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● Hadley circulation too symmetric and too intense 
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AND  a large 
numerical sink of axial 
angular momentum



Informational



(modifications to the Lin & Rood (1997) FV dynamical 
core in CAM, plus a global fixer)

(Toniazzo et al. 2016, CESM GA, Breckenridge CO, USA)

Informational



 B.  What's this got to do 
with us 

Concepts

A. How to stir your tea 

{
 C.  strength of the HC is 

proportional to AM 
cycle {

Schneider (1977), Held & Hou (1980)

Einstein (1926)



Rivers «meander»



Why?



The secondary circulation associated with river bends

Erosion

Sedimentation



What you do in your office

''Einstein's tea leaves'' Start with a cup of (X) at rest



Stir it: i.e., set the fluid in rotation



1. pressure equilibrates



2. drag (torque) develops at the 
boundaries



3. drag slows down the fluid



4. pressure no longer balances 
acceleration and drives a secondary 
circulation (overturning)



a) momentum conservation

b) thermal wind balance

c) Ekman balance

Schneider (1977) and Held & Hou (1980) 
model of the Hadley circulation
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Schneider (1977) and Held & Hou (1980) 
model of the Hadley circulation

The cycle of axial momentum 
and the  (resolved) 
overturning circulation are in 
balance with each other

''Equator''

''Pole''

Increasing viscosity



Relative error is
●  Proportional to grid-spacing 

(blue/green)
●  Insensitive to time-step (blue)
●  Insensitive to explicit diffusion or 

damping (blue)
●  Circulation dependent (magenta, 

solid)
●  Insensitive to physics (magenta, 

broken)

The FV dycore produces a numerical sink 
of axial angular momentum (AM) 



Summary #1: CAM-FV errors

● numerical sink of AM
● the largest among CMIP5-generation models 
● circulation dependent
● directly proportional to horizontal resolution 
● when coupled with full moist model physics

●  ~30% at F19
●  ~15% at F09

● expected consequences are
● excessive Hadley circulation
● excessive trade winds
● excessive global water cycle

● errors get worse in ''wet-get-wetter'' scenario
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∂t u = u⋅∇ u  f z×u

∂t u =∇
1
2
u2

  f  z×u

FV's «vector invariant» formulation 
on a D grid

Momentum conservation requires a cancellation of terms 

e.g. ux ∂ yux . CAM's FV discretisation fails to achieve this.



Impact of correction on Held-Suarez simulations

-7.5% → 0.1%  



Impact of correction on AMIP simulations (F2000)
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Summary #2: AM correction

● corrects non-conservation in FV advection

● consistent with the FV discretisation

● stable under all conditions

● costs virtually nothing 

● imperfect (by construction, to preserve stability)

● corrects only about 20% of global error in full-
physics cases

● better (~50%) where error largest
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The case for an AM fixer

FV19

T42
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The case for an AM fixer

F19 - T42 F19+fixer - T42

F19 - T42-fixer



Impact on zonal-mean zonal wind

wrt T42wrt F19



N.B.: impact of fixer WITHOUT correction 
 is much larger

wrt T42wrt F19



Dynamic compensation of fixer increments

δU [m/s] δdU/dt [10   m/s²]-6



Consistent with correction 
and with tea-leaves mechanism

Consistent with correction 
and with tea-leaves mechanism

direct impact of fixer

Dynamic compensation of fixer increments

direct impact of fixer



Summary #3: AM fixer

● artificial acceleration of zonal winds that matches 
global AM sink by numerical advection 

● knows nothing about dycore discretisation
● intended to correct secondary circulation – not 

zonal winds
● successful in correcting HC and surface stress in 

line with tea-cup mechanism
● some direct impacts on zonal wind on the Equator
● needs correction
● must not be applied above tropopause
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Impacts of enforcing 
AM conservation in FV19 simulations

Meridional 
streamfunction 
(Hadley cells) 
weakens



Impacts of enforcing 
AM conservation in FV19 simulations

Trade winds 
weaken

Control FV

Modified FV - Control



Evaporation and 
precipitation 
(water cycle) 
weaken

Impacts of enforcing 
AM conservation in FV19 simulations

Control FV

Modified FV - Control



http://www.cesm.ucar.edu/working_groups/Atmosphere/development/cesm1_5/

Results from CAM6 development runs

  AMIP     : http://www.cgd.ucar.edu/~bogensch/variability/   run TT11
Coupled: http://www.cesm.ucar.edu/working_groups/Atmosphere/development/cesm1_5/#set3 run 121

http://www.cgd.ucar.edu/~bogensch/variability/
http://www.cesm.ucar.edu/working_groups/Atmosphere/development/cesm1_5/#set3


Results from CAM6 development runs



Impacts on AMIP simulations

Reduced evaporation 
– precipitation cycle 

⇒ reduced wet bias



Impacts on coupled simulations

Reduced evaporation 
– precipitation cycle 
⇒ warmer SSTs

⇒ reduced cold bias



  

Red   = √
Green= x

C
E

S
M

 1
.5

 (
C

A
M

-C
L

U
B

B
 5

.5
 +

 P
O

P,
 m

in
i-

B
re

ck
; 

N
o

rE
S

M
2 

d
ev

el
)



Summary #4: impacts of combined 
AM mods (correction + fixer)  

● AMIP: 
● drier
● surface easterlies weaker
● sub-polar westerlies stronger
● UT meridional temperature contrast larger

● Coupled:
● warmer
● winds and T gradients as in AMIP
● weaker trades impact ENSO

● Generally reduce model biases
● Require tuning in coupled mode
● Sub-polar westerlies too strong



Summary #4: impact of combined 
AM mods (correction + fixer)  

● AMIP: 
● drier
● surface easterlies weaker
● sub-polar westerlies stronger
● UT meridional temperature contrast larger

● Coupled:
● warmer
● winds and T gradients as in AMIP
● weaker trades impact ENSO

● Generally improve model climatology
● Require tuning in coupled mode
● Sub-polar westerlies too strong



Zonal winds in FAMIP simulations
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~1.5 m/s

Zonal winds in FAMIP simulations



Uncontrolled dissipation from 
numerics at model top level

First-order upwind 
on two-grid vector-
invariant flux 
formulation

Sensitive to:
● resolution
● vertical levels
● physics
● circulation
Unpredictable and 
undiagnosable



-5%
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~1.5 m/s

Uncontrolled dissipation from 
numerics at model top level

  

What is actually needed?

Dissipation? 

Sink of momentum?



An alternative to dissipative numerics
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Dirk Jan Leo Olivier

An alternative to dissipative numerics



Conclusions
● The strength of the Hadley circulation and associated tropical 

water cycle is sensitive to numerical sources/sinks of 
momentum

● NASA's FV dycore performs worse than most in this regard

● A fix has been made available that produces impacts on CAM-
FV simulations as expected from fundamental physical 
reasoning, with limited side effects

● such impacts generally bring the simulations to better 
agreement with observations, especially at lower resolution

● no free parameters and virtually no processing time involved

● There remains a question on the consistent treatment of the 
top model level  
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