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29  Abstract

30 The 10-year Earth albedo time series, its seasonal and wavelength dependence (10

31 wavelengths from 317.5 to 779.5 nm) of the illuminated Earth are estimated from radiance
32 measurements by the Earth Polychromatic Imaging Camera EPIC located in an orbit

33 around the Earth-Sun Lagrange-1 point L. The calibration of the EPIC channels, especially
34 443 nmto 780 nm has not changed during the 10 years of operation.The measurements

35 were made at a backscattered observing phase angle ranging from 2° to 12°. The maximum
36 albedo occurs at 340 nm, ranging from 0.33 in June to 0.38 in December. For shorter

37 wavelengths, 325 and 317.3 nm, the albedo decreases sharply because of ozone

38 absorption. For wavelengths longer than 340 nm (388, 443, and 551 nm) the albedo

39 decreases gradually until about 680 nm where reflectivity from vegetation increases (680
40 and 779.5 nm). The maximum albedo occurs in December when the illuminated Antarctic
41 ice sheet is observed. The EPIC solar flux weighted annual mean albedo in 2016 is

42  estimated to be 0.298 (317.5to 779.5 nm) and 0.293 in 2025, (-1.7% change) compared to
43  the Clouds and the Earth's Radiant Energy System (CERES) 2016 values of 0.289 and 0.288
44  in 2026 (-1.3% change) after a small recovery in 2024 for the spectral range 300 to 5000 nm.
45  The long-term change of CERES albedo Rac (2000 - 2026) is 1.6% over 26 years, The CERES
46  albedo shows an accelerating decline after 2022, Rac (2022 —2024) = 0.2 % yr' compared to
47  Rac (2000 -2020) -0.07 % yr'. EPIC observes similar rates of albedo decline, Ras (2016-

48  2019.5)=-0.12 % yr' and Ra:(2020.3-2025.8) = 0.23 % yr' validating the occurrence of an
49 increased rate of albedo decline after 2022. After 2024 CERES sees a small albedo

50 recovery thatis larger than seen by EPIC. Both EPIC and CERES albedo data suggest that
51 the accelerating reduced Earth reflection of sunlight back to space is enhancing global

52  warming.

53
54
55  Plain Language summary

56 The brightness of the reflected sunlight has been estimated by two independent satellite
57  observations, EPIC (Earth Polychromatic Imaging Camera) in an orbit around the Earth-Sun
58 gravitational balance point, 1.5 million km from Earth, and CERES (Clouds and the Earth's
59  Radiant Energy System). Both measurements show that the amount of reflected light from
60 the Earth has decreased since 2016 and with a faster rate of decrease since 2022. The

61 decreased Earth reflectivity enhances the effect of global warming from increased

62 amounts of carbon dioxide and methane in the atmosphere.
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63 1.0 Introduction

64  The short wavelength, UV, Visible, and Near-IR, reflectance (albedo) of the Earth is

65 fundamental to our understanding of the energy balance between solar input and reflected
66 energy back to space. Early satellite instruments such as the Earth Radiation Budget

67 Experiment (ERBE) and ScaRaB (Scanner for Radiation Budget) ) provided global, angularly
68 resolved observations of outgoing shortwave radiation, from which top-of-atmosphere

69 (TOA) albedo could be derived using angular distribution models (Barkstrom, 1984; Taylor &
70  Stowe, 1984). These data sets produced the first consistent climatology of planetary

71 albedo and its partitioning among clouds, atmosphere, and surface (Harrison et al., 1990).
72  They established that on average roughly one-third of incoming solar radiation is reflected
73  backto space (Stephens et al., 2015). These low Earth orbiting (Wang et al., 2015; Goode et
74  al.,2001; Lucht et al., 2000; Tosco et al., 2025) demonstrated that clouds, ice and snow

75 cover, and ocean-land surface contrasts are the dominant contributors to planetary

76  reflectance. Later satellite instruments, including the Clouds and the Earth’s Radiant

77  Energy System (CERES), improved radiometric accuracy, angular sampling, and long-term
78  stability, making it possible to detect subtle interannual variations in albedo associated

79  with large-scale modes of climate variability (Wielicki et al., 1996; Loeb et al., 2009).

80  Startingin 2020, the change from high-sulfur "bunker" fuel to low-sulfur alternatives

81 appears to have a side effect of accelerating global warming (Gettelman et al., 2024; Yuan
82 et al., 2022; Mace et al., 2026) because lack of sulfate aerosols from ship emissions no

83 longer tend to brighten clouds (bright ship tracks). Model studies suggest that the sulfate
84  aerosolreduction is not enough to explain the observed warming (Gettelman et al., 2024).

85

86  Multispectral imagers such as the Advanced Very High-Resolution Radiometer (AVHRR)
87 enabled global mapping of surface albedo at much finer spatial scales. Retrieval

88 algorithms exploiting multi-angular and multi-band reflectance were applied to more than
89 four decades of AVHRR Global Area Coverage (GAC) data, producing consistent global

90 surface albedo products suitable for climate studies and land-atmosphere coupling

91 research (Csiszar and Gutman, 1999; Liu et al., 2009). These records document both the
92  strong spatial gradients in albedo across deserts, vegetated regions, snow and ice, and the
93 temporal evolution associated with land-use change, snow cover variability, and

94  cryospheric retreat (Schaaf et al., 2002; He et al., 2014).

95

96 Earth albedo measurements were also determined piecemeal from Earthshine data
97 (Stephens et al., 2015; Goode et al., 2001; 2021). Photometric measurements are made of
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98 sunlight reflected from Earth to the dark side of the Moon and back to ground-based

99 telescopes. In this technique, the ratio of the lunar dark-side radiance (illuminated by
100 Earth) to the bright-side radiance (illuminated directly by the Sun) is used to infer Earth’s
101 disk-integrated reflectance (Goode et al., 2001). A systematic earthshine program operated
102  from Big Bear Solar Observatory has provided a multi-decadal record of terrestrial albedo
103 variations, demonstrating the feasibility of monitoring global-mean albedo from the ground
104  and offering an independent check on satellite-derived trends (Pallé et al., 2004; Qiu et al.,
105  2023). The estimated trends showed a decline in albedo since 1990 consistent with
106  satellite measurements.

107  Satellite missions, particularly NASA’s CERES (Clouds and the Earth’s Radiant Energy
108 System), launched in 1999, provide the most comprehensive long-term record of Earth’s
109 reflected solar radiation. CERES data confirms the Earthshine-derived albedo trends and
110  remains essential for quantifying Earth’s energy imbalance, an imbalance driven by the
111 difference between absorbed solar radiation and outgoing longwave radiation.

112

113  This study examines a unique set of albedo measurements that was obtained from the

114  DSCOVR satellite viewing almost the entire illuminated sun-facing Earth and is a follow-on
115  tothe DSCOVR-EPIC study by Yang et al. (2018) and Penttila et al. (2022). Launched in

116 2015, the Deep Space Climate Observatory (DSCOVR) satellite was placed at the Earth-
117  Sun gravitational balance Lagrange point L1, approximately 1.5 million kilometers from

118  Earth, to continuously observe the full sunlit disk of our planet. Its Earth Polychromatic

119 Imaging Camera (EPIC) captures high-resolution images in 10 narrow-band spectral

120 channels (Table 1 and Fig.1) spanning ultraviolet to near-infrared wavelengths (317.5-779.5
121 nm), supporting studies of ozone, aerosols, clouds, vegetation, and surface UV radiation.
122 Table 1 contains the wavelength, the uncertainty of the center of each band, full width half
123  maximum (FWHM), and the conversion coefficient for the measured counts per second to
124 Lambert equivalent albedo (Marshak, et al., 2018). In addition, the accurate radiometric
125 calibration of EPIC enables estimates of albedo for phase angles near the backscatter

126  direction, approximately 168° to 178°. The calibration of the EPIC channels, especially 443
127 nmto 780 nm has not changed during the 10 years of operation (Cede et al., 2025).EPIC
128 measures radiance in counts/second from each CCD pixel in each wavelength channel and
129 convertsitinto albedo (Marshak et al., 2018) that can be applied to images of the Earth,
130 Moon, and Jupiter (Herman and Blank, 2026). Other planets (e.g., Mars) occupy too few

131 pixels for successful EPIC measurements.
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Fig. 01 EPIC filter transmission (%) right axis and Solar flux mW m2 nm grey curve left
axis. Numbers at the top are the FWHM of each EPIC filter (Table 1).

132  We will show the narrow band wavelength dependence of the Earth’s albedo for 317.5, 325,
133 340, 388, 443, 551, 680, and 780 nm. Two other wavelengths are available, 688 and 764 nm
134  thatare both absorbed by O, in the atmosphere and will not be used to estimate the total
135 EPIC observed Earth Albedo. The 8-filter bands and their FWHM (Full Width Half Maximum)
136 are shownin Fig. 1 superimposed on a typical solar spectrum at 1 AU from the sun.

137

138  Secular long-term albedo trends will be shown for the solar flux weighted average of 8

139  wavelength channels and are compared with trends derived from publicly available CERES
140 data sets (Su et al., 2018; Wu et al., 2023; Goessling et al., 2025), which can be found at
141 https://ceres-tool.larc.nasa.gov/ord-tool/jsp/EBAFTOA421Selection.jsp. ). Based on the
142  work of Su et al., 2018, “The global monthly mean daytime SW fluxes from EPIC agree with
143  those from CERES to within 2%” when corrected for a small missing portion of the Earth’s

144  surface not seenin each EPIC image (3 to 8%) depending on EPIC’s orbital position.
145

146  The basic EPIC data consists of measured counts per second in each of the 10-wavelength
147  images of the sunlit Earth obtained every 1 to 2 hours as the Earth rotates at 15° per hour.
148 The coverage is from sunrise to sunset in each wavelength image. Combining each day’s
149  set of images gives the entire radiation reflected back to space for 24 hours in counts per
150 second. Theresultis atime series (Fig.2) for each wavelength channel. The counts per

151 second are converted to albedo using the multiplicative conversion factors Ka in Table 1.
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Fig. 02 Global average daily time series in counts per second for each of the 10
wavelength channels for the period 2015.5-2025.6. There is missing data starting from
2019.5t0 2020.3. Only days with complete global coverage were used.

152 2.0 Discussion

153  EPIC is built around a 30-cm /9.6 Cassegrain telescope with a 2.855-meter focal length,
154  imaging onto a 2048 x 2048-pixel hafnium-coated UV sensitive silicon CCD detector. This
155  configuration enables EPIC to nearly fill its 0.62° field of view with the Earth’s disk when
156  closest to the Earth. Full disk images are acquired every 60 to 100 minutes, allowing for
157  dynamic monitoring of Earth’s atmosphere and surface. The 10 filter wavelength channels,
158 their FWHM albedo conversion coefficients, and exposure times are shown in Table 1.

159

160 To ensure scientific accuracy, EPIC has undergone extensive in-flight calibration, including
161 flat-fielding to correct pixel-to-pixel sensitivity variations and geometric stray light

162  correction (Cede et al., 2021). Stray light, caused by internal reflections and scattering

163  within the optical system, can significantly distort radiometric measurements, especially in
164  the ultraviolet channels critical for ozone retrieval (Cede et al., 2021). During the 10-year
165 lifetime of EPIC, wavelength-dependent correction algorithms have been developed that
166  model and subtract stray light contributions based on the detector response

167  characteristics. These corrections are essential for accurate retrievals of total column

168 ozone (Herman et al., 2018; 2025) and other atmospheric constituents, particularly in the
169 UV range where signal contamination is most pronounced.
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7
170
171 Table 1 Wavelengths, FWHM, Albedo conversion coefficients, exposure time
Wavelength FWHM Kx(1 AU) Exposure
172 nm nm Sec counts™ ms
317.5+x0.1 1 1.216x10* 653+0.12
173 325.0+0.1 1 1.111x10* 442+0.11
174 340.0%0.3 3.7 1.970x10° 65+0.16
388.0+0.3 2.6 2.685x10° 86+0.16
175 443.0+1.0 2.6 8.340x10° 28+0.06
551.0+1.0 3 6.660x10° 22+0.04
176 680.0 + 0.2 1.6 9.300x10° 32+0.04
177 687.75+0.2 0.84 2.020x10° 75+0.03
764.0 £ 0.2 1 2.360x10° 102+0.04
178 779.5+0.3 1.8 1.435x10° 46=0.14

179  EPIC multiplicative albedo calibration coefficients K, (Table 1) are used to convert counts
180 persecond into top-of-atmosphere Lambertian albedo A, = 1tl,/S, where |, = the outgoing
181 radiance at the top of the atmosphere and S, is the incoming corresponding solar flux. The
182  factor m converts I,/S, to the equivalent Lambertian albedo A,. The quantity I, is a function
183  of the observing angle, which in EPIC’s 2024 case is close to a 170° backscatter angle.

184 An example of such a calculation is shown in Fig.3 for 443 nm on 15 March 2024 at

185  11:52.27 GMT. The full Earth has relatively low albedo because of the presence of low-

186  reflectivity oceans covering most of the surface (71%), when under almost cloud-free

187  conditions. This particular image is centered over Africa at approximately 2°W longitude
188  (Fig.4). In this image, Africa is mostly cloud-free except for a circle of clouds just below the
189  equator having an albedo of about 0.9 and low clouds with an albedo of about 0.35. The
190 clear sky 443 nm background has an albedo (blue) of about 0.2. The backscatter phase
191 angle is approximately 170° or observing phase angle of 10°.

192
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Albedo 443 nm

(a) epic_1b_20240315111527_03.h5  (b)

Figure 03 (a) Estimated albedo from the 443 nm image (b) in counts sec™ centered over
Africa at 11:15:27 GMT as shown in the color image in Fig. 4. The EPIC hdf5 counts sec™
data file is epic_1b_20240315111527_03.h5

193

Fig 04 Full color image obtained by EPIC on 15 March 2024 11:52.27 GMT
194

195
196
197
198
199

200
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201 2.1 Lunar Albedo

202 Asimilar set of images can be obtained for the Earth’s moon at 443 nm showing the albedo
203  derived from conversion coefficient for 443 nmin Table 1.

Albedo 443 nm

0.167

Fig. 05 (a) 3-D Lunar albedo graph from (b) lunar image in counts sec™
204

205 The albedo of the moon is almost invariant based on the extensive ROLO (RObotic Lunar
206 Observatory) observations for a given observing phase angle (Keiffer and Stone, 2005),
207  whichin this case (Fig. 5) is approximately 10°. The ROLO data encompasses a wide range
208 of phase angles from 1.55° to 97°, where the 1.55° phase angle corresponds to the almost
209 fullmoonin opposition as seen from the Earth. EPIC lunar calibration is always performed
210 attimes when the full moon is observed from the Earth with its familiar face always

211 pointing to the Earth with only a small nutation variation during the year. EPIC observes the
212  almost full moon (Fig. 5) when it is slightly displaced from the Earth by a few degrees

213  (always less than 4° as seen from EPIC) but far enough away from the Earth (about 2° or 4
214  Earth diameters) to avoid Earth stray light entering the EPIC telescope. These lunar

215 observations are used to ensure that the EPIC calibration at each wavelength remains

216 invariant and to correct for pixel-to-pixel variations (flat-fielding).

217 A ROLO data comparison (Jones et al., 2013) with EPIC whole illuminated average disk
218 albedo at a phase angle of approximately 10° obtained on 21 May 2024 19:32:50 GMT is
219  shownin Fig. 6. Similar EPIC comparisons on other full moon days (as observed from the
220 Earth) are almostidentical.



https://doi.org/10.5194/egusphere-2026-1631
Preprint. Discussion started: 18 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

10
018 ——— ,
| —o— ROLO Jones et al., 2013
0.16 —=— EPIC 24 May 2024 19:32:50 GMT ¢
I oo 5°
0.14 | 90'0/ i
O~gy~ o
D042 T oo 10 ]
] /T o, /g*
o P %@
< 0.10 o ~
= © 00 & —
[ 0.08 + / 9 — o/%o 300 |
3 3 0-g—00 T
0.06 - 00/4 e i
Jeoo
r O a@/ q
0.04 D9
i /|
©
0.02
1

" " | " L " 1 " | "
300 400 500 600 700 800 900 1000
Wavelength (nm)
Fig. 06 A comparison of EPIC estimated whole disk average lunar albedo (stars) at 10
wavelengths 21 May 2024 19:32:50 GMT with ROLO whole disk average albedo at ¢ = 5°,

10° and 30° phase angles (Jones et al., 2013)
221

222  Figure 5 shows that there is a wide range, 0.02 to 0.16, of albedos as a function of position
223  onthe lunar surface from the so-called highlands and mare. The comparison of the “full
224  moon” surface average albedo with ROLO data as a function of wavelength (Fig. 6) suggests
225 thatthe EPIC calibration for conversion of counts per second to albedo is accurate. A

226  similar comparison of EPIC albedo data for Jupiter (Herman and Blank, 2026) with

227  spectroscopic measurements (Karkoschka et al., 1994; 1998) shows similar agreement.

228
229 2.2 Earth Albedo Wavelength Dependence

230 Extensive measurements of Earth albedo have been made by EPIC for the past 10 years at
231 a rate of once per hour in Northern Hemisphere (NH) summer (April to August) and once

232  every 2 hours (September to March). The cadence is dictated by the number of hours that
233 thereceiving antenna at Wallops Island Virginia is in view of the DSCOVR spacecraft at L.

234  The Earthis observed every 1 to 2 hours while rotating at 15° per hour with a full rotation
235 every 24 hours. Unlike the invariant Moon, the Earth has extensive weather patterns that
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11

236 change day to day (cloud cover), a molecular and aerosol atmosphere with Rayleigh and
237  Mie scattering, and seasonal changes in surface reflectivity (vegetation and snow/ice).
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Fig. 07 The hourly GMT variation in whole illuminated Earth albedo for the middle of
March, June, September, and December 2024. For 12 GMT the EPIC image longitude is
centered over Greenwich, England. For 17 GMT the image longitude is centered over the
US east coast (75°W).

238

239  Ofthe 10 EPIC channels, two were selected to match part of the absorbing oxygen A- and
240 B-bands used for estimation of cloud height and aerosol plume height (Yin et al., 2020; Xu
241 etal., 2020). The albedo estimates for these channels, 687.75 + 0.2 and 768 + 0.2 nm are
242  much lower (Fig. 7) than for surrounding non-O, absorbed wavelength channels. These are
243 narrow band channels with the FWHM A =0.84 and 1 nm for 687.75 and 768 nm,

244  respectively.

245 As examples, the average illuminated Earth disk albedos are computed for each

246  wavelength as a function of GMT (Earth’s rotation) in Fig. 7. The hourly albedos show clear
247  patterns with the UV 325 nm to blue (443 nm) channels having a minimum albedo for

248 images centered near the morning GMT in March (11 GMT or 15°E), June (8 GMT or 60°E),
249  September (8 GMT or 60°E), and December (8 GMT or 60°E). The 317.5 nm channel

250 (labelled 318) has low albedo values caused by atmospheric ozone absorption. The visible
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12
251 and near-infrared channels (551, 689 and 779.5 nm) mostly have a peak over the bright
252  African surface (Fig. 4).
253
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Fig. 08 Seasonal mid-month mean albedo with hourly spread (small circles) as the Earth
rotates. The smooth curves are Akima spline-fits (Akiima, 1970)
254

255 The seasonal differences in albedo as a function of wavelength are shown in Figs. 7 and 8.
256  Fig 7 shows the hourly variation for each wavelength on the specified day as the Earth

257  rotates. The maximum albedo occurs in December (Fig. 9) when the Antarctic ice sheet is
258  observed as the Earth’s rotation axis tilts the SH 23.5° toward the Sun and EPIC.

259
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Fig. 09 The monthly average of the almost fully iluminated Earth disk for in March, June,
September, and December 2024. The smooth curves are Akima spline-fits (Akima, 1970)
to the 8 EPIC data points. The small circles are Sciamachy data from Stephens et al.,

2015.

2.3 Long-Term Albedo Trends

CERES data (https://ceres-tool.larc.nasa.gov/ord-tool/jsp/EBAFTOA421Selection.jsp) were
obtained from a uniform monthly grid (Figs. 10a and 10b). The CERES average Earth albedo
Fig. 10c can be derived from the ratio of the outgoing all-sky top of the atmosphere flux (Fig.
10a) to the incoming solar flux (Fig. 10b). The long-term average (blue curve Fig. 10c and
10d) is a Lowess(f) fit to the ratio (Cleveland and Devlin, 1988). Here the fraction f=0.2, or

5.2 years of CERES data.
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271 The decreasing CERES albedo over the past 25 years shown in Fig.11 suggests increasing
272  positive feedback from global warming after 2020 from likely decreases in cloud cover and
273 the decrease in polarice sheets.
274 In order to compare CERES albedo trend estimates with those from EPIC, the time series in
275  Fig. 10is truncated to the range from 2016 to 2025 to match that from EPIC. The results
276  from a linear fit to the truncated LOWESS (0.2) data are shown in Fig. 11 and Table 2.
277
0.2900
CERES Lowess(0.2) — ALBEDO
0.28951 \ -2.2x10 yr!
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0.2890 \
o
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Year
Fig. 11 Albedo trend estimates from CERES data 2016 — 2025. The dashed line is a
linear fit to the Lowess(0.2) smoothed data from Fig. 10 displaced slightly to the left.
278
279  When weighted by the Solar flux (Fig. 1), the annual average EPIC albedo is 0.2986 in 2016
280 (Fig. 12) and decreases to 0.2873 in 2023.7, a decrease of 0.8% followed by a period of
281 recovery after 2024.

282
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Fig. 12 A. EPIC solar flux weighted average albedo time series (317.5 to 780 nm). B.
Lowess(0.4) and linear fit to the time series for the periods 2016 to 2019.5 and 2020.3 to
2025.5.
284
285 Thetime series in Fig. 12A and the individual time series in Fig. 2 have main frequency
286 components of 1 year, half a year, approximately % year. The approximately Y2 year
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287 component comes from the changing observing phase angle between the EPIC instrument
288 and the Earth-Sun line as part of DSCOVR’s approximately six-month orbit about L.

289
Table 2 Trend estimates R in percent change per year
CERES EPIC
Rc (2016-2020) = -0.07 % yr”’ Re (2016-2019.5) = -0.12% % yr
Rc (2021-2024) =-0.2 % yr Re (2020.3-2025.8) = -0.23 % yr”'
RcTotal (2016-2026) = -1.3% Re Total (2016-2025.8) = -1.7%
RcTotal (2000-2026) =-1.6%

290

291  The trend estimates for the percent change in albedo estimated from both CERES and EPIC
292  are similarin the 2020 to 2025 period showing an accelerated albedo decline relative to the
293  earlier 2016 to 2020 period (Table 2). CERES trend estimates in the 2016 to 2020 period are
294  smaller than those estimated from EPIC. The increased rate of decline in albedo after 2021

295 s presentin both data sets suggesting that the CERES measured albedo decreases are not
296 caused by calibration drift.

297
298 3.0 Summary

299 Measurements of the short wavelength Lambertian albedo 317.5 to 779.5 nm behavior of
300 the whole illuminated Earth has been obtained from the DSCOVR-EPIC instrument. The
301 calibration of the EPIC channels, especially 443 nm to 780 nm has not changed during the
302 10years of operation (Cede et al., 2025). The results are comparable to results from CERES
303 and Sciamachy. In 2016 CERES measured a global average albedo of 0.289 (300 - 5000 nm)
304 compared to the EPIC value of 0.298 (318 — 780 nm). The 2016-2026 CERES albedo

305 decline is -1.3%, while the EPIC decline is 1.7%. The long-term CERES and EPIC albedo
306 time series show an increased rate of decline after 2022 (-0.2% yr' for CERES and -0.23%
307 yr'for EPIC). The important point is that both independent data sets show an accelerated
308 albedo decline after 2022.

309 Comparison with ROLO ground-based lunar albedo measurements show that EPIC’s

310 wavelength calibration is consistent and can be used to estimate Earth Lambertian albedo.
311 The wavelength dependence of the Earth’s albedo peaks at 340 nm and decreases until
312 680 nm after which it increases slowly with wavelength. EPIC observed albedos for 551,
313 680, and 780 nm in March, June, and September show an increase when Africa is in view,
314  but a decrease for the blue 443 nm and UV channels. Earth’s albedo is maximum in
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315  December with all wavelength channels showing an increase at around 15:00 GMT for
316  Earth images centered at a longitude of 45° west.

317
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