
	Gradient Winds 
	Guldberg-Mohn Balance 
	Another Perspective…
	Surface winds and PGF 
	Surface winds vs. upper air 
	Slide Number 23
	Convergence 
	Divergence
	Slide Number 26
	Equations of Motion
	Equations of Motion

