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Overview 

      ERB Fig by H. E. Brindley 

"The single largest uncertainty in 
determining the climate sensitivity 
to either natural or anthropogenic 

changes are clouds and their effects 
on radiation“ IPCC 

Earth’s weather/climate system is 
the work done by a global heat 

engine driven by the Earth Radiation 
Budget (ERB – SW & LW), which must 
be measured from space to constrain 

and validate climate models 

“The single most critical issue for current climate change observations was their lack of 
accuracy and low confidence in observing the small climate change  
signals over long decade time scales” NRC 2007 decadal survey 



Wielicki et al (2013) Fig 3b finds we cannot detect and hence prove disputed 
Cloud Climate signals of size ≤ 0.8% decade-1 for around a quarter of a century 



Earth Radiation Budget Short & Long Wave 

SW or Reflected Solar (0<λ<5μm) 
LW or Thermal Infra Red (5<λ<200μm) 

SeaWIFS is the one device to have visible λ  
calibration stability sufficient for near term 

climate CRF trend detection by using the Moon 
as a ‘perfect solar diffuser’. But all ERB missions 
on the right also have regular lunar/solar views 

    (being largely un-used today) 



 
 
  1. Different instruments viewing the Moon must 

measure the same SI traceable lunar albedo and 
emissivity for all time 

 
  2. Different instruments viewing the same Earth target 

must agree for all scenes. Any differences set the 
minimum possible error/trend that can be quoted. 

 
 

Led to the Concept of the Moon and Earth 
Radiation Budget Experiment (MERBE, 0.3% acc 1σ) 

with Simple Golden Rules 

MERBE does this while using pre-published 
and improved in-flight spectral calibration 
combined with more sophisticated signal 
processing and inversion techniques, 
making use of advances in computing and 
radiative transfer theory since the last 
century. 
 



Golden Rule 2 SW Earth Results: Evaluation of CERES and MERBE 
relative accuracy of 2 identical ERB CERES Flight Models (CFM) on the same satellite 

Using Loeb et al 2016: CERES Top-of-Atmosphere Earth 
Radiation Budget Climate Data Record: Accounting for in-
Orbit Changes in Instrument Calibration,   Remote Sens., 
8(3), 182 

Preliminary Results Shown 

Mere relative SW CERES errors and trends are larger than the 
    absolute 0.9% and 0.2% decade-1 values assumed 
                            today (1 sigma) 



Golden Rule 2 SW Earth Results: Evaluation of CERES and MERBE 
relative accuracy of 2 identical ERB CERES Flight Models (CFM) on the same satellite 

Using Loeb et al 2016: CERES Top-of-Atmosphere Earth 
Radiation Budget Climate Data Record: Accounting for in-
Orbit Changes in Instrument Calibration,   Remote Sens., 
8(3), 182 

Using Matthews 2009: In-Flight Spectral Characterization 
and Calibration Stability Estimates for the Clouds and the 
Earth’s Radiant Energy System (CERES), Journal of 
Atmospheric and Oceanic Technology 26(9), 1685-1716 

Mere relative SW CERES errors and trends are larger than the 
    absolute 0.9% and 0.2% decade-1 values assumed 
                            today (1 sigma) 

Preliminary Results Shown 



Golden Rule 2 LW Earth Results: Evaluation of CERES and MERBE 
relative accuracy of 2 identical ERB CERES Flight Models (CFM) on the same satellite 

Using Loeb et al 2016: CERES Top-of-Atmosphere Earth 
Radiation Budget Climate Data Record: Accounting for in-
Orbit Changes in Instrument Calibration,   Remote Sens., 
8(3), 182 

Mere relative LW CERES errors and trends are well over twice 
    the absolute 0.5% and 0.15% decade-1 values assumed 
                                   today (1 sigma) 

Preliminary Results Shown 



Golden Rule 2 LW Earth Results: Evaluation of CERES and MERBE 
relative accuracy of 2 identical ERB CERES Flight Models (CFM) on the same satellite 

Using Loeb et al 2016: CERES Top-of-Atmosphere Earth 
Radiation Budget Climate Data Record: Accounting for in-
Orbit Changes in Instrument Calibration,   Remote Sens., 
8(3), 182 

Using Matthews 2009: In-Flight Spectral Characterization 
and Calibration Stability Estimates for the Clouds and the 
Earth’s Radiant Energy System (CERES), Journal of 
Atmospheric and Oceanic Technology 26(9), 1685-1716 

Preliminary Results Shown 

Mere relative LW CERES errors and trends are well over twice 
    the absolute 0.5% and 0.15% decade-1 values assumed 
                                   today (1 sigma) 



Preliminary Results 
Shown 

Golden Rule 1: Use of improved MERBE Impulse Enhanced (IE) signal processing  
allows thousands of independent lunar radiance retrievals to be made since 2002 

Results are fully 
SI traceable to 
units of  the 

solar/thermal 
MERBE Watt 

All instruments must 
measure same lunar 

reflectivity & 
temperature/emissivity at 

+7o static phase angle 
(see below) 



Preliminary Results Shown 

Lunar Albedo Trends are Removed with < 0.05% decade-1 confidence (one sigma) 



Preliminary Results Shown 

Lunar Emissivity Trends are Removed with < 0.01K decade-1 confidence (one sigma) 



Preliminary Results 
Shown 

Golden Rule 1: Why define Lunar Emissivity and Albedo at such levels? 

CERES device ground & onboard LW calibration has fair SI traceability but the SW does not, 
largely due to using un-characterized laboratory solar reference detectors. This likely is a 

primary cause of the implausible CERES measured +7 Wm-2 ERB imbalance. 

Thermal MERBE-Watt 
(lunar emissivity) based 
on Terra LW Moon data. 

Solar MERBE-Watt 
(lunar albedo) derived to 
make a +0.85Wm-2 start 
of century ERB imbalance 



Preliminary Results Shown 
Preliminary Results 

Shown 

Primary CERES “climate device” on 
Terra has artificial negative Earth 

albedo trends of -1% decade-1 
(max 0.2% decade-1 assumed).     
SW CRF signals <0.8% decade-1 

Use Golden Rules: Find False Trends in CERES results used today in GCM Validation 



Preliminary Results Shown 

Primary CERES “climate 
device” on Terra has artificial 
positive Earth LW trends of 
+1% decade-1 (max 0.15% 

decade-1 assumed) 

Preliminary Results 
Shown 

Primary CERES “climate device” on 
Terra has artificial negative Earth 

albedo trends of -1% decade-1 
(max 0.2% decade-1 assumed).     
SW CRF signals <0.8% decade-1 

Use Golden Rules: Find False Trends in CERES results used today in GCM Validation 



Due to device longevity, below in solid black is when they actually do 
become detectable from MERBE data to be released in 2016 

         (using actual Terra Moon data shown 5 slides ago)  



 

 

 CERES ERB results available today for CRF trend detection and GCM validation are less 
accurate and far less stable or precise than is currently assumed. 

 

 MERBE has completely re-calibrated all US ERB measurements dating from the start of the 
century for a free release soon as HDF SSF files. It improves accuracy across the board often by 
an order of magnitude, based on lunar scans and pre-published calibration methodologies. 

 

 Independent results suggest MERBE is an existing part of a “climate observing system” already 
decades old. It brings the desired climate change detection accuracies immediately and 23yrs 
before even future CLARREO-like missions could, with the added possibility of halving climate 
sensitivity uncertainties by 2023. 

 

 

 

 

Summary/Conclusions 



 
 Calibration Enhancements to Improve Accuracy of a Scanning Bolometer: Application to the Moon and 
     Earth Radiation Budget Experiment (MERBE), Part I 

 
 Real-time Determination of Earth Radiation Budget Spectral Signatures for 
     Non-Linear Un-filtering of Results from MERBE, Part II 

 
 First Decadal Lunar Results from the Moon and Earth Radiation Budget  
     Experiment (MERBE), Part III grant.matthews@zedikasolv.com 

Three MERBE papers currently in AMS JAOT/JAMC/BAMS peer review: 



A Fourier series tensor instantaneously generates a clear, cloudy and all-
sky MODTRAN 5.3 spectral signature for every footprint to be used in  
un-filtering (whose integral is constrained to SI traceable MERBE data) 

Animation credit NASA  



Lunar A value  is in-sensitive (~0.013%) to changes in solar spectrum S(λ) 



All Un-filtering and lunar results normalized to VIRGO composite (by Claus Fröhlich) 



ROLO model – Kieffer & Stone 2005 

Preliminary Results Shown 



Impulse Enhancement also removes CERES scene dependent biases of >1% 



So instead each MERBE device Moon Field of View is now precisely mapped 

Mere `lunar glances’ can be regressed against such maps, 
increasing the number of Moon measurements by 
       an order of magnitude from Matthews 2008 



Concept of Solar & Thermal MERBE Watts (Ws & Wt) 
with the below Unbroken Chain of Equations to SI Traceability 

MERBE Watts Ws & Wt 
are defined on left in 
terms of kilograms, 
meters & seconds.  

 
All instruments must 
measure same lunar 

reflectivity A & 
temperature Tl at +7o 

static phase angle 
(see below) 

 
A=0.13166 
E=0.97271 

Tl=365.498K 



Non-Linear Fourier Series Offset Correction 



MERBE IE corrects Instantaneous CERES errors of > 10% 



MERBE LW Lunar Model 



At 7 degrees phase the Lunar LW filtering factor is sensitive 
to the surface temperature gradients at the 0.07% level 

so thermal spectrum generation uses Diviner maps  



Fig. 3b from Wielicki et al (2013) 



CERES Ed2 on Terra measures all Tropical LW greater at night  
than day due to un-balanced SW/Total Solar response 



Matthews 2009 details spectral response changes from contaminants 



CALCON 2014 slide: Enhancing the Ground Calibration in the Short-wavelength 
                                                           Region to Improve Traceability within the Reflected Solar  
      Bands of the CERES Instrument 
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