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Abstract

The focus here is on the Earth’s planetary albedo estimates derived from the data of Earth Polychromatic Imaging Camera

(EPIC) onboard NOAA’s Deep Space Climate Observatory (DSCOVR). The estimates indicate a short-lived albedo surge with

an instantaneous value of $0.350$ on the 5th of December 2020 and a 5-day average above $0.330$. A numerical weather predic-

tion model-based (OpenIFS of ECMWF) estimate confirms the EPIC-based maximum in December 2020 but remains notably

lower (maximum at $0.327$). The discrepancy may be explained by the Earth–Satellite–Sun geometry since the DSCOVR

satellite was very near the Lagrange point L1 and received the Earth outgoing short-wave radiation close to backscattering.

In this conditions, the angular distribution model based on Clouds and the Earth’s Radiant Energy System (CERES) and the

associated footprint identification are prone to uncertainties.

Figure 1: EPIC 1b natural colour image taken at 2020-12-13 04:40:41 UTC (right) and corresponding
anisotropy factors from CERES/TRMM and CERES/Terra ADMs using the OpenIFS fields for scene clas-
sification (left). Date and time of the simulation: 2020-12-13 05:00 UTC.
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Key Points:6

• The Deep Space Climate Observatory (DSCOVR) EPIC images indicate excep-7

tionally large values of the Earth’s planetary albedo in December 2020.8

• Independent validation using a numerical weather prediction model suggests that9

this is an over-estimate.10

• It may be partly attributed to a weakness of short-wave angular distribution mod-11

els based on CERES/TRMM in full backscattering geometry.12
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Abstract13

The focus here is on the Earth’s planetary albedo estimates derived from the data of Earth14

Polychromatic Imaging Camera (EPIC) onboard NOAA’s Deep Space Climate Obser-15

vatory (DSCOVR). The estimates indicate a short-lived albedo surge with an instanta-16

neous value of 0.350 on the 5th of December 2020 and a 5-day average above 0.330. A17

numerical weather prediction model-based (OpenIFS of ECMWF) estimate confirms the18

EPIC-based maximum in December 2020 but remains notably lower (maximum at 0.327).19

The discrepancy may be explained by the Earth–Satellite–Sun geometry since the DSCOVR20

satellite was very near the Lagrange point L1 and received the Earth outgoing short-wave21

radiation close to backscattering. In this conditions, the angular distribution model based22

on Clouds and the Earth’s Radiant Energy System (CERES) and the associated foot-23

print identification are prone to uncertainties.24

Plain Language Summary25

Albedo of the Earth is a key metric of the planet’s energy balance. Earth-orbiting26

satellites are frequently used to measure reflected solar radiation on a global scale. It varies27

seasonally with maxima at solstices and minima at equinoxes. Pace of year-to-year changes28

is slow. However, measurements from year 2020 disclose an exceptionally large albedo29

maximum during Southern Summer solstice in December compared to the previous years.30

Here, we try to validate the maximum with independent means. We estimate the albedo31

using a global weather prediction model (OpenIFS) which indicates the albedo in year32

2020 was likely at a fairly normal level. The question is: why does the EPIC camera on33

board NOAA’s DSCOVR satellite measure so high albedo values. The answer seems to34

be in the fact that albedo retrieval from EPIC is sensitive to the Earth–Satellite–Sun ge-35

ometry and footprints in satellite’s field-of-view. In December 2020, the geometry was36

almost ideal backscatter situation with highly reflective Antarctic ice sheet fully exposed.37

The over-estimation may be attributed, at least in part, to these specific measurement38

conditions.39

1 Introduction40

The proportion of the incoming solar radiation reflected back to space by the Earth41

system is commonly known as the planetary albedo, a.k.a. spherical or Bond albedo. Var-42

ious sources report (e.g., Stephens et al., 2015; Liang et al., 2019) that Earth planetary43

shortwave albedo is usually in the range of 0.3 ± 0.015. The annual maximum occurs44

in December around the Southern summer solstice, when the highly reflective Antarc-45

tic ice sheet and the cloudy Southern Ocean are fully exposed to sunlight. Interannual46

variablity of the planetary albedo is weak, not exceeding 0.5% of the annual mean value47

(Kato, 2009). Albedo estimates are mainly based on measurements of reflected short-48

wave radiation from Earth-orbiting satellites, which are translated to albedo values us-49

ing reflectance modelling. In particular, the Clouds and the Earth’s Radiant Energy Sys-50

tem program (CERES) provides highly accurate instruments and algorithms to derive51

planetary albedo estimates (Wielicki et al., 2005).52

Measurements from the Earth Polychromatic Imaging Camera (EPIC) onboard NOAA’s53

Deep Space Climate Observatory (DSCOVR) are of particular interest for Earth’s albedo54

studies. Since DSCOVR is located near the Earth Lagrange point L1, its field-of-view55

always contains almost the entire sunlit hemisphere of the Earth and thus within one56

snapshot provides necessary data for retrieving planetary albedo. The focus here is on57

a 5-year time-series of planetary albedo derived from the EPIC images (Penttilä et al.,58

2022). In their retrieval, the daily average of planetary albedo is 0.295± 0.024 except59

during December 2020 when this range is exceeded. In a consecutive period of three weeks,60

the albedo remains above 0.320 and one whole week in excess of 0.330. December 202061

is thus quite exceptional in this 5-year time-series. The immediate question is whether62
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Figure 1. The planetary albedo of the Earth in 3–10 of December 2016 (left) and 3-10 of De-

cember 2020 (right) as derived from the OpenIFS model (dashed line) and the retrieval presented

by Penttilä et al. (2022) (solid line).

the Earth system state — land and ocean surface and the atmosphere — was somehow63

exceptional, or can this anomaly be explained by some sensitivity in the retrieval method.64

Reflective properties of the Earth’s surface, the atmosphere, and clouds are highly65

varying and closely linked to the weather and climate. This explains why radiation quan-66

tities are key components in numerical weather prediction models, such as OpenIFS of67

the European Centre for Medium-Range Weather Forecasts. It is straightforward to use68

the OpenIFS radiation output at the top-of-atmosphere (ToA) to compute the Earth’s69

planetary shortwave albedo based on its definition: total outgoing flux divided by total70

incoming flux, or71

am =

∑
i N

SW
i Ai∑

i N
⊙
i Ai

, (1)

where am is the weather model-based short-wave planetary albedo, i denotes the weather72

model grid index, NSW
i the ToA short-wave radiosity, N⊙

i the solar irradiance, and Ai73

the grid point surface area. For convenience, we denote by aD the DSCOVR/EPIC measurements-74

based retrieval by Penttilä et al. (2022).75

Figure 1 displays aD (solid line) and am (dashed line) for December 2016 (left panel)76

and December 2020 (right panel) on a daily scale. According to Fig. 1, albedo estimate77

from OpenIFS shows smaller amplitude of daily variations and smaller daily maxima than78

the satellite-based retrieval both in 2016 and 2020. The daily mean values for am dur-79

ing 3-10 of December are 0.304 in 2016 and 0.307 in 2020, and 0.303 and 0.326 for aD,80

respectively. According to OpenIFS, December 2016 and 2020 are fairly similar in terms81

of the Earth’s planetary albedo. Curiously, the daily albedo variations are markedly higher82

in December 2020 than in 2016 in both data sets. Also, increase in albedo apparent in83

aD is also present in am but it is far less pronounced. It is good to remember that the84

OpenIFS-based estimate is independent of the DSCOVR/EPIC measurement geometry85

(and, in general, of geometries of any other satellites) which is determined by the satel-86

lite orbit. The research question is thus: what are the factors lending to the apparent87

discrepancy in December 2020 between the two planetary albedo estimates?88

2 Computation of albedo89

Planetary albedo at any given moment is determined by the total reflected radi-90

ation exiting the Earth system in all directions. It is practically impossible to explicitly91

measure the total reflected radiation flux, and this fundamental limitation must be some-92

how overcome in measurement-based albedo retrieval (to obtain aD). In numerical weather93
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prediction (NWP) models, the 3-dimensional radiative transfer is simplified into 1-dimensional94

where up/down fluxes are considered in each model grid column with no information about95

the angular distribution. The radiative transfer code is then calibrated with a range of96

Earth observations such that, e.g., heating rates due to radiation flux convergence are97

consistent. Obtaining am is thus straightforward while NWP model maintains consis-98

tency of radiation quantities.99

2.1 Planetary albedo using L1-satellite-based imaging100

The DSCOVR spacecraft orbits around the Lagrange point L1 in a Lissajous or-101

bit (Koon et al., 2000) around 1.5 million kilometers from the Earth (Burt & Smith, 2012).102

This geometry allows viewing almost the entire sunlit hemisphere of the Earth. Its lo-103

cation is thus nearly-optimal for measuring the planetary albedo.104

For planetary albedo retrieval, Penttilä et al. (2022) used data from the Earth Poly-105

chromatic Imaging Camera (EPIC) on board DSCOVR. These are time series of snap-106

shot high-resolution images of the Earth’s disk. The time series is irregular, having usu-107

ally 22 images per day. Each image has 10 narrow-band channels spanning between 317108

and 780 nm. An individual pixel represents directional radiance from the correspond-109

ing footprint of the Earth. The measured radiance is a function of reflective properties110

of a footprint, and the Sun–Earth–satellite geometry. In order to infer the total top-of-111

atmosphere (ToA) reflected radiosity based on these data (and thus, the global albedo),112

several processing steps are needed, as explained below.113

First, a narrowband-to-broadband transformation is performed using pre-defined114

solar spectra convoluted with the EPIC transmittance of different channels. Despite the115

solar input within the EPIC channel range (from 317 to 780 nm) being only 52.7% of116

the total shortwave intensity, this range is sufficient to perform a narrowband-to-broadband117

transformation as described in Su et al. (2018). The directional broadband radiance is118

then converted to the total ToA radiosity for each pixel using angular distribution mod-119

els (ADMs) of the CERES/TRMM project (Loeb et al., 2003). Each ADM comprises120

short-wave anisotropy factors in directions defined by the solar-zenith angle (SZA), observer-121

zenith angle (OZA), and azimuth angle of an observer relative to the solar plane (RA).122

The CERES/TRMM ADMs are tabulated for the following angles: 0◦ < SZA, OZA <123

90◦ with 10◦ resolution, and 0◦ < RA < 180◦ with 20◦ resolution.124

The CERES/TRMM ADMs are parametrized based on the footprint reflective prop-125

erties. There are thus different distribution functions for different footprint types. The126

main categories are clear ocean, clear land, and cloud-covered footprints. These ADMs127

are averages over all sub-categories, such as vegetation type and fraction, snow/ice cover,128

and cloud fraction.129

Penttilä et al. (2022) modify the ADM table functions to benefit of the scattering130

geometry in the EPIC observations. First, the ADM tabulation are simplified to just one131

angular parameter — the solar-zenith angle. The specific location of DSCOVR satellite132

implies that the observing conditions are close to backscattering. Therefore, the relative133

azimuth (RA) angle is fixed, and the solar- and observer-zenith angles are almost equal.134

Second, the ADM tables are interpolated over the 0◦ to 90◦ range using a cubic spline135

interpolation. CERES/TRMM defines RA = 0◦ for forward-scattering, and RA = 180◦136

for backscattering.137

Lastly, Penttilä et al. (2022) modelled the effect of the phase angle (i.e., the satel-138

lite - the Earth - the Sun angle) on the global albedo estimation. The Earth’s reflectance139

increases substantially when phase angle approaches zero, i.e., in full backscattering con-140

ditions (Marshak et al., 2021). The phase angle reached minimum of 1.8◦ in December141

2020, while being in the range 5−11◦ in the year 2016. This phase angle condition ex-142

plains about +0.010 increase of the albedo maximum in December 2020.143
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2.2 Planetary albedo using OpenIFS NWP model144

OpenIFS is the atmospheric component of the Integrated Forecasting System (ECMWF,145

2019, IFS, cycle 43r3) of the European Centre for Medium-Range Weather Forecasts (ECMWF).146

It is a portable weather model intended for academic use having identical forecast skill147

compared to the full IFS.148

Our study uses the ECMWF initial states for December 2016 and December 2020,149

at 00 and 12 UTC. The planetary albedo estimates are produced as follows. We launch150

16-hour forecasts from initial states with hourly output using the OpenIFS model. Hourly151

fields of the ToA outgoing and incoming shortwave radiation are extracted from the model152

output, and the albedo is computed using equation 1.153

Evolution of the atmospheric state is simulated with OpenIFS resolution of TL1279154

corresponding to about 18 km horizontal resolution at the equator, and at 137 vertical155

levels. The model top is at 0.01 hPa corresponding to about 80 km geometric altitude.156

Thus, the model domain covers the entire neutral atmosphere of the Earth. The model157

timestep is 10 minutes and the atmospheric state is output once an hour. To avoid the158

initial spin-up/down of the model hydrological cycle, the first forecast hour is discarded159

and forecast hours 2...13 are used instead.160

The radiative transfer (the ecRad scheme Hogan & Bozzo, 2016) is solved in grid161

columns for solar and terrestrial components. Here, “solar” refers to radiation scattered,162

reflected, or transmitted by the Earth system at 0.2 − 4 µm wavelength interval, and163

“terrestrial” to radiation emitted by the surface or by the atmosphere at the interval of164

4 − 100 µm. These two intervals have some overlap since the division means separat-165

ing its origin, rather than separating energy flux with a 4 µm wavelength threshold. The166

radiative transfer computation in OpenIFS is performed once an hour in this study.167

The ecRad scheme is quite precise having ToA radiosity uncertainty of about 0.1 Wm−2
168

(Hogan & Bozzo, 2016, Table 2). Yet, the local albedo estimate, which depends on the169

local atmospheric state, is uncertain since the model state differs from the true state. How-170

ever, the global albedo uncertainty is driven mostly by the global net radiation imbal-171

ance in the model, which is at the level of 1 Wm−2 (≈ 0.003 albedo units; Roberts et172

al. (2018)).173

3 Validation hypothesis and methods174

There is a significant difference between the two independent albedo estimates, as175

shown on Figure 1. In December 2020, the global ToA short-wave radiosity is on aver-176

age 6.5 Wm−2 larger in EPIC estimate than in the OpenIFS model. Thus, the conver-177

sion of the EPIC radiance to ToA radiosity appears to be overestimated. Hence, the cor-178

responding reverse radiosity-to-radiance conversion would be underestimated. We de-179

veloped an improved radiosity-to-irradiance conversion by applying the CERES ADMs180

with a broader parametrization scheme. We expect, the new conversion would not be181

underestimated contrary to the conversion by Penttilä et al. (2022).182

Within the concept of different conversions from radiosity to irradiance, validation183

of the planetary albedo narrows to a task of comparing amounts of irradiance received184

by the satellite from the visible Earth disk. In the new conversion, we applied the CERES185

ADMs to OpenIFS ToA radiosity considering the orbit geometry of DSCOVR satellite.186

The validation hypothesis is as follows. The Earth irradiance of the DSCOVR satellite187

based on OpenIFS should agree with the Earth irradiance measured by the satellite.188

The short-wave irradiance of the DSCOVR satellite from a single OpenIFS grid cell189

is190

E =
N

π
Rx(θ0, θ, ϕ)

A cos θ

r2
, (2)

–5–
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where E is the scalar irradiance (Wm−2), N the ToA radiosity from a single grid cell191

(Wm−2), Rx(θ0, θ, ϕ) the angular distribution function for footprint type x of solar-zenith192

θ0, satellite-zenith θ, and relative azimuth ϕ angles, A the surface area of a footprint (m2),193

and r the footprint-satellite distance (m). Tabulated CERES angular distribution func-194

tions are interpolated over their defined range using tri-linear interpolation.195

DSCOVR satellite has NIST Advanced Radiometer (NISTAR) on board. It observes196

reflected and emitted radiation of the Earth’s sunlit hemisphere with single pixel active197

cavity radiometer measurements in full spectrum (Band-A, 0.2 − 100 µm), and in fil-198

tered broad bands (Band-B, 0.2−4 µm, and Band-C, 0.7−4 µm). Band-B data coin-199

cide with the spectral domain of short-wave radiation of the OpenIFS model. The raw200

irradiance measurements are made every 10 seconds, however, we use hourly values from201

a moving average with 4-hour window (Level 1B).202

3.1 Connecting Angular Distribution Models with OpenIFS model vari-203

ables204

The CERES/TRMM ADMs are stratified by scene types defined by parameters that205

have a strong influence on the angular dependence of the Earth’s outgoing radiation at206

ToA. The parameter space corresponds to almost 600 unique footprint types. The OpenIFS207

model provides output variables and parameters that can be connected with the CERES208

ADMs, as explained next.209

Clear-sky ocean ADMs are parametrized by surface wind speed, and the correspond-210

ing OpenIFS variable is the 10 metre wind speed (unit: m/s). The cloudy-ocean foot-211

print is parametrized by cloud cover fraction, micro-physical phase, and optical depth.212

Here, the OpenIFS variables are cloud cover (cloud fraction) and column liquid water213

and ice (unit: kg m−2). Optical depth τ is calculated according to Petty (2006):214

τ =
3L

2ρreff
, (3)

where L is the liquid/ice water content, ρ the water/ice density (g cm−3), and reff the215

effective droplet/crystal size (µm). Effective particle size reff is not provided in the model216

output. It is fixed to 15 µm here. Micro-physical phase at the cloud top is not resolved,217

hence we use the average over liquid and ice ADMs.218

Clear-sky land is parametrized by four types of vegetation foliage derived from land219

cover classification scheme IGBP (Friedl et al., 2010). OpenIFS operates Hydrology Tiled220

ECMWF Scheme for Surface Exchanges over Land (HTESSEL) (Balsamo et al., 2009),221

which differs from IGBP. We mapped HTESSEL scheme onto land cover types defined222

by CERES/TRMM. Clouds-over-land ADMs have the same land cover parameters as223

the clear-sky land, and added with cloud cover fraction, micro-physical phase, and op-224

tical depth.225

CERES/TRMM does not provide parametrization over snow and ice cover, because226

the Earth view by the mission was limited to ±38◦ of latitude. We used snow and ice227

ADMs from CERES/Terra, supplementing them with climatological permanent snow cover228

(in m of water equivalent).229

4 Results230

The hypothesis is tested next. We produced time series of the simulated short-wave231

DSCOVR irradiance for December 2020. We compared the result with the NISTAR Level232

1B hourly data. In Figure 2 (top), shortwave irradiance by OpenIFS+CERES (dashed233

line) is systematically lower than the NISTAR Band-B unfiltered measurements (solid234

line), on average by more than 10%. Daily and amplitude variations, and tendencies are235
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Figure 2. The measured (black solid line) and simulated (gray dashed line) shortwave Earth

irradiance received by DSCOVR satellite during December 2020, with hourly frequency. The

top figure shows original time series, on the bottom - time series are divided by their mean and

smoothed with 24-hour moving average. Mean observed irradiance: 5.648 mW/m2, mean simu-

lated irradiance: 4.986 mW/m2 Computations are done by integrating directional radiance over

the visible Earth disc, as described by equation 2.

generally well-captured by the simulation. Unfortunately, NISTAR measurements are236

not available for December 2016.237

Figure 3 illustrates the short-wave radiation anisotropy factors (i.e., values of the238

interpolated angular distribution functions) of CERES/TRMM and CERES/Terra ADMs239

together with a human-eye view of the Earth by EPIC imagery. Here, we visually demon-240

strate the classification of footprints using the OpenIFS model output connected with241

the CERES ADM parameters. Artifacts due to 10◦ resolution of the ADMs are visible242

as concentric rings within the disk. Curiously, glint and effect of non-zero phase angle243

(equals 2.1◦ at that time) are seen near the Earth’s sub-solar point.244

In addition, we estimated so-called ‘opposition effect’ of the visible Earth disk. Fig-245

ure 4 shows the surge in disk-integrated brightness along with DSCOVR phase angle val-246

ues during December 2020. The simulated effect is computed by integrating the ADM247

anisotropy factors over the disk, and the “observed” effect is time-interpolated NISTAR248

Band B irradiance divided by the irradiance from the OpenIFS model Earth assuming249

the Earth being an ideal Lambertian scatterer (Rx(θ0, θ, ϕ) ≡ 1). The “observed” value250

is larger than the simulated (range from 1.16 to 1.43 against 1.12 − 1.20). According251

to Fig. 4, the complex daily variability of the “observed” effect is weakly captured in the252

simulated effect time series. Notably, the value of ‘opposition effect’ is strongly associ-253

–7–
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Figure 3. EPIC 1b natural colour image taken at 2020-12-13 04:40:41 UTC (right) and cor-

responding anisotropy factors Rx from CERES/TRMM and CERES/Terra ADMs using the

OpenIFS fields for scene classification (left). Date and time of the simulation: 2020-12-13 05:00

UTC.
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Figure 4. Observed (solid black line) and simulated (dashed black line) disk-integrated

anisotropy factors (‘opposition effect’) and DSCOVR phase angle time series (red line) for De-

cember 2020. The epoch of Figure 3 is marked with the orange line.

ated with the phase angle, supporting findings of Marshak et al. (2021). Pearson cor-254

relation coefficient is −0.43 for the “observed”, and −0.83 for the simulated effect.255

5 Discussion256

The validation hypothesis is based on comparison of the simulated and the observed257

irradiance of DSCOVR satellite on an hourly scale. DSCOVR unique location in a Lis-258

sajous orbit around L1 point implies near-backscattering viewing geometry of the Earth.259

In this situation however, irradiance-to-radiosity conversion needed to estimate the plan-260

etary albedo is highly sensitive to weather and land cover properties, and to rapidly chang-261

ing viewing geometry due to rotation of the Earth.262

The validation hypothesis is rejected by NISTAR data in December 2020, and two263

possible reasons may contribute to the rejection. First, the Earth footprints classifica-264

tion scheme in CERES ADMs may not be fully applicable to the OpenIFS model data.265
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Figure 5. Total cloud cover over water bodies in view of DSCOVR satellite produced from

the OpenIFS output in December 2016 (solid) and December 2020 (dashed). The cloud cover

time series are shown as 24-hour window moving averages.

Second, the ADMs have substantial errors when close to backscattering, underestimat-266

ing the anisotropic factors of the Earth outgoing short-wave radiation. We hope the newest267

ADMs (Su et al., 2015, for example) are able to mitigate these potential weaknesses. How-268

ever, this model is not yet available as a standalone product.269

The insight into these two aspects is the following. It is hard to quantify the qual-270

ity of the classification scheme and its correspondence to numerical weather data. Yet,271

weather phenomena and land cover features are captured, and ought to deal noticeable272

impact on short-wave directional brightness of the Earth, as demonstrated in Figure 3.273

Also, underestimation of the anisotropic factors is substantial, as demonstrated in Fig-274

ure 4.275

In addition, we estimated one of the proxies for planetary albedo: the cloud cov-276

erage. We assessed the ocean cloud fraction that is in the field of view of DSCOVR satel-277

lite (i.e., on sunlit hemisphere). Abundant cloud cover is an indicator of a larger-than-278

usual planetary albedo, suggesting the proxy was larger during December 2020 compared279

to December 2016. Despite the suggestion, there is no increase in cloud coverage over280

the sunlit ocean in December 2020 with respect to December 2016, as seen from the OpenIFS281

data shown at Figure 5.282

6 Conclusions283

The short-lived increase in global albedo by more than 0.020 in December 2020 is284

not confirmed with approach based on OpenIFS model. The reason of such a high albedo285

retrieved from the EPIC measurements is that the phase angle of DSCOVR satellite de-286

creased to 1.8◦ at that time. CERES/TRMM angular distribution models, used to re-287

construct the Earth short-wave top-of-atmosphere radiosity, seem to underestimate the288

Earth reflectance for this near-backscattering geometry.289

Validation of the Earth’s planetary albedo is based on the forward-modelling of broad-290

band irradiance of a satellite: approach is reversed to estimating broadband planetary291

albedo from the satellite measurements. The input of such forward-modelling is the NWP292

model output supplied with parameterised empiric ADMs. We adopted the classifica-293

tion of the Earth’s footprints according to their reflective properties by using detailed294
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weather and climate products from OpenIFS and ECMWF. We hereby are able to con-295

nect the weather model variables as an input to empiric angular distribution functions,296

and diagnose them.297

Open Research Section298

The Earth’s planetary shortwave albedo retrievals are available at https://albedo299

.physics.helsinki.fi. The raw data by DSCOVR is available at the NASA Earth-300

Data site at https://asdc.larc.nasa.gov/data/DSCOVR. Availability of the OpenIFS301

initial states is described in Ollinaho et al. (2021). OpenIFS model requires a license for302

usage. See https://confluence.ecmwf.int/display/OIFS/OpenIFS+Licensing for303

details. Radiation angular distribution models are provided by CERES, and available304

at CERES (2015).305
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