
Introduc)on	  
High-‐eleva*on	   forest	   ecosystems	   poten*ally	   contribute	   a	   large	   frac*on	   of	  
carbon	   uptake	   in	   North	   America.	   Carbon	   balance	   across	   the	   U.S.	   Mountain	  
West	  is	  thought	  to	  be	  significant	  but	  highly	  suscep*ble	  to	  a	  variety	  of	  stressors	  
such	  as	  drought,	  fire,	  and	   insect	  outbreaks.	  We	  ask:	  how	  sensi*ve	  are	   in	  situ	  
con*nental	   CO2	   concentra*on	   observa*ons	   to	   clima*c	   extremes	   in	   the	   US	  
West?	   Are	   we	   capable	   of	   detec*ng	   these	   changes	   with	   the	   exis*ng	   CO2	  
concentra*on	  measurement	  network?	  If	  we	  can,	  to	  what	  degree	  and	  at	  what	  
loca*ons	   can	  we	  best	  detect	   them?	  We	  applied	  Weather	  Research	  Forecast-‐
Stochas*c	   Time	   Inverse	   Largragian	   (WRF-‐STILT)	   back	   trajectories	   to	  
mountaintop	   observa*on	   sites	   of	   the	   Regional	   Atmospheric	   Con*nuous	   CO2	  
Network	   in	   the	  Rocky	  Mountains	   (Rocky	  RACCOON)	   to	   test	   the	   sensi*vity	   of	  
mountaintop	  CO2	  mole	  frac*on	  observa*ons	  to	  imposed	  anomalies	  (droughts)	  
in	   simulated	   biological	   carbon	   fluxes	   from	   NOAA’s	   CarbonTracker.	   Carbon	  
surface	  influence	  func*ons	  over	  the	  US	  Mountain	  West	  were	  calculated	  by	  the	  
WRF-‐STILT	  model	  via	  tracking	  ensembles	  of	  virtual	  par*cles	  released	  from	  the	  
model	  back	   in	  *me.	  Back-‐trajectory	  par*cle	   inverse	  modeling	  with	  mesoscale	  
model	  (WRF)	  wind	  fields	  were	  analyzed	  over	  2008	  for	  three	  days	  backward	  in	  
*me	   at	   three-‐hour	   *me	   step.	   Loca*ons	   of	   boundary-‐layer	   virtual	   par*cle	  
la*tude,	  longitude,	  and	  al*tude	  were	  saved	  and	  summed	  to	  produce	  influence	  
func*ons.	   	   CarbonTracker	   fluxes	   were	   numerically	   manipulated	   to	   simulate	  
drought	   around	   the	   US	   Mountain	   West	   and	   these	   were	   convolved	   with	  
influence	  func*ons	  to	  generate	  es*mates	  of	  sensi*vity	  of	  carbon	  mole	  frac*on	  
measurements	   to	   modeled	   flux	   sensi*vity	   in	   terrain.	   The	   detectability	   and	  
uncertainty	   of	   carbon	   flux	   inferred	   by	  mountaintop	   CO2	   were	   compared	   for	  
"normal"	  and	  "drought”	  condi*ons.	  The	  results	   indicate	  high	  transport	  model	  
sensi*vity	  but	  likely	  detec*on	  of	  large-‐scale	  drought	  from	  the	  Rocky	  RACCOON	  
network,	   though	   the	   size	   of	   drought	   and	   the	   distance	   between	   the	   drought	  
region	  and	  an	  observa*on	  site	  may	  significantly	  influence	  this	  detectability	  and	  
sensi*vity.	  	  

Principles	  and	  Methodology	  
1. WRF-‐STILT	  model:	  Backward	  *me	  par*cle	  simula*ons	  enable	  

implementa*on	  of	  a	  ‘‘receptor-‐oriented	  framework’’	  that	  defines	  upstream	  

influences	  on	  tracer	  observa*ons	  at	  the	  receptor.	  A	  single	  backward	  *me	  

release	  of	  par*cles	  marks	  out	  the	  poten*al	  source	  region	  ( 𝑥↓𝑖↑′ , 

𝑦↓𝑖↑′ , 𝑧↓𝑖↑′ )	  that	  influences	  the	  receptor	  	  ( 

𝑥↓𝑟 ,   𝑦↓𝑟 ,   𝑧↓𝑟 ),	  genera*ng	  the	  spa*al	  and	  

temporal	  dependence	  of	  the	  influence	  func*on	  	  𝐼( 𝑋↓𝑟 , 

𝑡↓𝑟 |𝑋,𝑡).	  	  

2. Influence	  func*on:	  The	  backward	  *me	  par*cle	  loca*ons	  map	  out	  the	  

influence	  func*on	  𝐼( 𝑋↓𝑟 , 𝑡↓𝑟 |𝑋,𝑡),	  which	  

quan*ta*vely	  links	  sources	  and	  sinks	  𝑆( 𝑋↓𝑖 ,𝑡)	  to	  

concentra*ons	  𝐶(𝑋↓𝑟 , 𝑡↓𝑟 )  	  of	  a	  conserved	  tracer	  at	  a	  

receptor	  located	  at	  Xr	  and	  *me	  tr:	  𝐶(𝑋↓𝑟 , 𝑡↓𝑟 )=∫

𝑡↓0 ↑𝑡↓𝑟 ▒𝑑𝑡∫↑▒𝑑↑3   𝑥𝐼

𝑋↓𝑟 , 𝑡↓𝑟  𝑋,𝑡 𝑆(𝑋,𝑡)+∫↑▒
𝑑↑3  𝑥𝐼𝑋↓𝑟 , 𝑡↓𝑟  𝑋,𝑡 𝐶(𝑋, 
𝑡↓0 )	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  	  	  	  	  	  	  	  Figure	  1	  The	  model	  structure	  and	  process	  modules	  	  	  	  	  	  	  	  	  	  	  	  Figure	  2	  Model	  valida*on:	  simula*ons	  vs	  field	  measurements	  

	  
	  
	  

	  Framework	  for	  Drought	  Experiment	  
1.  We	  inves*gated	  the	  effects	  of	  drought	  in	  the	  US	  West	  on	  the	  measurements	  of	  CO2	  

concentra*on	  and	  tested	  sensi*vi*es	  of	  these	  measurements	  to	  climate-‐driven	  
terrestrial	  carbon	  flux	  anomalies	  with	  back	  trajectory	  inverse	  modeling.	  Virtual	  
par*cles	  were	  released	  every	  hour	  from	  the	  study	  sites	  or	  receptors,	  and	  tracked	  
back	  in	  *me	  with	  WRF-‐STILT	  model	  for	  deriva*on	  of	  influence	  func*on	  (Figure	  1)	  	  

2.  Study	  sites:	  we	  chose	  three	  mountaintop	  CO2	  concentra*on	  measurement	  sta*ons	  
from	  Rocky	  RACCOON	  as	  study	  sites	  or	  receptors	  (Figure	  2)	  to	  conduct	  back	  
trajectory	  inverse	  modeling	  and	  calculate	  influence	  func*ons	  for	  the	  US	  West	  area.	  

3.  Drought	  intensity,	  size,	  and	  domain:	  	  During	  the	  *me	  period	  between	  2001	  and	  
2010,	  2006	  is	  a	  regular	  year	  without	  major	  drought,	  but	  there	  were	  some	  large	  
droughts	  occurred	  in	  2008	  in	  the	  US	  Mountain	  West.	  Figure	  3	  shows	  the	  CO2	  
concentra*on	  differences	  between	  our	  study	  site	  SPL	  and	  Mauna	  Loa	  in	  2006	  and	  
2008.	  	  

4.  Simulated	  droughts	  occurred	  in	  SW,	  NW,	  and	  middle	  direc*ons	  rela*ve	  to	  the	  
receptor	  sites	  with	  size	  varying	  from	  4	  by	  4,	  6	  by	  6,	  to	  10	  by	  10	  degrees	  (Figure	  4-‐5).	  
Four	  experiments	  for	  drought	  in	  the	  US	  West	  were	  carried	  out	  and	  magnitudes	  of	  
CO2	  concentra*on	  change	  resulted	  from	  drought	  were	  calculated	  by	  mul*plying	  the	  
influence	  func*ons	  of	  WRF-‐STILT	  model	  and	  with	  CarbonTracker	  biogenic	  fluxes	  
experimentally	  suppressed	  to	  simulate	  drought	  in	  each	  experiment	  region.	  	  

	  
	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Results	  and	  Conclusions	  
1.  Through	  comparison	  of	  CO2	  concentra*on	  differences	  between	  our	  study	  

sites	  and	  the	  site	  in	  Mauna	  Loa	  in	  2006	  and	  2008,	  we	  found	  that	  drought	  
significantly	  resulted	  in	  more	  CO2	  releases	  in	  the	  summer	  and	  fall	  of	  2008.	  	  

2.  The	   experiment	   results	   from	   this	   study	   strongly	   indicate	   that	   clima*c	  
anomalies	   such	   as	   drought	   are	   detectable	   by	   CO2	  measurements	   on	   the	  
top	  of	  Rocky	  Mountains	  with	  typical	  observa*on	  accuracy	  of	  0.2	  ppm.	  	  

3.  The	   larger	   the	   size	   of	   drought,	   the	   greater	   the	   CO2	   concentra*on	  
increment	  rela*ve	  to	  no	  drought,	  but	  the	  result	  is	  not	  linear	  with	  drought	  
magnitude.	  

4.  Drought	   in	   the	   near-‐field	   region	   are	  much	   easier	   to	   detect	   than	   ones	   in	  
Pacific	  U.S.	  	  

5.  Among	  these	  three	  sites,	  HDP	  demonstrated	  beeer	  capability	  of	  picking	  up	  
drought	  signals	  from	  NW,	  SW,	  and	  middle	  direc*ons	  rela*ve	  to	  the	  study	  
sites	  in	  the	  US	  Mountain	  West.	  Distance	  could	  be	  an	  important	  factor.	  
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Figure	  1	  Back	  trajectories	  of	  virtual	  par*cles	  released	  
from	  SPL	  at	  08:00	  am,	  9	  July	  2008	  were	  simulated	  
with	  WRF-‐STILT	  model.	  The	  par*cles	  were	  tracked	  
back	  for	  72	  hours	  in	  *me	  

Figure	  2	  Hiden	  Peak	  sta*on	  (HDP):	  40º34'	  N,	  111º39'	  W,	  3351	  msl	  
Storm	  Peak	  Laboratory	  (SPL):	  40º27'	  N,	  106º44'	  W,	  3210	  msl	  
Niwot	  Ridge	  T-‐Van	  (NWR):	  40º03'	  N,	  	  105º	  35'	  W,	  3523	  msl	  

Figure	  3	  CO2	  concentra*on	  differences	  between	  the	  
real	  *me	  measurements	  at	  SPL	  and	  Mauna	  Loa	  in	  
2006	  (a	  regular	  year)	  and	  2008	  (a	  drought	  year)	  

Figure	  4	  The	  layout	  of	  experimental	  drought	  domains	  
in	  the	  US	  West.	  For	  Experiment	  1~3,	  there	  are	  three	  
domains	  located	  in	  SW,	  NW,	  and	  middle	  rela*ve	  to	  
the	  study	  sites.	  Drought	  may	  occur	  in	  each	  domain	  
with	  4	  by	  4	  and	  6	  by	  6	  degrees	  

Figure	  5	  The	  layout	  of	  experimental	  drought	  domains	  
in	  the	  US	  West	  for	  Experiment	  4.	  There	  are	  two	  large	  
domains	  located	  in	  SW	  and	  NW	  rela*ve	  to	  the	  study	  
sites.	  Drought	  size	  varies	  from	  6	  by	  6	  to	  10	  by	  10	  
degrees	  

Figure	  6	  Boxplots	  for	  CO2	  concentra*on	  differences	  between	  
the	  simulated	  drought	  year	  (2008)	  and	  a	  normal	  year	  (2006)	  
from	  different	  domains	  and	  drought	  size	  (Experiment	  1).	  	  

Figure	  8	  Boxplots	  for	  CO2	  concentra*on	  differences	  between	  
the	  simulated	  drought	  year	  (2008)	  and	  a	  normal	  year	  (2006)	  
from	  different	  domains	  and	  drought	  size	  (Experiment	  3).	  	  

Figure	  7	  Boxplots	  for	  CO2	  concentra*on	  differences	  between	  
the	  simulated	  drought	  year	  (2008)	  and	  a	  normal	  year	  (2006)	  
from	  different	  domains	  and	  drought	  size	  (Experiment	  2).	  	  

Figure	  9	  Boxplots	  for	  CO2	  
concentra*on	  differences	  
between	  the	  simulated	  
drought	  year	  (2008)	  and	  a	  
normal	  year	  (2006)	  from	  
different	  domains	  and	  
drought	  size	  (Experiment	  4).	  	  


