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Questions

• Is it true that the Earth’s albedo is decreasing?
• What are the details of the spatio-temporal variation of the Earth’s 

albedo?
• Does hemispheric symmetry of the Earth’s albedo hold?
• Is the decrease in Earth’s albedo consistent with climate system?
• What are the factors contributing to the decrease in the Earth’s 

albedo?
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Global Energy Flows (Wm-2)

(IPCC-AR6, 2021)

Albedo = 29.4%



Total Solar Irradiance Change for 1980-2020

(Montillet et al. 2022)

Amplitude of total solar irradiance is quite small ~0.1%
Trend is ∼−0.004 ± 0.004 W/(m2yr)
SM: Solar minima for each solar cycle



History of Earth’s Albedo Study

The Northern and Southern Hemispheres 
(NH, SH) reflect the same amount of 
sunlight within ~ 0.2Wm-2. This symmetry 
is achieved by increased reflection from 
SH clouds offsetting precisely the greater 
reflection from the NH land masses. 

(Stephens et al. 2015)



The First Annual Mean Albedo from Satellite Observation

Annual mean global albedo = 0.30
Hemispheric view from horizon to horizon
Measurements of solar radiation and that reflected from the Earth
1962-1965, Suomi’s B&W radiometer onboard TIROS and ESSA satellites, 
1966, MRIR onboard Nimbus-2, 1962-1966 in total 39 months (Vonder Haar and Suomi 1969, 1971)

(Lewis et al. 2010)



The First Annual Mean Albedo from Satellite Observation

(Vonder Haar and Suomi 1971, Lewis et al. 2010)

(Nimbus-2)
MRIR (Medium Resolution Infrared Radiometer)
5-channel radiometer with 55km resolution
0.2~4.0µm, 5~30µm, 
6.4~6.9µm, 10~11µm, 14~16µm.
Cross-track swath: 3000km



Recent Satellite Observations of Earth’s Radiation Budget

(Liang et al. 2019)

ERB: Earth Radiation Budget instrument, ERBE: Earth Radiation Budget Experiment, 
CERES: Clouds and the Earth’s Radiant Energy System, ScaRaB: Scanner for Radiation Budget,
ERM: Earth Radiation Measurement instrument, GERB: Geostationary Earth Radiation Budget,



Current Satellite Observations of Earth’s Radiation Budget

• CERES/Terra, Aqua, S-NPP, NOAA-20
• Clouds and the Earth’s Radiant Energy System (CERES) was developed 

following ERB/Nimbus-7 (1978), ERBE/NOAA-9 (1984), etc.
• Broadband but narrow angle sensor which needs Angular Distribution Models.

• ScaRaB
• The Scanner for Radiation Budget (ScaRaB), jointly developed by France, 

Russia, Germany and India, ended in 2022
• GERB/MSG

• Geostationary Earth Radiation Budget (GERB) onboard Meteosat Second 
Generation (MSG) satellites 1~4.

• EPIC/DSCOVR
• Enhanced Polychromatic Imaging Camera (EPIC) onboard Deep Space 

Climate Observatory (DSCOVR) in Lagrange-1 point. 
• Others

• Estimation of upward SW irradiance from narrowband sensors, e.g. ISCCP



Daily Average of Earth’s Albedo by EPIC/DSCOVR

(Penttila et al. 2022)

Earth Polychromatic Imaging 
Camera (EPIC) onboard
Deep Space Climate Observatory
(DSCOVR)

Orbit : Lagrange-1 point (L1)

317, 325, 340, 388, 443, 551, 
680, and 780 nm
→300〜5000nm (broad band)

Radiance→Flux

4 August 2020 (left) 
13 December 2020 (right) :
Exceptional maximum in 
the amount of shallow 
convective clouds over the 
subtropical Indian Ocean 
and the Pacific east of 
Australia



Clouds and the Earth’s Radiant Energy System (CERES)

Aqua

(CERES webpage)



CERES Flight Schedule

(CERES webpage)

- Currently, 6 CERES instruments fly on 4 satellites: Terra (L1999), Aqua (L2002), SNPP(L2011), NOAA-20 (L2017)
- Libera scheduled for launch in 2027 on JPSS-4



CERES onboard Calibration Sources

(Priestley et al. CERES Data Products Workshop 2003)



Degradation of CERES Radiometers

(Loeb et al. 2016)

On-orbit sensor gains for CERES FM1–FM5 instruments. The data span 
from March 2000–July

The Shortwave Internal Calibration Source 
(SWICS) consists of an evacuated quartz 
tungsten lamp operating at three discrete 
current levels producing spectra
equivalent to 2100 K, 1900 K and 1700 K 
brightness temperatures. 

The radiometers observe the Internal 
Calibration Module (ICM) in every normal 
cross-track elevation scan.

The Mirror Attenuator Mosaic (MAM) is a solar 
diffuser plate used for calibrating the 
shortwave sensor and the total sensor. It 
consists of a baffle to block stray light and a 
nickel substrate with aluminum coated 
spherical divots that attenuate and redirect the 
solar radiation into the field of view of the 
sensors.



Angular Distribution Models (ADMs)

(Gristey et al. 2021)



Estimation of Broadband Radiation from Narrowband Data 

(Loeb et al. 2018)

・Sun-Synchronous polar orbital satellite → Daytime observation once a day
・Geostationary satellite does not have a broadband radiometer

(except for GERB/Meteosat)
・Estimation of broadband radiation using narrowband radiometer data
・CERES and MODIS are on board Terra and Aqua
・Application of CERES/MODIS method to geostationary satellite

(* MODIS : Moderate-Resolution Imaging Spectroradiometer)



Interpolation for Daily Average

(Doelling et al. 2013, and CERES webpage)

GEO-derived BB-minus-CERES SW flux bias

Uncertainty in 1°×1° monthly ~ 2.5 (W/m2) for all sky, 
5 (W/m2) for clear sky
(Instrument calibration, radiance-to-flux conversion error 
and diurnal corrections)

(a) GEO-derived BB-minus-CERES SW flux bias for cloud amount, (b) SZA, and 
(c) viewing zenith angle for January 2001 over the Meteosat-7 (black), Meteosat-5 
(green), GMS-5 (cyan), GOES-10 (red), and GOES-8 (purple) domains.

Monthly hourly CERES and GERB flux comparison 
for January 2005. (top) maritime stratus (20.58S, 
10.58E), (bottom) land convection (20.58S, 
20.58E) region. Black, blue, and red lines represent 
Terra, Aqua, and Terra1Aqua datasets, respectively. 
Solid and dotted lines represent the CO and CG 
methods, respectively. GERB is the thick green line.

(a) (b) (c)



Variation in the Radiation Budget at TOA
(Loeb CERES STM 2022)



Trends of Radiation Budget at TOA and SST

Radiation: 
CERES satellite obs.
(Downward positive)

SST: ERA5

(Wm-2 dec-1) (Loeb CERES STM 2022)

Downward 
Positive



Comparison between CERES and Earthshine

(Goode et al. 2021)

Blue: CERES
Black: Earthshine

Global albedo can be determined by 
measuring the amount of sunlight reflected 
from the Earth and in turn, back to the Earth 
from the dark portion of the face of the Moon. 
(Qiu et al. 2014)

BBSO : Big Bear Solar Observatory 



Hemispheric Differences in Upward SW Radiation at TOA

(Jonsson and Bender 2022)

CERES EBAF Dataset
（2001〜2020）

• Very small difference between 
NH and SH

• Decreasing trend in both of NH 
and SH

• Contribution of clear sky 
atmosphere is larger in NH than 
SH → Aerosols?

• Contribution of cloud is larger in 
SH than NH

• Contribution of surface is larger 
in NH than SH → Snow and Ice



Relationship between 
Individual Factors and 

Albedo Symmetry

(Jonsson and Bender 2022)

Contribution 
of all-sky 
atmosphere

Total

Contribution 
of clear-sky 
atmosphere

Contribution 
of cloud

Contribution 
of surface

Analyses are based on 
the monthly mean data.



Discussion: Trend of Aerosol Direct Radiative Effect (2000-2021)

(Yu and Huang 2023)

(Wm-2decade-1)

MERRA: Modern-Era Retrospective analysis for Research and Applications 
(Reanalysis Data by NASA)

Aerosols do not contribute to the decreasing trend of albedo. 



Discussion : Variation in the Radiation Budget at TOA and El Nino, PDO

(Loeb CERES STM 2022)

: PDO Index : Positive

(JMA)



Discussion: Cloud Fraction and SW TOA Flux in Eastern Pacific

Eastern Pacific (10o-40oN, 150o-110oW)

(Loeb et al. 2022)



Discussion: Variations in the Radiation Budget at the top of the 
Atmosphere and Contributing Factors 

(Loeb et al. 2021)

Shortwave Longwave Shortwave+Longwave

Downward 

Positive



Discussion : Variation in the Global Surface Temperature

(IPCC-AR6, 2021)

Hiatus
(1998~2012?)



Discussion : Changes in the SW Radiation Budget at TOA 
due to Hiatus/Post Hiatus

(Jonsson and Bender 2022)

Difference of Upward SW Radiation at TOA between PH and H
（PH-H)

Hemispheric asymmetry of upward 
SW radiation for H, PH, and whole 
period

H: 2000-2013
PH: 2013-2019



Discussion : Changes in the SW Radiation Budget at TOA 
Related to EL Nino and Hiatus/Post Hiatus

(Loeb CERES STM 2023)



Discussion : Changes in the SW Radiation Budget at TOA 
Related to Clouds

(Loeb CERES STM 2023)



Discussion : Antarctic and Arctic

(Amma and Hayasaka JpGU2023)

���
���
���
���
��
�
�

��

	

�
�� �
�� �

� �

� ���� ���� ���� ���� ����

September Arctic sea ice extent anomalies

(Data: OSI SAF Sea Ice Index v2.1.  Reference period: 1981-2010.  Credit: C3S/ECMWF/EUMETSAT)

D
ate created: 2022-10-03

1981-2010 September average sea ice extent: 6.9 million sq. km
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February Antarctic sea ice extent anomalies

(Data: OSI SAF Sea Ice Index v2.1.  Reference period: 1981-2010.  Credit: C3S/ECMWF/EUMETSAT)

Date created: 2023-03-03

1981-2010 February average sea ice extent: 3.4 million sq. km



Discussion : Arctic Ocean

(Amma and Hayasaka 2023)

Sea ice age coverage of Arctic sea 
ice cover for the week of 12–18 
March from 2001 to 2020.



Discussion : North Atlantic Oscillation (NAO) and Arctic

(Amma and Hayasaka 2023)

June and July mean (a) sea level pressure and 
(b) 2-m air temperature regressed onto the 
June and July mean NAO index. Dots indicate 
significance at the 95% level of Student’s t-test

June and July mean standardized AO, DA, NAO 
indexes, and June and July mean
standardized TOA SW anomaly over ocean.

AO: Arctic Oscillation, DA: Arctic Dipole Anomaly, 
NAO: North Atlantic Oscillation



Discussion : North Atlantic Oscillation (NAO) and Arctic

(NOAA webpage)

On average, the surface pressure near Iceland is relatively low 
(L), while the pressure near the Azores Island is relatively high 
(H). During a negative phase (left), this pressure difference 
weakens.  During a positive phase (right), the difference 
becomes even stronger than usual. The variation in pressure 
patterns influences the strength and location of the jet stream 
and the path of storms across the North Atlantic.  

Late winter temperatures compared to the 1981-2010 
average when the North Atlantic Oscillation (NAO) was 
strongly negative (top, Jan-March 2010) and when it 
was strongly positive (bottom, January-March 1990). 
Winters are often cooler than average across the mid-
latitudes when the NAO is negative, and warmer than 
average when it is positive. 



Summary

• Earth’s radiation budget – The Earth is darkening for the past two decades.
• Variation in the SW radiation reflected at TOA is different among latitudes.
• Albedo change is consistent with variations in the Earthshine observation and SST.
• Earth’s albedo is observed to be symmetry between NH and SH even for the darkening 

period.
• Difference of reflected SW radiation between NH and SH is related to the cloud variations.
• Aerosols do not contribute to the decreasing trend of albedo.
• El Nenio, PDO, and Hiatus/Post-Hiatus climate modes may be related to the reflected SW 

radiation.
• Clouds, particularly low clouds and snow/ice are dominant factors for albedo variation.
• Sea ice is a major factor for the trend of SW radiation reflected at TOA in the Antarctic
• NAO and AO may be related to SW radiation reflected at TOA through sea ice in the Arctic.
• Albedo variation is consistent with variations in the atmosphere and SST, which supports 

the reliability of CERES observation.
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