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Overview

Hyperspectral Infrared (IR)
2000 to 8000+ spectral channels of earth’s thermal emission, ∼
12-20 km footprints
Main purpose: Numerical Weather Prediction (NWP)
Highly correlated with OLR, but spectra allow discrimination of
processes
Started with NASA EOS-AIRS in 2002
Four hyperspectral sensors now operating (Aqua-AIRS, METOP
IASI-1 and IASI-2, SNPP-CrIS) providing great opportunity for
inter-calibration studies.

Approach taken for NWP applications may be problematic for
climate-level records.

We propose a new approach to produce long term climate records with
hyperspectral sounders with quantifiable error characteristics and
uncertainties. Stand-in for long-wave part of CLARREO, now delayed
until early 2020’s.
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Hyperspectral Polar Orbiting Sounders
Need ∼ 0.01K/year long-term stability
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Conclusion:" An advanced higher accuracy climate observing system would return $50 for every $1 invested in the improved observations !

Why? 
Science is an economic investment by the public.  We will be managing Earth’s 
climate until civilization moves elsewhere.  We currently have no national or 
international climate observing system, nor a plan to create one.   Should we 
invest in one? Is it worth it?!
!
What is  the economic value of  an advanced climate observing system? How 
would you estimate it?  !
!
We have a few traceable estimates of the economic value of weather prediction 
for severe storms, hurricanes, floods and droughts.  Climate scientists often say 
that the results from their research “will inform societal decisions with trillion 
dollar impacts”.  !
!
But is this statement verified and traceable in any way?  How could we quantify 
an economic value to climate science?  Recall that climate change science value 
exists  decades  into  the  future.   Its  value  has  to  be  treated  as  a  risk/benefit 
economic analysis.  A rigorous analysis must take into account the uncertainties 
in climate science, economic impacts, and policy (see Figure 1 below).!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
Science value and economic frameworks are potentially valuable for strategic 
planning  of  the  Earth  observing  system,  as  well  as  communicating  climate 
research  value  to  society.   We  present  in  this  paper  a  new methodology  to 
estimate the economic value to society of advanced climate observing systems.!

How? 

In this case the factor of 4 uncertainty in climate sensitivity causes a factor of 
16 uncertainty in long term economic impacts, which leads to inefficient and 
uncertain solutions for climate change.!
!
Society (and climate science)  views past  climate change through two sets  of 
"fuzzy" lenses.  The first is natural variability in the climate system which acts as 
noise to confuse early signals of anthropogenic climate change.  The second is 
uncertainty in our observations of climate change, including drifting calibration 
of  instruments  or  orbit  sampling  uncertainties.   Figure  2  below  shows  an 
example  of  these  uncertainties  for  observing  one  of  the  critical  measures  of 
climate sensitivity: changes in the amount of global mean solar energy reflected 
back to space by clouds as climate changes.  !
!
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!
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!
!
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!
!
!
!
!
!
!
!
!
The black line shows climate trend uncertainty for a perfect observing system 
limited only by one fuzzy lens: that of natural variability.  The dashed lines add 
the absolute calibration uncertainty of the current highest accuracy cloud related 
space  instruments  including  MODIS (cloud  physical  properties)  and  CERES 
(broadband reflected solar radiation to observe SW CRF directly).  The blue line 
shows the accuracy from the future CLARREO (Climate Absolute Radiance and !
Refractivity Observatory) mission which advances accuracy a factor of 5 to 10 
over current instruments (Wielicki et al., 2013).  !
!
CLARREO is designed to serve as reference calibration spectrometers for the 
entire  reflected solar  and thermal  infrared spectrum.  Its  orbit  is  designed to 
underfly all geostationary and low earth orbit satellites with matched time/space/
angle  of  view  observations,  and  thereby  provide  the  SI  standard  reference 
calibration system in orbit to allow instruments such as CERES, MODIS, VIIRS, 
CrIS,  IASI,  Landsat  and  others  to  maintain  highly  stable  calibration  over 
decades, even if gaps in observations occur (Wielicki et al., 2013)!
!
The IPCC climate model range of trend values are shown in the green arrow at 
the lower left  of  Figure 2.   Figure 2 shows that  advances in accuracy can 
advance by 20 years the ability to observe cloud feedbacks and thereby narrow 
uncertainty in climate sensitivity.  !
!
!

Figure 3 shows a similar example for observations of global mean temperature 
trends from space-borne instruments.  The conclusions are similar.!
!
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Given these results, what would an advance of 15 to 20 years in climate change 
knowledge  mean  in  terms  of  economic  impacts  of  climate  change?   The 
schematic below shows how to test such a concept.  The concept uses the climate 
accuracy framework from Wielicki  et  al.  2013 developed for  the CLARREO 
mission, and combines it with the SCC, 2010 estimates of future climate impacts 
for varying levels of warming, and the DICE 2009 integrated assessment model 
(Nordhaus,  2008)  which  links  models  of  climate  physics,  economic 
development,  and  economic  impacts.   The  schematic  below  shows  the 
dependence  of  economic  impacts  from  climate  change  on  societal  decision 
points, which are in turn dependence on the accuracy of climate observations.!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
The DICE model  is  run for  1000s  of  simulations  varying climate  sensitivity 
(SCC,  2010  distribution),  natural  variability  realizations,  and  emissions 
scenarios.!
!
!
!
!

Before we discuss the results, we need a quick version of Economics 101.  First, 
the global Gross Domestic Product (GDP) per year is about $70 Trillion U.S. 
dollars.  Second, economics calculations use a concept called Net Present Value 
(NPV) to equate investments and returns over long time intervals.  To do this, a 
Discount Rate is used, which varies in the SCC, 2010 report from 5% to 3% to 
2.5%.  The effect of using the nominal 3% Discount Rate is that the economic 
benefits  gained in the future are discounted by 3% per  year,  so that  benefits 
gained 50 years from now are "discounted" by a factor of 1.0350, or a factor of 
4.4.  This means that economic benefits 50 years into the future are decreased by 
a factor of ~ 4.4, while benefits 100 years into the future are decreased by a 
factor of ~ 20.  Finally, the recent financial crisis affected worldwide GDP by a 
few percent.  This is similar to the economic impacts of climate change in the 
second half of this century, which are expected to range from 0.5% to 5% of 
GDP per  year  depending  on  climate  sensitivity  and  the  amount  of  warming 
realized.  Therefore future climate change impacts can range from $0.4T to 
$3.5T per year. !
!
The calculations in this study use a baseline scenario of a societal trigger when 
95% confidence is reached for a global average temperature increase of 0.2C/
decade,  and an advanced full  climate  observing system begins  in  2020.   All 
initial calculations use a simple switch from higher to lower emissions scenarios.!
!
!
!
!
!
!
!
!
!
Table 1 summarizes the results, and shows a NPV of $12 Trillion U.S. dollars 
for the nominal 3% discount rate.  While the CLARREO example of advanced 
accuracy  has  been  used  in  this  initial  estimate,  society  would  never  base  a 
decision on any one set of instruments, so this economic value should be viewed 
as  that  of  an  advanced  full  Climate  Observing  System,  which  CLARREO 
would be a key part of.  If we estimate that such a system would cost 4 times the 
current  investment  in  world  climate  research  of  about  $4B/yr.,  then  over  30 
years, the additional cost in NPV would be about 1/50th of the benefits shown in 
Table 1. Every $1 invested returns $50.  We also examined sensitivity of the 
results to the assumed baseline parameters by changing the warming rate from 
0.2C to 0.3C/decade for the societal decision trigger, by varying the statistical 
confidence required (80 to  99%) and the severity  of  the  emissions  reduction 
scenario (moderate or severe).  In all cases, the economic value remained within 
about  30%  of  the  values  in  Table  1.   The  results  of  this  study  have  been 
published in the Journal of Environment, Systems, and Decisions (Cooke et al., 
2013).  Future developments of this new framework will use recent updates in 
the social cost of carbon estimates, add mitigation costs,  improve the realism of 
societal decision triggers and consider the uncertainties of additional key climate 
change observations including ice sheets, aerosol forcing, and carbon cycle. !
!
References!
Wielicki, B. A. et al., Bull. Amer. Met. Soc. Oct. 2013!
Cooke, R. et al., J. Environ. Sys. Decisions, 2013, open access online.!
US Interagency Social Cost of Carbon Memo, 2010!
Nordhaus, W.D. "A question of balance: weighing the options on global warming 
policies". Yale University Press, New Haven, 2008!

Results 

Figure'1'

Figure'2'

The uncertainty of societal decisions on climate change is strongly affected by 
the uncertainty in the future predictions of climate change.  For example, the 
90% confidence bound for equilibrium climate sensitivity is a factor of 4 (IPCC, 
2013).  Climate sensitivity defines the relationship between an increase in carbon 
dioxide  in  the  atmosphere  and  the  amount  of  global  surface  air  temperature 
change.  Studies of the economic impacts of climate change (Interagency Social 
Cost of Carbon Memo, 2010, hereafter SCC) suggest a quadratic relationship 
between amount of global temperature change and the magnitude of economic 
impacts.  !

Figure'3'

Figure'4'

Table'1'
CLARREO approach: no overlap, high accuracy
This approach: sensor overlap, but still require stability

BUT: operational sensors also have slightly different spectral response (ILS)



4

Overview Approach ILS Conversion Stability All-sky Results

Sensitivity to Geophysical Variables

Temperature profile
Water vapor profile
Surface temperature and emissivity
Cloud height (top), phase, particle size. (2+ degrees of freedom?)
Minor gases: CO2, N2O, O3, CH4, CO, HNO3, Freons, HDO, SO2

Particulates: Dust (including height), volcanic ash
With additional data (reanalysis): long-wave cloud radiative forcing

NOAA and EUMETSAT both committed to 25+ year time series:

Afternoon orbit: 2002 −→ 2027+
Morning orbit: 2007 −→ ???? (> 25 years)
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Liens on Producing ESDR/CDRs

1 Afternoon orbit (U.S.)
Two different agencies (NASA is addressing this!)
AIRS very different from CrIS and IASI (see below)
Calibration experts for AIRS are “aging”
Retrieval approaches in flux, even after 12+ years

2 Morning orbit (EUMETSAT)
Starts almost five years later than A.M orbit record
Two more agencies: EUMETSAT and CNES

3 Common Liens
Data volume too large for individual researchers to use
Retrieval products developed for NWP, not for climate monitoring.
Example: The AIRS L2 retrievals do not provide radiance closure.
Non-linear approaches (Neural Net, Cloud Clearing) difficult to
characterize.
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Ensuring Traceable Accuracy: A New Approach
Standard Approach

Instrument
 L1b/c

Retrieval Instrument
Forward Model

L2

L3
Time/Space 

Gridded

Time Series
Analysis

Repeat for each instrument: AIRS, CrIS, IASI
Ensure continuity among products

1st Guess
Training
A-Priori

Instrument
Climate

Products

Repeat the above process for each instrument,
merge products that used different forward
models, with different spectral resolutions.

Proposed Approach

IASI AIRS CrIS

Convert Radiance to Common L1b/c
Instrument Line Shape (ILS) 

Subset

AIRS
CrIS
IASI

Retrieval A Single 
Forward Model

Climate
Products
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PDF Measurement Approach
Do not average all-sky radiances.
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Data Set: 10 years of AIRS, only
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Mean BT spectra in each bin are
stable versus time
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AIRS L1c: Mismatch due to ILS Differences

Sampling of AIRS vs CrIS ILS B(T) error using just ν interpolation
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AIRS to CrIS translation

let c be a vector of AIRS channel radiances and S a matrix whose
rows are AIRS SRFs tabulated at a 0.1 cm−1 grid
then d = S−1c is the deconvolution of c on that grid
this can be reconvolved with a double Fourier transform to the CrIS
user grid
the useful channels are the intersection of the AIRS and CrIS bands
the stability of S−1 is significantly improved with the L1c in
comparison with the L1b channel set, and further improved with a
spacing constraint that drops a few of the closest L1c channels
the condition of the Sa matrix is then reasonably small and around
250 giving a useful inversion.
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Motteler method: validation (LW)

Translation of AIRS spectrum to CrIS spectral grid, involves
deconvolution of AIRS using the measured SRFs to a fine grid then
convolving to the measured CrIS ILS. Using kcarta with 49 sample
atmospheric profiles to test:
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Motteler method: validation (MW)

The method uses AIRS L1C (spectral gaps are filled and dead channels
reconstructed) provides for well behaved matrix manipulation and
restricts ringing effects to band edges.
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Full Spectrum Actual AIRS CRIS SNOs for 2013
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L1c for AIRS Conversion to CrIS
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L1c for AIRS Conversion to CrIS
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L1c for AIRS Conversion to CrIS
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Full Spectrum Differences: AIRS/CrIS SNOs
AIRS deconvolution –> reconvolution, not statistical, uses measured ILS functions

Full Spectrum Longwave Zoom
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0.2K “ringing” has many sources, all being worked.

ILS differences largely gone, remaining are radiometric issues.
Standard error of these results very low, well within 0.01K uncertainty.
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CrIS - AIRS SNOs versus Scene Temperature

Detector non-linearity can cause scene dependent differences among sensors. Here we
show longwave (for year 2013) CrIS minus AIRS SNO differences for window and deep
water line channels. The AIRS 1593 cm−1 channel ILS has been converted to the CrIS
ILS.
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All CrIS FOVs are included here, non-linearity likely causing slope at 1593 cm−1. Clearly,
AIRS/IASI/CrIS already agree ∼0.2K with no adjustments! SNO should allow
adjustments (when needed) with high precision.
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Full Spectrum Actual AIRS IASI SNOs for 2013
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CrIS/IASI SNO’s, Dec. 5-6, 2014:
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Ringing in longwave: several
contributions (IASI->CrIS, CrIS
ringing, IASI?)
Non-linearity in either instrument could
effect low-BT mid-wave water lines.
(CrIS FOV7)
Low shortwave BT’s enhances errors in
differences. Higher daytime
temperatures (due to non-LTE) reduces
difference in day only.

Proposed climate record will use lower panel ILS (possibly reduced even
more)
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AIRS Stability: Using Clear Scene Subset
Clear ocean scenes, binned by latitude daily for 10 years (hot PDFs).
Create simulation set from ERA using forward model (SARTA)
Determine 10-year linear BT rate (dBT/dt) from fit to 4-term sine series
(seasonal and harmonics) + constant + linear rate.

Sample Linear BT Rates and Fitting Errors
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AIRS Stability
Compare OEM retrievals from clear subset to CO2 and SST climatologies.

AIRS Retrieved CO2 Growth Rate vs
In-Situ: 2ppm ∼0.06K

AIRS Retrieved SST vs Tropical SST
Climate Data Records
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Conclusions

Operational sensors have the stability needed for climate
In-orbit overlap should allow stitching records with uncertainty
equivalent to 0.1K/decade. Some risk.
Demonstrated re-analysis level results with all-sky retrievals derived
from radiance trends
PDF approach may lower sensitivity to instrument accuracy for some
variables
This approach allows a much more rigorous error analysis needed for
community acceptance of satellite derived climate change.
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