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Motivation	
  –	
  IPCC	
  AR5	
  SPM	
  

Ê  “The	
  atmospheric	
  concentrations	
  of	
  carbon	
  dioxide,	
  methane,	
  and	
  
nitrous	
  oxide	
  have	
  increased	
  to	
  levels	
  unprecedented	
  in	
  at	
  least	
  the	
  
last	
  800,000	
  years.	
  Carbon	
  dioxide	
  concentrations	
  have	
  increased	
  
by	
  40%	
  since	
  pre-­‐industrial	
  times,	
  primarily	
  from	
  fossil	
  fuel	
  
emissions	
  and	
  secondarily	
  from	
  net	
  land	
  use	
  change	
  emissions.	
  The	
  
ocean	
  has	
  absorbed	
  about	
  30%	
  of	
  the	
  emitted	
  anthropogenic	
  
carbon	
  dioxide,	
  causing	
  ocean	
  acidification.”	
  	
  

Ê  Our	
  contribution	
  -­‐	
  “Annual	
  CO2	
  emissions	
  from	
  fossil	
  fuel	
  
combustion	
  and	
  cement	
  production	
  were	
  8.3	
  [7.6	
  to	
  9.0]	
  GtC	
  yr–1	
  
averaged	
  over	
  2002–2011	
  (high	
  confidence)	
  and	
  were	
  9.5	
  [8.7	
  to	
  
10.3]	
  GtC	
  yr–1	
  in	
  2011,	
  54%	
  above	
  the	
  1990	
  level.	
  Annual	
  net	
  CO2	
  
emissions	
  from	
  anthropogenic	
  land	
  use	
  change	
  were	
  0.9	
  [0.1	
  to	
  1.7]	
  
GtC	
  yr–1	
  on	
  average	
  during	
  2002	
  to	
  2011	
  (medium	
  confidence).”	
  



Motivation	
  –	
  IPCC	
  AR5	
  SPM	
  

Ê  What	
  are	
  the	
  impacts?	
  -­‐	
  “It	
  is	
  now	
  very	
  likely	
  that	
  human	
  influence	
  
has	
  contributed	
  to	
  observed	
  global	
  scale	
  changes	
  in	
  the	
  frequency	
  
and	
  intensity	
  of	
  daily	
  temperature	
  extremes	
  since	
  the	
  mid-­‐20th	
  
century,	
  and	
  likely	
  that	
  human	
  influence	
  has	
  more	
  than	
  doubled	
  the	
  
probability	
  of	
  occurrence	
  of	
  heat	
  waves	
  in	
  some	
  locations.”	
  

Ê  What	
  can	
  we	
  do?	
  –	
  “Continued	
  emissions	
  of	
  greenhouse	
  gases	
  will	
  
cause	
  further	
  warming	
  and	
  changes	
  in	
  all	
  components	
  of	
  the	
  
climate	
  system.	
  Limiting	
  climate	
  change	
  will	
  require	
  substantial	
  
and	
  sustained	
  reductions	
  of	
  greenhouse	
  gas	
  emissions.	
  “	
  

Ê  “The	
  current	
  uncertainties	
  in	
  biogeochemistry	
  models	
  account	
  for	
  
about	
  2	
  degree	
  C	
  of	
  uncertainty	
  in	
  projections	
  of	
  future	
  climate	
  
change.”	
  Scott	
  Denning,	
  CSU	
  



Motivation	
  

Ê  Goal:	
  Monitor	
  emissions	
  at	
  the	
  nation	
  scale	
  (at	
  least)	
  with	
  
enough	
  precision	
  to	
  enforce	
  climate/carbon	
  treaties.	
  

Ê  Goal:	
  Provide	
  global	
  measurements	
  in	
  “hard	
  to	
  reach”	
  
locations	
  such	
  as	
  the	
  Southern	
  Ocean	
  to	
  better	
  understand	
  
large	
  scale	
  sources	
  and	
  sinks.	
  

Ê  Goal:	
  Provide	
  global	
  measurements	
  to	
  monitor	
  natural	
  
ecosystem	
  “tipping	
  points,”	
  such	
  as	
  catastrophic	
  permafrost	
  
melt.	
  

Ê  Goal:	
  Provide	
  global	
  measurements	
  to	
  validate	
  ecosystem	
  
level	
  measurements	
  to	
  improve	
  process	
  level	
  understanding.	
  



In	
  Situ	
  Measurements	
  

Ê  Flask	
  samples	
  

Ê  Eddy	
  covariance	
  towers	
  

Ê  Aircraft	
  

Global	
  Observing	
  Network	
  –	
  NOAA	
  CarbonTracker	
  

Ê  Are	
  these	
  measurements	
  
sufficient?	
  

Error reduction,  (σpri – σpost)/σpri, in 7-day RMS fluxes 

GOSAT, random + systematic 

OCO-2, glint-mode, random errors only 

OCO-2, glint-mode, random x 4 

In situ: flasks, continuous, towers, a/c TCCON 

ASCENDS, 2.06 µm, 0.5 ppm RRV!!

Error reduction,  (σpri – σpost)/σpri, in 7-day RMS fluxes 

GOSAT, random + systematic 

OCO-2, glint-mode, random errors only 

OCO-2, glint-mode, random x 4 

In situ: flasks, continuous, towers, a/c TCCON 

ASCENDS, 2.06 µm, 0.5 ppm RRV!!

Reduction	
  in	
  Error	
  of	
  “Best	
  Guess”	
  

Courtesy	
  David	
  Baker	
  



Issues	
  with	
  In	
  Situ	
  Measurements	
  

Ê  Coverage	
  

Ê  Spatial	
  Footprint	
  

Ê  Location	
  biases	
  (PBL	
  height)	
  

Ê  Transport	
  biases	
  (plumes)	
  

	
  

	
  



Remote	
  Sensing	
  of	
  Trace	
  Gases	
  

Ê  The	
  bands	
  depicted	
  below	
  are	
  most	
  useful	
  for	
  trace	
  gas	
  retrievals	
  

Ê  Retrievals	
  require	
  knowledge	
  of	
  collocated	
  temperature,	
  moisture	
  
and	
  pressure	
  –	
  soundings,	
  NWP	
  models,	
  other	
  proxies	
  -­‐	
  uncertainty	
  

Fig. 7.3 Simulated vertical optical depth of the targeted constituents for 55!N around 10 a.m. The strong absorbers are plotted in the upper part
and the relevant weak absorbers in the middle part. In the lower part the vertical optical depth due to Rayleigh scattering, aerosol extinction and
absorption is given. Note the large dynamic range of the differential absorption structures used for retrieval of the constituents (Courtesy: IUP-IFE,
University of Bremen).
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Fig. 7.3 Simulated vertical optical depth of the targeted constituents for 55!N around 10 a.m. The strong absorbers are plotted in the upper part
and the relevant weak absorbers in the middle part. In the lower part the vertical optical depth due to Rayleigh scattering, aerosol extinction and
absorption is given. Note the large dynamic range of the differential absorption structures used for retrieval of the constituents (Courtesy: IUP-IFE,
University of Bremen).

7 From Radiation Fields to Atmospheric Concentrations – Retrieval of Geophysical Parameters 103

“Weak”	
  
CO2	
  Band	
  

“Strong”	
  
CO2	
  Band	
  

(from	
  the	
  SCIAMACHY	
  
	
  book	
  at	
  	
  
http://www.sciamachy.org/)	
  
	
  



Ground	
  Based	
  Remote	
  Sensors	
  -­‐	
  TCCON	
  

Ê  Total	
  Column	
  Concentration	
  
Observing	
  Network	
  –	
  main	
  
purpose	
  is	
  to	
  validate	
  space-­‐
based	
  measurements.	
  

Ê  Sun-­‐facing	
  Fourier	
  
Transform	
  Spectrometer	
  
(FTS)	
  

Ê  Records	
  direct	
  solar	
  spectra	
  
in	
  the	
  near-­‐infrared	
  spectral	
  
region	
  -­‐>	
  retrievals	
  of	
  CO2,	
  
CH4,	
  CO,	
  H2O,	
  and	
  others	
  

TCCON	
  at	
  ARM	
  SGP	
  site	
  in	
  Lamont,	
  OK	
  



Ground	
  Based	
  Remote	
  Sensors	
  -­‐	
  TCCON	
  

Ê  Column	
  integrated	
  measurement*	
  (rather	
  than	
  point	
  sample	
  
from	
  flask	
  or	
  tower)	
  

Ê  Smaller	
  fluctuations	
  =	
  less	
  sensitivity	
  to	
  strong	
  sources	
  and	
  
transport	
  variability	
  

Courtesy:	
  Peter	
  Rayner	
  

Column	
  integrated	
  CO2	
  

Point	
  Sampled	
  CO2	
  

*Note	
  the	
  difference	
  in	
  range	
  



GHG	
  Measurements	
  from	
  Space	
  

Ê  GOME	
  –	
  launched	
  on	
  ERS-­‐2	
  
Ê  designed	
  for	
  ozone	
  
Ê  some	
  atmospheric	
  chemistry	
  
Ê  aerosols	
  
Ê  40km	
  IFOV	
  
Ê  Replaced	
  by	
  GOME-­‐2	
  in	
  2006	
  

Ê  SCIAMACHY	
  –	
  launched	
  on	
  Envisat	
  
Ê  2002	
  to	
  2012	
  
Ê  Retrievals	
  of	
  CO2,	
  CH4,	
  O2,	
  O3,	
  etc	
  
Ê  30km	
  x	
  60km	
  IFOV	
  
Ê  Mapping	
  (wide	
  swath)	
  configuration	
  
Ê  nadir	
  only	
  pointing	
  –	
  no	
  ocean	
  obs	
  

Comparing	
  spectral	
  coverage	
  
of	
  SCIAMACHY	
  and	
  GOME	
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Abstract Methane (CH4) is a potent greenhouse gas and ozone precursor. Quantifyingmethane emissions is
critical for projecting andmitigating changes to climate and air quality. Here we present CH4 observations made
from space combined with Earth-based remote sensing column measurements. Results indicate the largest
anomalous CH4 levels viewable from space over the conterminous U.S. are located at the Four Corners region
in the Southwest U.S. Emissions exceeding inventory estimates, totaling 0.59 Tg CH4/yr [0.50–0.67; 2σ], are
necessary to bring high-resolution simulations and observations into agreement. This underestimated source
approaches 10% of the EPA estimate of total U.S. CH4 emissions from natural gas. The persistence of this CH4

signal from 2003 onward indicates that the source is likely from established gas, coal, and coalbed methane
mining and processing. This work demonstrates that space-based observations can identify anomalous CH4

emission source regions and quantify their emissions with the use of a transport model.

1. Introduction

Understanding the global CH4 budget has proven particularly elusive in recent years. Following a rapid
decrease of the atmospheric burden’s growth rate [Dlugokencky et al., 1994] an apparent approach to steady
state occurred in the late 1990’s to early 2000’s, with significant interannual variations attributed to sources
including wetlands or fires [Ringeval et al., 2010; Wang et al., 2004]. The atmospheric burden then began
growing again in 2007 [Rigby et al., 2008; Dlugokencky et al., 2009; Nisbet et al., 2014]. Multiple studies have
attempted to discover the cause for this renewed growth—determining whether this is an Arctic signal
[O’Connor et al., 2010; Kort et al., 2012], renewed tropical wetland emissions [Bousquet et al., 2011],
attributable to increased anthropogenic emissions [Bergamaschi et al., 2013], or some combination of these is
critical for future climate projections and potential mitigation actions.

The explosive growth of unconventional gas recovery by high-volume hydraulic fracturing (fracking) has
transformed the natural gas industry, vastly increasing accessible reserves in the U.S. Estimates of CH4

emissions associated with this new extraction technique vary widely [Howarth et al., 2011; Cathles et al., 2012;
Howarth et al., 2012; Levi, 2012], with significant implications on the climate impact of hydraulic fracturing.
Atmospheric studies over North America, considering overall emissions from basin to continental scale,
have systematically pointed to underestimates through inventories [Kort et al., 2008, 2010; Hsu et al., 2010;
Petron et al., 2012; Wennberg et al., 2012; Wunch et al., 2009; Brandt et al., 2014]. Other studies [Katzenstein
et al., 2003; Miller et al., 2013] have used ground and airborne observations focused on the central U.S. to
highlight that oil and gas activities in this region likely are underrepresented. A European study has
demonstrated remote sensing from aircraft can quantify CH4 emissions from coalbeds [Krings et al., 2013].
Here we ask if space-based observations of atmospheric CH4 can provide top-down constraints to identify
sources and quantitatively assess this atmosphere-inventory discrepancy. We analyze regional-scale
atmospheric CH4 observations from space- and Earth-based instruments. With this multiinstrument remote
sensor suite we discover a regional signature of large CH4 emissions not seen in prior studies. We quantitatively
use the observed CH4 enhancement to demonstrate that emissions associated with established fossil fuel
extraction activities (not associated with recent high-volume hydraulic fracturing activities) are significantly
underestimated over large scales.
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2. Space-Based Observations

First, we consider space-based observations of column-averaged CH4 mole fractions retrieved from spectra
collected by the SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIAMACHY)
instrument from 2003 to 2009 [Frankenberg et al., 2011]. Focusing on North America, averaging for the entire
time period, and removing topographic impacts on the retrieval (see methods, Figure S1, and Text S1 in the
supporting information discussion), we produced a map of CH4 anomalies (Figure 1a, enhancement over
topographical average). The largest local enhancement over this time frame is located over the Four Corners
region of the U.S. (where Arizona, New Mexico, Colorado, and Utah all meet, Figure 1b). Other regions show
elevated CH4 levels as well: notably the Texas/Oklahoma region and central California. These elevated levels
are likely associated with anthropogenic emissions from oil, gas, ruminants, and agriculture, as noted in
recent focused studies on these regions [Katzenstein et al., 2003; Kort et al., 2008; Miller et al., 2013]. Methane
signals in these regions are weaker (~50% of Four Corners) and less persistent (not present in all seasons
and years) than those observed at Four Corners; thus, it is more difficult to reliably constrain source strength
and perform attribution. The Four Corners region shows the strongest column anomaly in the conterminous
U.S. (Figures 1a and 1b). The substantive enhancement persists robustly through all seasons and years
(Figure S2), within the 2003–2009 time period. Even though there is increased variability in the column
enhancement after 2006 (possibly linked to SCIAMACHY signal degradation), there is no statistically
significant change when comparing the enhancement from 2003 to 2005 and 2007 to 2009 (Figures S3 and S4).
The larger interannual variability observed post-2006 may be indicative of annual emissions fluctuations
in Four Corners, but the more robust multiyear comparison shows no trend, and degraded retrieval quality
in SCIAMACHY data after 2005 warrants some caution in interpreting the enhanced variability. A strong
source has persisted at Four Corners from 2003 through 2009 in all seasons (noting uncertainty on the source
2007–2009 is much greater than 2003–2005, owing to detector degradation).

3. Inventory Emissions

A substantive source of CH4 for the Four Corners region is included in bottom-up inventory estimates but has
not been validated. For the region exhibiting the large CH4 anomaly, within!109.6°W to!107.0°W and 36.2°N

-125 -120 -115 -110 -105 -100 -95 -90 -85 -80 -75

-125-120-115-110-105-100 -95 -90 -85 -80 -75

35
40

45

35
40

45

-112 -111 -110 -109 -108 -107 -106 -105

-112 -111 -110 -109 -108 -107 -106 -105

36
37

38

36
37

38

TCCON FTS

-112 -111 -110 -109 -108 -107 -106 -105

-112 -111 -110 -109 -108 -107 -106 -105

36
37

38

36
37

38

-125 -120 -115 -110 -105 -100 -95 -90 -85 -80 -75

-125-120-115-110-105-100 -95 -90 -85 -80 -75

35
40

45

35
40

45

-15.0 -10.0 -5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

TCCON FTS

scaled WRF-Chem Simulations xCH4 enhancement (ppb)

SCIAMACHY 2003-2009 xCH4 enhancement (ppb) smoothed Edgar 4.2 emission estimate (gCH4/m
2/yr)

a)

b)

c)

d)

Figure 1. Column methane anomalies and emissions over the conterminous U.S. (a) Average SCIAMACHY anomaly from 2003 to 2009 gridded at 1/3° resolution.
(b) Average SCIAMACHY anomaly over just the Four Corners region from 2003 to 2009. (c) EDGAR v4.2 gridded methane emissions (smoothed with a Gaussian filter).
(d) Gridded WRF-Chem simulated methane anomaly using 3.5 times EDGAR v4.2 emissions for the Four Corners region.
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Using	
  SCIAMACHY	
  data	
  together	
  with	
  TCCON	
  
observations,	
  researchers	
  at	
  JPL	
  and	
  LANL	
  were	
  
able	
  to	
  quantify	
  the	
  largest	
  point	
  source	
  of	
  methane	
  
on	
  the	
  planet.	
  	
  The	
  anomaly	
  is	
  about	
  an	
  order	
  of	
  
magnitude	
  larger	
  than	
  current	
  best	
  estimates	
  –	
  	
  
correlates	
  with	
  large	
  open	
  mining	
  sites	
  and	
  fossil	
  fuel	
  
power	
  production.	
  



GHG	
  Measurements	
  from	
  Space	
  

Ê  GOSAT	
  –	
  2009	
  –	
  Present	
  	
  
Ê  First	
  dedicated	
  GHG	
  mission	
  
Ê  CO2,	
  CH4,	
  O2	
  
Ê  10.5km	
  footprint	
  (4	
  sec	
  averaging	
  time)	
  
Ê  Less	
  observations	
  than	
  expected	
  

Ê  pointing	
  mechanism	
  failure	
  
Ê  lower	
  SNR	
  than	
  originally	
  thought	
  

Ê  OCO-­‐2	
  –	
  2014	
  (data	
  by	
  early	
  2015)	
  
Ê  CO2,	
  O2	
  
Ê  2km	
  footprint	
  
Ê  Still	
  in	
  testing	
  mode	
  
Ê  Laboratory	
  tests	
  indicate	
  extremely	
  
high	
  precision	
  (0.2-­‐1.0ppm)	
  
Ê  Flies	
  in	
  the	
  A-­‐train	
  with	
  CloudSat	
  and	
  
others	
  for	
  simultaneous	
  validation	
  of	
  atmos	
  
variables	
  (clouds	
  and	
  aerosols)	
  

Page 4  4 Crisp: OCO-2 Mission 

Remote Sensing of CO2 using Reflected 
Sunlight: The Pioneers 

SCIAMACHY (2002 - 2012)  
• First solar NIR/SWIR CO2 / CH4 sensor 

– Provided regional-scale maps of CO2 and CH4 over 
continents on seasonal time scales 

– Low precision (3-6 ppm) and high probability of cloud bias 
within large footprint (18,000 km2) reduced accuracy 

– Lack of ocean glint pointing further limited coverage 
 

GOSAT (2009 - Present) 
• Optimized for spectral coverage and fast repeat cycle 

ƒ Combination of high spectral resolution over broad 
spectral range yields high sensitivity to CO2, CH4, and 
chlorophyll fluorescence 

ƒ 4-second integration time and 10.5 km diameter footprint 
limits resolution and number of cloud free soundings 
(1000/day) 

ƒ Lack of ocean glint at high latitudes limits coverage 

Courtesy:	
  David	
  Crisp	
  



GHG	
  Measurements	
  from	
  Space	
  

Ê  Other	
  existing	
  instruments	
  with	
  CO2	
  bands	
  
Ê  AIRS	
  
Ê  TES	
  

Ê  Not	
  optimal	
  for	
  CO2	
  emissions	
  estimates	
  –	
  sensitive	
  to	
  the	
  
upper	
  troposphere	
  and	
  stratosphere,	
  



Proposed	
  Future	
  Missions	
  

Ê  CarbonSat	
  
Ê  CO2,	
  CH4	
  

Ê  Mapping	
  instrument,	
  rather	
  than	
  sampling	
  instrument	
  

Berlin

Germany

CarbonSat: Spatial resolution & coverage

Comparison	
  of	
  
FOVs	
  and	
  swath	
  
widths	
  of	
  various	
  
missions.	
  



Proposed	
  Future	
  Missions	
  

Ê  ASCENDS	
  
Ê  Currently	
  in	
  pre-­‐formulation	
  
Ê  Several	
  different	
  laser	
  instruments	
  

proposed	
  by	
  JPL,	
  GSFC,	
  LaRC	
  
Ê  Yearly	
  test	
  flights	
  indicate	
  high	
  precision,	
  

low	
  bias	
  	
  

Ê  GeoCARB	
  
Ê  Geostationary	
  measurements	
  of	
  CO2,	
  CH4	
  
Ê  Nominal	
  placements	
  at	
  110E	
  or	
  75W	
  
Ê  Frequent	
  scanning	
  allows	
  very	
  low	
  

uncertainty	
  estimates	
  of	
  emissions	
  over	
  
short	
  time	
  scales	
  at	
  the	
  national/regional	
  
spatial	
  scale	
  

Ê  Complements	
  current	
  LEO	
  observations	
  
(similar	
  to	
  weather	
  applications)	
  

GSFC 1. O2 2013 Analysis Preview:  O2 Backscatter 
profile history 

O2#BackscaLer#Plot# Raw#Return#

Sept 16, 2013 CO2 & O2 Sounder - ASCENDS Formulation Team Meeting 8 



Using	
  CO2	
  Measurements	
  to	
  Infer	
  
Emissions	
  

Ê  CO2	
  is	
  a	
  passive	
  tracer	
  	
  
Ê  Known	
  wind	
  speed+direction	
  -­‐>	
  

can	
  trace	
  concentrations	
  back	
  to	
  
their	
  sources	
  

Ê  Data	
  assimilation	
  approaches	
  are	
  
used	
  to	
  combine	
  a	
  “best	
  guess”	
  of	
  
the	
  emissions	
  distribution	
  with	
  
new	
  information	
  from	
  
observations	
  

Ê  Uncertainties	
  in	
  these	
  estimates	
  
account	
  for	
  measurement	
  
uncertainties	
  as	
  well	
  as	
  model	
  
uncertainties	
  

Ê  OSSE	
  work	
  (pictured	
  at	
  right)	
  helps	
  
to	
  understand	
  the	
  impact	
  of	
  
individual	
  observing	
  systems	
  

	
  

Error reduction,  (σpri – σpost)/σpri, in 7-day RMS fluxes 

GOSAT, random + systematic 

OCO-2, glint-mode, random errors only 

OCO-2, glint-mode, random x 4 

In situ: flasks, continuous, towers, a/c TCCON 

ASCENDS, 2.06 µm, 0.5 ppm RRV!!

Reduction	
  in	
  Error	
  over	
  
“Best	
  Guess”	
  emissions	
  



Solar	
  Induced	
  Fluorescence	
  (SIF)	
  

Ê  Emissions	
  estimates	
  give	
  the	
  net	
  flux	
  of	
  CO2	
  at	
  the	
  surface,	
  
and	
  other	
  proxies	
  must	
  be	
  used	
  to	
  partition	
  the	
  flux	
  into	
  
component	
  processes	
  

Ê  During	
  photosynthesis,	
  plants	
  actually	
  release	
  photons	
  
(“fluoresce”)	
  at	
  various	
  wavelengths	
  to	
  avoid	
  damage,	
  and	
  
the	
  amount	
  they	
  fluoresce	
  is	
  strongly	
  correlated	
  with	
  Gross	
  
Primary	
  Productivity	
  (GPP),	
  an	
  important	
  component	
  of	
  the	
  
net	
  flux.	
  

Ê  Recently,	
  an	
  algorithm	
  was	
  discovered	
  for	
  recovering	
  SIF	
  
from	
  the	
  bands	
  that	
  current	
  and	
  	
  future	
  GHG	
  satellites	
  are	
  
measuring	
  in	
  –	
  “GPP	
  for	
  free”?	
  



Solar-­‐induced	
  fluorescence	
  (SIF)	
  

varies widely across biomes [Turner et al., 2003] and
depends on uncertain variables such as nutrient and water
availability.
[4] As previously demonstrated [Frankenberg et al.,

2011; Joiner et al., 2011], the fluorescence signal can be
measured from space using high resolution spectra covering
Fraunhofer lines (narrow absorption features in the solar
spectrum) in the 660–800 nm range. By measuring the
fractional depth of these lines, Fs can be accurately estimated,
independent of scattering and albedo effects [Frankenberg
et al., 2011]. For the retrieval of steady‐state solar induced
chlorophyll fluorescence, we use radiance spectra measured
in the red spectral range between 756–759 nm and also
770.5–774.5 nm, recorded by the TANSO Fourier Trans-
form Spectrometer (FTS) on board the Japanese GOSAT
satellite [Hamazaki et al., 2005; Kuze et al., 2009], which
was launched on 23 January 2009 into a sun‐synchronous
orbit with a local overpass time of 13:00. ≈10000 soundings
with 82 km2 circular spatial footprints are recorded daily,
repeating a regularly spaced global footprint grid every
3 days.We retrieved the solar‐ induced fluorescence signal Fs
using an iterative least squares fitting technique. A unique
and critical step in our data processing is the correction of an
observed zero‐level offset in acquired GOSAT O2 A‐band
spectra. Without correction, the offset strongly biases Fs
because its impact on Fraunhofer line depth is indistin-
guishable from fluorescence [Frankenberg et al., 2011]. The
bias in Fs, which can be higher than 100%, is positively
correlated with radiance levels in the O2 A‐band. Therefore,
the bias is large at low solar zenith angles and over bright
surfaces (e.g., over tropical forest, ice and snow), in turn
strongly impacting previous [Joiner et al., 2011] analyses of
GOSAT data.
[5] After correction, the annual average of Fs clearly

reveals the contrast between highly active vegetation and
barren or snow‐covered surfaces (Figure 1a). Fluorescence
maxima appear over tropical evergreen forests as well as the
eastern United States followed by Asia and central Europe.
Overall, the global map of chlorophyll fluorescence also

captures many small‐scale features such as enhanced signal
in southeastern Australia or the comparatively low values of
the Iberian Peninsula. The temporal evolution of fluores-
cence is of particular interest because the seasonal variation
of atmospheric carbon dioxide is dominated by the sea-
sonality of GPP and respiration. We observe a pronounced
seasonal cycle in the northern hemisphere as well as sea-
sonal shifts in the location of maximum fluorescence in the
tropics (Figure 1b). The southern hemisphere, conversely,
exhibits a far smaller seasonal variability.
[6] Currently, the large footprint size, high single‐

measurement noise as well as the sparse and infrequent
spatial sampling of the GOSAT FTS only provides a coarse
global picture after substantial averaging, which impedes
both ground‐based validation as well as regional studies.
Hence, we rely on model or other remotely sensed data for
comparison on the global scale. As a benchmark, we com-
pare against the MPI‐BGC GPP model product [Beer et al.,
2010; Jung et al., 2011] because it is derived from direct
eddy‐covariance flux tower measurements of GPP and is
thus considered close to the truth where the flux tower
density is high. We also use MODIS‐derived GPP, as well
as NDVI, EVI and LAI indices, because these products have
been widely used as a proxy for GPP [Myneni et al., 2007;
Zhao and Running, 2010]. Additionally, we compare against
the CASA GPP monthly climatology model [van der Werf
et al., 2003]. For the comparison with GPP, we convert the
measured instantaneous fluorescence to daily averages (see
auxiliary material), denoted by FS , as GPP is an integrated
measure of carbon fluxes per day.1 When comparing with
vegetation indices, we ratio Fs by normalized down‐welling
PAR (approximated by the cosine of the solar zenith angle
(SZA) at the time of measurement).
[7] On the annual average, we find a strong linear spatial

correlation between FS with model‐based GPP, most
notably with MPI‐BGC (r2 = 0.81) followed by MODIS

Figure 1. (a) Annual average (June 2009 through May 2010) of retrieved chlorophyll‐a fluorescence at 755 nm on a
2° × 2° grid. Only grid‐boxes with more than 15 soundings constituting the average are displayed. (b) Latitudinal monthly
averages of chlorophyll fluorescence from June 2009 through end of August 2010.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL048738..
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fluorescence emission is the only dataset not sharing any
information with all other datasets used here. In comparison
with CASA, evergreen broadleaf forests are consistently
low‐biased against all other measurements, probably
because LUE in CASA is only a function of climatic para-
meters [Potter et al., 1993].
[8] Goodness of fit with the comparison products is not

consistent seasonally. High r2 with MPI‐BGC GPP is
observed in boreal autumn (SON) and winter (DJF) but is
largely reduced in boreal summer (JJA) in all models
(Table 1), most notably for MODIS and CASA GPP.
Correlation of the raw fluorescence signal with MPI‐BGC is
as good as MODIS GPP with MPI‐BGC, even though no
interpretative model has yet been applied to the fluorescence
data. For the seasonal amplitude (difference JJA‐DJF), the
correlation is significantly greater (r2 = 0.89) than for
MODIS GPP (r2 = 0.78), which underestimates the seasonal
variability especially in the southern hemisphere (see also
Figure S12 in Text S1). The seasonal variability in GPP is of
prime interest because a) systematic seasonal biases in
models or vegetation indices may cancel out in the annual
mean [Turner et al., 2006] and b) seasonal variability in
GPP largely determines the seasonal cycle of atmospheric
CO2 abundances. For all seasons, correlation is best with
MPI‐BGC GPP, underlining that chlorophyll fluorescence
provides direct constraints on the timing and amplitude of
GPP.

[9] With the exception of CASA, the latitudinal cross
sections of fluorescence and model GPP, especially with
MPI‐BGC, agree well in almost all seasons (Figure 3). The
fluorescence latitudinal distribution and change in time are
mostly within the uncertainty range of MPI‐BGC, with two
notable exceptions during JJA, causing the correlation
deterioration. First, the fluorescence is elevated between
10–40°N. Second, the fluorescence signal in the northern-
most latitudes from 55–70°N is much lower, exhibiting a
decline further south than the models. The discrepancy at
10–40°N is mostly due to African savannas and croplands in
Asia which constitute 38% of total global GPP [Beer et al.,
2010] (fluorescence 18–48% higher than expected, see
Figures S11, S14, and S15 in Text S1). High‐latitude
needleleaf forests (55–70°N), on the other hand, exhibit a
30% lower than expected fluorescence signal. We hypoth-
esize that differences in fluorescence yield and light‐use
efficiency, potentially caused by water or nutrient limitation
may be the reason for the discrepancy (see also auxiliary
material, Figure S15 in Text S1). At high latitudes under
low light conditions, deviations in the response of fluores-
cence as a function of GPP may also play a role as fluo-
rescence and photosynthesis can compete under those
circumstances [Van der Tol et al., 2009]. However, at
10–40°N in boreal summer, high light conditions prevail
and a stricter correlation of GPP with fluorescence is
expected (but a deviation from the linear correlation cannot

Figure 3. Latitudinal cross sections of fluorescence (Fs) and model GPP estimates for different seasons. The different y‐
axes are scaled according to the slope of the linear regression line as displayed in Figure 2 (i.e., fluorescence signals are
directly comparable to GPP under the assumption of the linear correlation). The green‐shaded area represents the ensemble
range of the MPI‐BGC GPP estimate [Beer et al., 2010; Jung et al., 2011].
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Averaged	
  SIF	
  from	
  GOSAT	
  

Zonally	
  averaged	
  SIF	
  alongside	
  
3	
  model	
  predictions	
  of	
  GPP	
  

From	
  Frankenberg	
  et	
  al	
  (GRL,	
  2012)	
  



Conclusions	
  

Ê  Both	
  ground-­‐based	
  and	
  space-­‐based	
  remotely	
  sensed	
  GHG	
  
measurements	
  are	
  critical	
  to	
  meeting	
  the	
  challenges	
  presented	
  by	
  
the	
  carbon-­‐climate	
  problem	
  

Ê  Satellite	
  observations	
  provide	
  the	
  necessary	
  coverage	
  and	
  precision	
  
for	
  better	
  understanding	
  global,	
  regional,	
  and	
  local	
  scale	
  emissions,	
  
but	
  in	
  the	
  future,	
  we	
  need	
  both	
  Polar	
  Orbiting	
  and	
  Geostationary	
  
measurements	
  (like	
  in	
  meteorological	
  applications).	
  

Ê  Ground	
  based	
  observations	
  provide	
  calibration	
  and	
  validation,	
  as	
  
well	
  as	
  continuous	
  site	
  monitoring	
  (e.g.	
  Four	
  Corners,	
  etc)	
  

Ê  SIF	
  appears	
  to	
  be	
  a	
  promising	
  avenue	
  for	
  disentangling	
  carbon	
  
cycle	
  processes,	
  and	
  is	
  retrievable	
  from	
  the	
  satellites	
  mentioned	
  
here,	
  meaning	
  there’s	
  now	
  more	
  than	
  a	
  10	
  year	
  record.	
  


