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Measuring Climate Change

Meinhausen et al. (2017)
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Top-of-Atmosphere 
CERES Net Radiative Flux Anomalies

0.38 +/- 0.2 
W/m2/dec 

Longwave  (LW) + Shortwave (SW)
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Observed Radiative Forcing
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Atmospheric Energy Budget and 
Precipitation

Top-of-Atmos. (TOA)

SFC

ATM = TOA - SFC

-RATM = LP + SH CERES/NASA LarC



Robust Precipitation Increase with 
Warming

Held and Soden (2006) Kramer et al. (2019)

CMIP5CMIP3



∆Ratm vs. L∆P: r = 0.76

Weak Global Radiative Cooling Trend
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Competing Role of Forcings and 
Feedbacks

Warming + Direct CO2 Effects Warming Effects



Tracking our Impact on the Climate



Local Trends in Shortwave Radiative Forcing

Red = Radiative Heating    and    Blue = Radiative Cooling

Shortwave Radiative Forcing Trends

Kramer et al. (2021)



Local Trends in Shortwave Radiative Forcing

Red = Radiative Heating    and    Blue = Radiative Cooling

Shortwave Radiative Forcing Trends MODIS Aerosol Optical Depth Trends

Kramer et al. (2021)



Local Trends in Shortwave Radiative Forcing

Red = Radiative Heating    and    Blue = Radiative Cooling

Shortwave Radiative Forcing Trends

Kramer et al. (2021)

CERES/AIRS
MERRA-2



Monitoring and Identifying the 
Anthropogenic Influence on Climate

NASA: Vital Signs of the 
Planet

Global 
Stocktake



GHG Monitoring Satellite Missions

ESA
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Producing and Maintaining Up-to-Date 
Timeseries of EEI Drivers
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Spectral trend vs. Forcing + Feedback (2003 - 2022）

• AIRS L3 Spectral OLR product
• 10cm-1 spectral flux derived from 

collocated AIRS and CERES 
measurements

• Directly estimated from AIRS L1 radiances
• MODIS monthly-mean cloud state joint 

histograms (derived from Eric Fetzer’s 
MEASURES project)

• ECMWF ERA5 reanalysis temperature 
and humidity profiles

• CO2/CH4/N2O from NOAA GML
• O3 from the NASA GEOS with the full 

chemistry version (GEOSCCM) with 
nudged meteorology

• ~100km horizontal resolution, 72 vertical 
levels

Working-in-progress. Please do not cite. 

From Xianglei Huang



Loeb et al. 2021

Raghuraman et al. 2021



Forcing Simplified Expressions 
Should Account for Base State

NOAA GMD



Radiative Forcing and the Underlying 
Climate

Huang et al. (2016)

2xCO2



Forcing Sensitivity to Temperature

CO2 forcing can be considered a 
swap of surface emission for 

stratospheric emission.
N. Jeevanjee et al. (2021)

Lapse Rate computed as 
T(10hPa) – Ts explains 93% of 

the forcing variance
Y. Huang et al. (2016)



CO2 Radiative Forcing Changes with 
the Base State

He et al., in-review



Different Radiative Forcing in Different 
Climates



Aerosol Forcing Dependent on 
Temperature

-0.86 W/m2 -0.68 W/m2 -0.18 W/m2

~ 23% Global-Mean
Difference



A Testbed for Continuity
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Observed Radiative Forcing

Longwave

Radiative
Forcing

Total Radiative
Imbalance

Radiative
Response

𝛥𝐹 = 𝛥𝑁 − 𝜆𝛥𝑇!



MEaSUREs Forcing: Observation Validation

Radiative
Forcing

Total Radiative
Imbalance

Radiative
Response

𝛥𝐹 = 𝛥𝑁 − 𝜆𝛥𝑇!
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Long Term Trends Disagree



Observational differences are as large as model spread
He et al. (2021)

Constraining Models with Observations



Accounting for Cloud-sky vs. Clear-sky 
Water Vapor

IR Sounder Cloud-
Cleared Retrievals

N. Smith et al. (2023)

Model Grid

Grid-Mean T,q, Cloud Fraction (f)

qtot



Accounting for Cloud-sky vs. Clear-sky 
Water Vapor

IR Sounder Cloud-
Cleared Retrievals

N. Smith et al. (2023)

Model Grid

Grid-Mean T,q, Cloud Fraction (f)

qclr
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Accounting for Cloud-sky vs. Clear-sky 
Water Vapor

Model Grid

Grid-Mean T,q, Cloud Fraction (f)

qclr

Kim et al. 2020 JAMES

𝑄!"! = 𝑓𝑄#$% + 1 − 𝑓 𝑄&'(

qsat



GFDL-AM5 (LW Clear-Sky) for 2010-2014

Mean = 268.2 W/m2 

Mean = - 4.1 W/m2 Mean = - 6.4 W/m2 

CERES (clear region, c) Clear LW

Clear LW [qtot – CERES(c)] Clear LW [qclr – CERES(c)]



CERES (total region, t) Clear LWCERES (clear region, c) Clear LW DIFF

Mean = 2.2 W/m2 

Mean = 2.1 W/m2 

Mean = 268.19 W/m2 Mean = 266.13 W/m2 

Clear LW [qclr – qtot]



Conclusions
• Considerable growth in Earth’s radiative energy imbalance being driven 

by human activity
• Satellite observable increase in radiative forcing, largely driven by GHG 

concentrations
• Strong regional trends in SW radiative forcing driven influenced by government 

actions to reduce aerosol emissions

• Lack of global-mean precipitation trend also influenced by human activity
• Atmospheric radiative heating from rising GHG concentrations counteracts 

radiative cooling from surface warming-induced radiative feedbacks

• Many applications for tracking individual drivers of EEI “operationally”



GFDL-AM5 (LW Clear-Sky) for 2010-2014
Mean = 268.2 W/m2 Mean = 2.2 W/m2 
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The Hyperspectral Fingerprints of Climate Change

ABOVE: With NOAA GML values for CO2,CH4,N2O concentrations and 
reanalysis data we can predict the thermal ERB spectra (Blue) using 
NOAA-GRTCODE. This agrees well with AIRS instrument measured 
spectra (Black).   

RIGHT: We can reproduce the zonal mean trends over the 2003-2021 
period (top rows right) and break the signal due to CO2,CH4,N2O change 
(bottom left) and temperature/H2O(bottom right). 
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