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Is	
  Be6er	
  Physics	
  Timestepping	
  Needed?	
  

Yes!	
  CAM5	
  is	
  very	
  sensi:ve	
  to	
  Δt	
  (Fig.	
  1)	
  and	
  
pathological	
  coupling	
  issues	
  exist	
  (Fig.	
  2)	
  	
  

Δ	
  Low	
  Cld	
  

Fig	
  2:	
  Liquid	
  water	
  path	
  before	
  &	
  aMer	
  
microphysics	
  	
  from	
  a	
  single-­‐column	
  
MPACE-­‐B	
  run.	
  

Fig	
  1:	
  Change	
  in	
  low	
  cloud	
  frac:on	
  due	
  to	
  
changing	
  the	
  physics	
  parameteriza:on	
  Δt	
  
from	
  30	
  min	
  to	
  7.5	
  min.	
  	
  Based	
  on	
  5	
  yr	
  2O	
  
atmosphere-­‐only	
  simula:ons	
  with	
  Y2K	
  SST	
  

CAM5.1	
  
AGer	
  fix	
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Abstract 

A numerical method to s
olve th

e set of 
diffe

rential equations w
hich describes th

e chemical
 

development in
 polluted air is

 presented. The photochemical lif
etim

es, c
ontinuously mon- 

itored for all compounds, d
etermine how the integrations are performed at  all ti

mes. 
Com- 

ponents w
ith life

tim
es le

ss t
han 10%

 of 
the tim

e ste
p, which is t

aken as 
30 sec, are assu

med 

to be in photochemical equilib
rium, while c

ompounds w
ith photochemical lif

etim
es greater 

than 100
 tim

es th
e tim

e ste
p are computed acc

ording to Euler’
s m

ethod. All
 other components 

are calculated fro
m the exponential so

lution of t
he continuity equation. The computational 

accuracy may be im
proved by ite

ration on components a
ssu

med to be determined by the in- 

stant values o
f other co

mponents. 
The convergence o

f th
e iteration is s

peeded up by ordering 

the short-li
ved compounds in a hierarchical seq

uence. 
Since computational errors c

onnected 

with QSSA methods are diffic
ult to

 ass
ess,

 comparis
on with an 

automatic sch
eme is 

nece
ssar

y. 

Our m
ethod has been compared with Gear’s m

ethod for a range of m
odel m

ixtures of 
hydro- 

carbons, n
itro

gen oxides, a
nd air, t

hought to
 cover m

ost c
onceiv

able si
tuations of 

atmospheric 

pollution. The agreement with Gear’
s m

ethod is w
ithin a few

 percent fo
r all components a

ll 

the tim
e, in

 most c
ase

s ev
en within 1%. N

o accumulation of deviations occu
r during long-term 

integrations (e
.g., 48 hr w

ith day and night sh
iftin

gs), a
nd diffe

rences w
hich appear during 

periods w
ith stro

ng concentration gradients (e
.g., after su

nrise
) vanish when the activity has 

culminated. The method presented here is c
onsiderably more effic

ient th
an Gear’

s m
ethod, 

with respect to
 both computer tim

e and sto
rage. 

Introduction 

Modeling of 
chemical processes in

 the atmosphere is b
ased on a set of 

photochemical re
actions w

hich reflects c
urrent knowledge. When such 

a set with specifie
d rate constants is

 given, th
e modeling results d

epend on 

the numerical te
chniques u

sed to integrate th
e sy

stem of diffe
rential 

equations w
hich express t

he tim
e variation of a

ll th
e species in

 the model. 

Such a sy
stem of equations is

 known as stiff
, th

at is
, th

e diffe
rential 

equations have drastic
ally diffe

rent tim
e constants, w

hich leads to
 severe 

tim
e-ste

p lim
itations w

hen conventional m
ethods are applied. 

Over t
he last y

ears s
everal numerical procedures w

ith automatic step 
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Abstract

The effect of various numerical approximations used to solve linear and nonlinear problems with multiple time scales

is studied in the framework of modified equation analysis (MEA). First, MEA is used to study the effect of linearization

and splitting in a simple nonlinear ordinary differential equation (ODE), and in a linear partial differential equation

(PDE). Several time discretizations of the ODE and PDE are considered, and the resulting truncation terms are

compared analytically and numerically. It is demonstrated quantitatively that both linearization and splitting can result

in accuracy degradation when a computational time step larger than any of the competing (fast) time scales is employed.

Many of the issues uncovered on the simple problems are shown to persist in more realistic applications. Specifically,

several differencing schemes using linearization and/or time splitting are applied to problems in nonequilibrium radi-

ation–diffusion, magnetohydrodynamics, and shallow water flow, and their solutions are compared to those using

balanced time integration methods.

! 2003 Elsevier Science B.V. All rights reserved.

1. Introduction
The simulation of complex physical processes with multiple time scales presents a continuing challenge

to the numerical modeler due to the co-existence of fast and slow time scales. The multiple time scale system

is termed stiff if it contains both fast and slow time scales. In situations where the fast time scales are

important, one must either resolve them (i.e., with a small time step) or model their effects. Often, however,

the details of the fast time scales are not important. These are situations in which there exists a near balance

among the various processes, and the dynamical time scale of the overall evolution is slow. Mathematically,

these situations are often described by dissipative, nonlinear partial differential equations (PDEs) that imply

the existence of a compact global attractor and an enslaving of the fast scales. It is this class of multiple time
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Fully Adaptive Multiscale Schemes for Conservation
Laws Employing Locally Varying Time Stepping
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In recent years the concept of fully adaptive multiscale finite volume schemes
for conservation laws has been developed and analytically investigated. Here
the grid adaptation is performed by means of a multiscale analysis. So far, all
cells are evolved in time using the same time step size. In the present work
this concept is extended incorporating locally varying time stepping. A general
strategy is presented for explicit as well as implicit time discretization. The effi-
ciency and the accuracy of the proposed concept is verified numerically.

KEY WORDS: Multiscale techniques; local grid refinement; locally varying
time stepping; finite volume schemes; conservation laws.

1. INTRODUCTION

The solution of hyperbolic conservation laws typically exhibits locally
steep gradients and large regions where it is smooth. To account for the
highly nonuniform spatial behavior, we need numerical schemes that ade-
quately resolve the different scales, i.e., use a high resolution only near
sharp transition regions and singularities but a moderate resolution in
regions with smooth, slowly varying behavior of the solution.

For this purpose, numerical schemes have been discussed or are under
current investigation that aim at adapting the spatial grid to the local
behavior of the flow field. A standard strategy is to base local mesh
refinements on local indicators which are typically related to gradients in
the flow field (see [9, 11]), or local residuals (see [31, 42, 43]). Although
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a b s t r a c t

A new method is presented for the exploitation of time-scale separation in hybrid contin-

uum-molecular models of multiscale flows. Our method is a generalisation of existing

approaches, and is evaluated in terms of computational efficiency and physical/numerical

error. Comparison with existing schemes demonstrates comparable, or much improved,

physical accuracy, at comparable, or far greater, efficiency (in terms of the number of

time-step operations required to cover the same physical time). A leapfrog coupling is pro-

posed between the ‘macro’ and ‘micro’ components of the hybrid model and demonstrates

potential for improved numerical accuracy over a standard simultaneous approach. A gen-

eral algorithm for a coupled time step is presented. Three test cases are considered where

the degree of time-scale separation naturally varies during the course of the simulation.

First, the step response of a second-order system composed of two linearly-coupled ODEs.

Second, a micro-jet actuator combining a kinetic treatment in a small flow region where

rarefaction is important with a simple ODE enforcing mass conservation in a much larger

spatial region. Finally, the transient start-up flow of a journal bearing with a cylindrical rar-

efied gas layer. Our new time-stepping method consistently demonstrates as good as or

better performance than existing schemes. This superior overall performance is due to

an adaptability inherent in the method, which allows the most-desirable aspects of exist-

ing schemes to be applied only in the appropriate conditions.

! 2012 Elsevier Inc. All rights reserved.

1. Introduction

Advances in micro and nano technologies are presenting new challenges for engineering science. In fluid dynamics, the

number of flow systems that need an appreciation of the multiscale physics involved is increasing substantially. Modelling

such flows can require resolving microscopic processes in order to accurately predict macroscopic behaviour: micro- and

millisecond effects are important in micro and nano flows, but depend on the outcome of pico-second molecular processes.

This presents a formidable multiscale problem.

Any fluid flow can in principle be simulated by employing a suitable molecular or kinetic model over the entire flow do-

main. While this is practicable when studying the flows, for example, in a carbon nanotube, of a small group of proteins in

solution, or other very small-scale systems, in engineering problems the simulation domain is often very much larger, mak-

ing this approach computationally impractical. However, it is possible to identify regions in the space domain and periods in

time where ‘scale separation’ exists; that is, where processes occurring on a small scale are only loosely coupled with the

behaviour on a much larger scale. In such conditions, a macroscopic description of the flow on the larger scale can be adopted
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A	
  Lot	
  of	
  Mathema:cians	
  Spend	
  their	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Lives	
  Doing	
  This	
  



But	
  CAM	
  isn’t	
  Easy	
  to	
  Work	
  With	
  

CAM5,GCM,physical,processes,

Dynamics 

Turbulence 
Boundary Layer 

Macrophysics 

Microphysics Shallow Convection 

Deep Convection 

Radiation 

Aerosols 

Clouds (Al),  
Condensate (qv, qc) 

Mass, Number Conc 
A, qc, qi,qv, rei, rel 

Surface Fluxes 

Precipitation 

Detrained qc,qi 

Clouds & Condensate:  
Ast, Aconv, Ash 

TKE 

CAM5	
  Physical	
  Processes	
  
from	
  Physics	
  Lecture	
  1	
  in	
  2010	
  CESM	
  

Tutorial	
  (by	
  A.	
  GeEelman)	
  

•  CAM	
  is	
  complex	
  
•  Processes	
  interact	
  (oMen	
  	
  

	
  implicitly	
  through	
  	
  
	
   	
  	
  	
  	
  pointers)	
  



Is	
  a	
  Chunk	
  of	
  CAM	
  Accessible	
  for	
  
Mathema:cians?	
  

Kinema:c	
  Driver	
  (KiD)	
  Framework	
  
Idealized	
  
Dynamics:	
  

TVD	
  advec:on	
  
from	
  Leonard	
  
et	
  al	
  (1993)	
  

Interface:	
  	
  
renames	
  +	
  
reorders	
  
arrays	
  

Code	
  to	
  
OpTmize:	
  
Macro	
  +	
  	
  

Microphysics	
  

MG2	
  Microphysics	
   PDF	
  Macrophysics:	
  

€ 

Cloud Fraction = PDF s( )ds
0

∞

∫

€ 

Cloud Mass = s ⋅ PDF s( )ds
0

∞

∫

Yes:	
  
•  Recent	
  macro+micro	
  development	
  removes	
  dependencies	
  &	
  makes	
  
code	
  readable	
  by	
  non-­‐experts	
  

•  A	
  community	
  effort	
  provides	
  means	
  to	
  run	
  these	
  codes	
  in	
  isolaPon	
  

•  Designed	
  for	
  idealized	
  microphysics	
  
intercomparisons	
  (Shipway	
  +	
  Hill	
  ‘12)	
  	
  
•  It	
  provides	
  driving	
  condi:ons	
  for	
  the	
  
macro+micro	
  code	
  we	
  want	
  to	
  test	
  

•  Macro	
  =	
  sub-­‐grid	
  cloud	
  frac:on	
  +	
  liquid	
  
condensate	
  mass	
  calcula:ons	
  

•  Using	
  my	
  parameteriza:on	
  for	
  simplicity:	
  if	
  
supersaturated	
  mass	
  is	
  s,	
  then	
  
Macro	
  is	
  NOT	
  
implemented	
  in	
  

KiD	
  yet	
  

•  Microphysics	
  is	
  actually	
  a	
  collec:on	
  of	
  
sub-­‐processes	
  

•  Sean	
  Santos’	
  efforts	
  with	
  MG2	
  make	
  it	
  
really	
  easy	
  to	
  understand/:nker	
  with	
  

•  Andrew	
  and	
  Hugh	
  have	
  already	
  ported	
  
MG2	
  to	
  KiD	
  



Test	
  Cases	
  
‘warm1’:	
  steady	
  updraG	
   ‘warm7’:	
  Subtrop	
  Sc	
   ‘mixed1’:	
  mixed-­‐phase	
  Sc	
  

Mimics	
  an	
  updraM	
  which	
  is:	
  
•  uniform	
  in	
  height	
  
•  increases	
  in	
  magnitude	
  

to	
  600s,	
  then	
  disappears	
  
•  θ≈300	
  K	
  in	
  lower	
  atmos	
  

(so	
  warm	
  procs	
  only)	
  

Mimics	
  subtropical	
  
stratocumulus:	
  
•  w	
  is	
  height-­‐dependent	
  

and	
  varies	
  sinusoidally	
  in	
  
:me	
  

•  Moisture	
  is	
  con:nually	
  
added	
  to	
  maintain	
  cloud	
  	
  

•  θ=288	
  K	
  in	
  BL	
  (so	
  warm	
  
procs	
  only)	
  

Mimics	
  mixed-­‐phase	
  Sc:	
  
•  w	
  varies	
  sinusoidally	
  in	
  

:me	
  and	
  |w|	
  increases	
  
with	
  height	
  

•  Moisture	
  is	
  con:nually	
  
added	
  to	
  maintain	
  cloud	
  	
  

•  θ=257	
  K	
  in	
  BL	
  (so	
  mixed-­‐
phase)	
  

MG2	
  produces	
  
negligible	
  
liquid	
  in	
  this	
  
case	
  

there	
  are	
  other	
  cases	
  we	
  could	
  use	
  –	
  these	
  just	
  caught	
  my	
  fancy	
  



Not	
  Just	
  Doable,	
  But	
  Useful!	
  
•  Macro/micro	
  balance	
  
dominates	
  the	
  qc	
  budget	
  
at	
  default	
  Δt	
  

Cloud	
  Liquid	
  Budget	
  (Δt	
  =	
  30	
  min)	
  

Default	
  (30	
  min	
  Δt)	
  
15	
  min	
  Δt	
  
7.5	
  min	
  Δt	
  
30	
  min	
  Δt,	
  7.5	
  min	
  mac+mic	
  
	
  

• Δt	
  sensiPvity	
  is	
  largely	
  
explained	
  by	
  reducing	
  mac
+mic	
  Pme	
  step	
  
–  but	
  mac+mic	
  is	
  not	
  the	
  whole	
  
story	
  

Fig:	
  Global-­‐ave	
  qc	
  budget	
  from	
  1	
  
month	
  2o	
  CAM5	
  run.	
  Courtesy	
  Hui	
  Wan	
  	
  

Fig:	
  Zonal-­‐ave	
  LWP	
  from	
  last	
  4	
  yrs	
  of	
  5	
  yr	
  
CAM5	
  runs	
  employing	
  various	
  :me	
  steps	
  



Targets	
  for	
  Improvement	
  
1.	
  “Conserva:on	
  Checks”:	
  
Condensate	
  oMen	
  goes	
  nega:ve…	
  
and	
  treatment	
  of	
  this	
  case	
  is	
  crude	
  

2.	
  Mul:-­‐scale	
  interac:ons	
  between	
  
sub-­‐processes	
  are	
  missing	
  (macro,	
  
micro,	
  ice	
  nuclea:on,	
  precip,	
  etc)	
  

3.	
  Numerical	
  convergence	
  is	
  s:ll	
  
an	
  issue.	
  Improved	
  comput-­‐
a:onal	
  efficiency	
  is	
  needed	
  

1000	
  s	
  

100	
  s	
  

10	
  s	
  
1	
  s	
  

Fig:	
  LWP	
  
from	
  
‘warm1’	
  as	
  
micro	
  Δt	
  
changes	
  
(subcycling	
  
dynam	
  to	
  
use	
  1s	
  Δt).	
  

Fig:	
  Frequency	
  
of	
  micro	
  
completely	
  
removing	
  cloud	
  
liquid	
  

LaTtude	
  

He
ig
ht
	
  (m

b)
	
  

Fig:	
  LWP	
  
before	
  &	
  
a[er	
  
micro	
  
from	
  
MPACE-­‐B	
  

freezing	
  	
  
level	
  



•  My	
  goal:	
  make	
  CAM	
  param-­‐
eteriza:ons	
  accessible	
  to	
  math	
  
folks	
  and	
  see	
  what	
  happens	
  
– Carol	
  Woodward’s	
  FastMath	
  
team	
  is	
  signed	
  on	
  so	
  something	
  
will	
  happen	
  

–  I	
  will	
  be	
  working	
  on	
  these	
  issues	
  
as	
  well	
  

–  I	
  would	
  love	
  to	
  get	
  other	
  people	
  
involved…	
  

Fig:	
  Example	
  of	
  the	
  prize	
  
you	
  could	
  win	
  for	
  coming	
  
up	
  with	
  the	
  best	
  Pme-­‐
stepping	
  implementaPon	
  

So	
  –	
  Want	
  to	
  Collaborate?	
  



Thanks!	
  

Contact:	
  caldwell19@llnl.gov	
  



How	
  Important	
  is	
  Macro+Micro?	
  

•  Macro+Micro	
  are	
  a	
  major	
  but	
  not	
  the	
  sole	
  source	
  
of	
  Δt	
  sensi:vity	
  in	
  MPACE-­‐A	
  runs	
  

Fig:	
  Time-­‐average	
  LWP	
  as	
  a	
  funcPon	
  of	
  macro+micro	
  Δt	
  
when	
  all	
  processes	
  use	
  that	
  Pmestep	
  (solid)	
  and	
  when	
  
macro+micro	
  are	
  substepped	
  and	
  all	
  other	
  processes	
  use	
  
the	
  default	
  (20	
  min)	
  Δt	
  .	
  Colors	
  represent	
  different	
  
ensemble	
  members.	
  From	
  MPACE-­‐A	
  single-­‐column	
  runs.	
  

Only	
  Macro+Micro	
  use	
  short	
  Δt	
  

All	
  Processes	
  use	
  given	
  Δt	
  



MG2	
  Flowchart	
  

Compute	
  Tendencies	
  for:	
  	
  
drop	
  ac:v	
  
qi	
  nucleat	
  
melt	
  qs/homog	
  frz	
  qr	
  
autoconv	
  qc	
  
autoconv	
  qi	
  
get	
  init	
  fallspeeds	
  
immers	
  frz	
  
contact	
  frz	
  
qs	
  aggreg	
  
accret	
  qc→qs	
  
secondary	
  qi	
  prod	
  
accret	
  qr→qs	
  
hetero	
  qr	
  frz	
  
accret	
  qc→qr	
  
qr	
  self-­‐collect	
  
accret	
  qi→qs	
  
evap/sublim	
  qr/qi	
  
berg	
  qs	
  
qi	
  depos/sublim	
  
	
  
	
  

Modify	
  rates	
  
to	
  prevent	
  
nega:ve	
  
condensate	
   Update	
  state	
  

Get	
  final	
  fallspds	
  
substep	
  for	
  CFL	
  
stability:	
  

compute	
  mass	
  flux	
  
convergence	
  

use	
  to	
  update	
  
state	
  

melt	
  qs/homog	
  
frz	
  qr	
  again	
  

Remove	
  
supersatura:on	
  

Update	
  state	
  MG2	
  is	
  mostly	
  parallel	
  
split	
  but	
  sedimentaPon	
  

is	
  sequenPal	
  split	
  	
  



•  Using	
  full-­‐model	
  Δt	
  anywhere	
  near	
  that	
  used	
  by	
  CAM	
  doesn’t	
  
work	
  because	
  the	
  dynamics	
  CFL	
  is	
  quickly	
  surpassed	
  

•  Calling	
  micro	
  less	
  frequently	
  suggests	
  a	
  10	
  s	
  :mestep	
  is	
  
needed	
  for	
  convergence	
  (CAM	
  uses	
  a	
  15	
  min	
  micro	
  Δt)	
  

1000	
  s	
  

100	
  s	
  

10	
  s	
  
1	
  s	
  

20	
  s	
  

30	
  s	
  

60	
  s	
  

Fig:	
  LWP	
  from	
  ‘warm1’	
  as	
  Δt	
  for	
  
both	
  micro	
  and	
  dynamics	
  is	
  
changed.	
  	
  

This	
  is	
  absurdly	
  large!	
  

1	
  s	
  600	
  s	
  

Fig:	
  LWP	
  from	
  ‘warm1’	
  as	
  micro	
  
Δt	
  changes	
  (subcycling	
  dynamics	
  
to	
  use	
  1	
  s	
  Δt).	
  
	
  	
  

Target	
  for	
  Improvement:	
  Δt	
  Convergence	
  



Subcycling	
  Dynamics	
  

Subcycled	
  dynamics	
  in	
  prev	
  slide	
  had	
  micro	
  tend	
  
=	
  0	
  for	
  all	
  steps	
  when	
  micro	
  wasn’t	
  called.	
  What	
  
if	
  micro	
  tend	
  was	
  instead	
  trickled	
  in	
  over	
  all	
  
dynamics	
  substeps?	
  

1000	
  s	
  

100	
  s	
  

10	
  s	
  
1	
  s	
  

Fig:	
  micro	
  tend	
  applied	
  only	
  when	
  
micro	
  called	
  

Fig:	
  Micro	
  tend	
  applied	
  every	
  
dynamics	
  substep	
  


