
A  3-‐year  record  of  ecosystem-‐atmosphere  carbon  exchange  from  
an  ‘ideal‘*  woodland  site:  controls,  correc=ons  and  uncertain=es

*	  Horizontally	  homogeneous	  infinite	  flat	  plain!	  
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The  nocturnal  problem

Expected	  flux	  	  

u*	  

Fc	  

Observed	  flux	  	  

•  Occurs	  primarily	  under	  stable	  condiCons	  

•  Manifests	  as	  low-‐u*	  dependency	  of	  Fc	  

•  Since	  insolaCon	  is	  driver	  of	  turbulent	  acCvity,	  
occurs	  primarily	  nocturnally	  

•  Since	  insolaCon	  is	  also	  a	  driver	  of	  photosynthesis,	  
nocturnal	  NEE	  is	  respiratory	  flux	  only	  

•  Hence	  risk	  of	  bias	  at	  diurnal	  and	  longer	  Cme	  scales	  	  



Key    poten=al  causes

Downslope	  flow	  of	  cold	  air	  
adjacent	  to	  surface	  

Entrainment	  of	  relaCvely	  CO2-‐
depleted	  air	  from	  aloN	  

•  Development	  of	  sublayers	  so	  measurement	  system	  is	  
decoupled	  from	  surface	  (can	  be	  addressed	  by	  
measuring	  storage)	  

•  IntermiQent	  turbulence	  (can	  be	  addressed	  by	  imposing	  
staConarity	  criterion)	  	  

•  UnderesCmaCon	  of	  storage	  term	  

•  UnrepresentaCve	  fluxes	  due	  to	  extension	  of	  footprint	  

•  Horizontal	  and/or	  verCcal	  advecCon	  terms	  significant	  

Key  mechanism



East-‐West	  profile	  at	  Whroo	  
	  

North-‐South	  profile	  at	  Whroo	  



Response  of  Fc,  Sc  &  controls  to  u*  

Whroo	  profile	  system	  



Sensi=vity  of  profile  CO2  to  u*



Inferring  nocturnal  advec=on

1)  Nocturnal	  carbon	  budget	  

2)  Change	  point	  analysis	  used	  to	  determine	  u*th	  

3)  EsCmate	  Re	  from	  TRFʈ	  opCmised	  for	  Fc	  where	  u*	  >	  u*th	  

4)  Infer	  collecCve	  advecCon	  terms	  for	  u*	  <	  u*th	  

	  
	  
	  

ʈLloyd	  and	  Taylor,	  1994	  

Assumed:	  1)	  sufficient	  data	  to	  yield	  accurate	  esCmate	  of	  Re	  (60th	  percenCle)	  
	  	  2)	  empirical	  model	  accurately	  captures	  signal	  	  
	  	  3)	  measurements	  are	  accurate,	  including	  Fc	  where	  u*	  <	  u*th	  
	  	  4)	  addiConal	  terms	  in	  the	  mass	  balance	  (flux	  divergences)	  are	  negligible	  



Apparent  advec=on  on  1-‐2o  slope



Sc  by  layer
•  Drainage	  induced	  advecCon	  

should	  have	  most	  noCceable	  
effect	  on	  Sc	  rather	  than	  Fc	  

•  Mean	  tree	  height	  at	  Whroo:	  	  
	  	  	  	  	  	  15.3±6.4m	  

•  Drainage	  flows	  generally	  
confined	  to	  depths	  <	  10m	  

•  Confined	  to	  trunk	  space	  due	  to	  
drag	  imposed	  by	  canopy	  

•  At	  u*	  <	  0.22,	  decline	  in	  storage	  
below	  8m	  



‘Correc=ng’  Sc  decline
•  Can	  extrapolate	  from	  linear	  

relaConship	  between	  upper	  and	  
lower	  layers	  observed	  in	  interval	  
0.22	  <	  u*	  <	  0.42	  

•  If	  this	  removes	  effects	  of	  
advecCon	  then	  	  
	  
and	  therefore	  
	  

•  This	  ‘works’	  (i.e.	  gives	  the	  
answer	  we	  want)	  

•  But	  implicit	  assumpCons	  are	  
almost	  certainly	  wrong	  

•  But	  says	  something	  interesCng	  
about	  verCcal	  source	  distribuCon	  



Es=ma=ng  ΔC/  Δt  for  layers

Previous	  assumpCon	  almost	  certainly	  a	  
bad	  one	  
	  
	  
	  
Interested	  in	  modelling	  effects	  of	  
changes	  in	  u*	  on	  	  



Measuring  drainage  flows
•  Should	  be	  apparent	  in	  wind	  profiles	  
•  Drainage	  flow	  velociCes	  typically	  0.1-‐0.2m	  s-‐1	  

•  Looks	  may	  be	  deceiving!	  

2m	  

4m	  

8m	  

16m	  

36m	  

u*	  <	  u*th	   u*	  >	  u*th	  



Effects  on  diurnal  NEE  dynamics
•  Fc	  +	  Sc	  inadequate	  

nocturnally	  

•  u*	  filtered	  and	  gap-‐filled	  
Fc	  increases	  nocturnal	  
mean	  NEE	  

•  u*-‐dependent	  linear	  
correcCon	  almost	  
equivalent	  

•  Storage	  term	  is	  not	  
negligible	  during	  the	  day	  

•  Most	  important	  before	  
midday	  



Implica=ons  of  neglect  of  day=me  storage
•  For	  tall	  sites	  with	  no	  profile	  system…	  you	  need	  a	  profile	  system.	  

•  Where	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  lower	  bias	  will	  likely	  be	  obtained	  if	  nocturnal	  data	  is	  uncorrected	  

•  Profound	  effect	  on	  ecological	  interpretaCon	  



Also  evident  at  Tumbarumba!



Uncertainty

‘There	  are	  known	  knowns.	  These	  are	  things	  
we	  know	  that	  we	  know’.	  	  
	  
‘There	  are	  known	  unknowns.	  That	  is	  to	  say,	  
there	  are	  things	  that	  we	  know	  we	  don't	  know’.	  	  
	  
‘But	  there	  are	  also	  unknown	  unknowns.	  There	  
are	  things	  we	  don't	  know	  we	  don't	  know.’	  
	  

CorrecCons	  
	  
	  
UncertainCes	  
	  
	  
Things	  that	  Ian	  Harman	  always	  tries	  
to	  warn	  us	  about	  

Primary	  sources	  in	  summed	  NEE:	  

•  systemaCc	  measurement	  error	  

•  random	  measurement	  error	  

•  imputaCon	  error	  



Uncertainty  –  systema=c  error

•  Use	  change	  point	  detecCon	  to	  
determine	  u*th	  uncertainty	  

•  Filter,	  gap	  fill	  and	  sum	  using	  upper	  and	  
lower	  bounds	  of	  CI	  for	  u*th	  



Uncertainty  –  random  error

Year Day Night All 

	   n,	  % Random Model n,	  % Random Model Total 

2012 8013,	  91.9 7.83 8.34 2787,	  31.5 5.15 11.73 17.17 

2013 7776,	  89.7 7.40 8.98 2795,	  31.6 4.98 12.57 17.84 

2014 7723,	  88.9 7.91 9.57 2783,	  31.5 5.03 12.10 18.05 

•  Daily	  differencing	  method	  –	  random	  
error	  (δ)	  esCmated	  as	  difference	  
between	  Fc	  pairs	  separated	  by	  24	  hrs	  	  

•  Standard	  deviaCon	  of	  δ	  (σ[δ])	  binned	  as	  
a	  funcCon	  of	  flux	  magnitude	  

•  Random	  error	  esCmates	  calculated	  for	  
each	  observaConal	  datum	  from	  
regression	  of	  σ(δ)	  on	  Fc	  

•  Monte	  Carlo	  simulaCon	  -‐	  model-‐
generated	  perfect	  NEE	  Cme	  series	  is	  
degraded	  by	  noise	  (random	  draw	  from	  
Laplace	  distribuCon)	  x	  104	  

•  104	  Cme	  series	  summed	  annually	  –	  
uncertainty	  is	  2σ	  bounds	  of	  distribuCon	  

•  Inevitably	  includes	  footprint	  uncertainty	  
and	  classifies	  signal	  as	  noise,	  therefore	  
overesCmates	  

	  



Uncertainty  –  
imputa=on  error

Randomly	  select	  103	  
observaConal	  data	  

Calculate	  missing	  data	  
fracCon	  

Impose	  gap	  fracCon	  =	  
missing	  data	  fracCon	  

Replace	  gaps	  with	  
model	  esCmates	  

Calculate	  sum	  of	  gap-‐
filled	  series	  

Calculate	  %	  difference	  
from	  sum	  of	  

observaConal	  series	  

Calculate	  gap-‐filled	  
annual	  sum	  

Calculate	  2σ	  bounds	  of	  
distribuCon	  of	  
differences	  

Apply	  %	  difference	  to	  
annual	  sum	  

For	  i	  =	  1	  to	  n	  

i	  <	  n	  

i	  =	  n	  

•  Based	  on	  Keith	  et	  al.	  (2009)	  

•  Calculate	  separately	  for	  day	  and	  night	  and	  sum	  

•  Necessarily	  includes	  some	  random	  error	  effects	  



Uncertainty  -‐  par==oning  error

Gap	  fracCon	  

Uncertainty	  

•  Generate	  model	  ER	  series	  (model	  parameterised	  from	  
observaCons)	  

•  Baseline	  uncertainty	  due	  to	  random	  error:	  
o  Superimpose	  noise	  and	  sum	  (104	  trials)	  
o  Calculate	  2σ	  of	  distribuCon	  of	  sums	  

•  Combined	  uncertainty	  due	  to	  random	  error	  and	  
filtering:	  
o  Random	  removal	  of	  5,	  10,	  15,	  20...	  %	  data	  
o  Superimpose	  noise	  and	  sum	  (104	  trials)	  
o  Calculate	  2σ	  of	  distribuCon	  of	  sums	  

•  Combined	  uncertainty	  due	  to	  random	  error	  and	  long	  
gaps:	  
o  Impose	  gaps	  
o  Superimpose	  noise	  and	  sum	  (104	  trials)	  
o  Calculate	  2σ	  of	  distribuCon	  of	  sums	  



Combined  error•  For	  systemaCc,	  random,	  and	  model	  uncertainty,	  
summed	  as:	  

•  Many	  other	  unquanCfied	  uncertainCes	  (some	  
known	  and	  some	  unknown	  unknowns!)	  

•  Need	  approaches	  for	  sites	  where	  u*th	  not	  useful	  

•  Includes	  effects	  not	  only	  of	  gap	  fracCon	  but	  also	  
gap	  length	  and	  Cming	  

•  Reasoning	  and	  available	  literature	  suggests	  we	  
are	  underesCmaCng	  

•  If	  we	  include	  profile	  data,	  we	  need	  a	  way	  to	  
characterise	  and	  propagate	  random	  error	  

•  UncertainCes	  will	  be	  MUCH	  larger	  due	  to	  nature	  
of	  profile	  measurements	  


