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SUMMARY:  20 
The protocol extracts information from light curves of exoplanets and constructs their surface 21 
maps. It uses light curves of Earth, which serves as a proxy exoplanet, to demonstrate the 22 
approach. 23 
 24 
ABSTRACT:  25 
Spatially resolving exoplanet features from single-point observations is essential for evaluating 26 
the potential habitability of exoplanets. The ultimate goal of this protocol is to determine 27 
whether these planetary worlds harbor geological features and/or climate systems. We present 28 
a method of extracting information from multi-wavelength single-point light curves and 29 
retrieving surface maps. It uses singular value decomposition (SVD) to separate sources that 30 
contribute to light curve variations and infer the existence of partially cloudy climate systems. 31 
Through analysis of the time series obtained from SVD, physical attributions of principal 32 
components (PCs) could be inferred without assumptions of any spectral properties. Combining 33 
with viewing geometry, it is feasible to reconstruct surface maps if one of the PCs are found to 34 
contain surface information. Degeneracy originated from convolution of the pixel geometry and 35 
spectrum information determines the quality of reconstructed surface maps, which requires the 36 
introduction of regularization. For the purpose of demonstrating the protocol, multi-wavelength 37 
light curves of Earth, which serves as a proxy exoplanet, are analyzed. Comparison between the 38 
results and the ground truth is presented to show the performance and limitation of the protocol. 39 
This work provides a benchmark for future generalization of exoplanet applications. 40 
 41 
INTRODUCTION:  42 
Identifying habitable worlds is one of the ultimate goals in astrobiology1. Since the first 43 
detection2, more than 4000 exoplanets have been confirmed to date3 with a number of Earth 44 
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analogs (e.g., TRAPPIST-1e)4. These planets have orbital and planetary properties similar to those 45 
of Earth, and therefore are potentially habitable. Evaluating their habitability from limited 46 
observations is essential in this context. Based on the knowledge of life on Earth, geological and 47 
climate systems are critical to habitability, which can therefore serve as biosignatures. In 48 
principle, features of these systems could be observed from a distance even when a planet could 49 
not be spatially resolved better than one single point. In this case, identifying geological features 50 
and climate systems from single-point light curves is essential when assessing the habitability of 51 
exoplanets. Surface mapping of these exoplanets becomes urgent. 52 
 53 
Despite the convolution between viewing geometry and spectral features, information of an 54 
exoplanet’s surface is contained in its time-resolved single-point light curves, which can be 55 
obtained from a distance, and derived with sufficient observations. However, two-dimensional 56 
(2D) surface mapping of potentially habitable Earth-like exoplanets is challenging due to the 57 
influence of clouds. Methods of retrieving 2D maps have been developed and tested using 58 
simulated light curves and known spectra5-8, but they have not been applied to real observations. 59 
Moreover, in the analyses of exoplanet observations now and in the near future, assumptions of 60 
characteristic spectra may be controversial when the planetary surface compositions are not 61 
well-constrained. 62 
 63 
In this paper, we demonstrate a surface mapping technique for Earth-like exoplanets. We use 64 
SVD to evaluate and separate information from different sources that is contained in multi-65 
wavelength light curves without assumptions of any specific spectra. Combined with viewing 66 
geometry, we present the reconstruction of surface maps using timely resolved but spatially 67 
convoluted surface information. For the purpose of demonstrating this method, two-year multi-68 
wavelength single-point observations of Earth obtained by the Deep Space Climate 69 
Observatory/Earth Polychromatic Imaging Camera (DSCOVR/EPIC; 70 
www.nesdis.noaa.gov/DSCOVR/spacecraft.html) are analyzed. We use Earth as a proxy 71 
exoplanet to assess this method because currently available observations of exoplanets are not 72 
sufficient. We attach the code with the paper as an example. It is developed under python 3.7 73 
with anaconda and healpy packages, but the mathematics of the protocol can also be done in 74 
other programming environments (e.g., IDL or MATLAB). 75 
 76 
PROTOCOL:  77 
 78 
1. Programming setup 79 
 80 
1.1. Set up the programming environment for the attached code. A computer with Linux 81 
operating system is required, as the healpy package is not available on Windows. The code is not 82 
computationally expensive, so a normal personal computer can handle the protocol. 83 
 84 
1.2. Follow the instruction (https://docs.anaconda.com/anaconda/install/linux/) to install 85 
Anaconda with Python 3.7 onto the system, then use the following commands in terminal to set 86 
up the programming environment: 87 
$ conda create --name myenv python=3.7 88 

http://www.nesdis.noaa.gov/DSCOVR/spacecraft.html
https://docs.anaconda.com/anaconda/install/linux/


   

   
 

$ conda activate myenv 89 
$ conda install anaconda 90 
$ conda install healpy 91 
 92 
NOTE: These steps many take minutes depending on the hardware and Internet speed. The 93 
environment name ‘myenv’ in the first two command lines can be changed to any other string. 94 
 95 
2. Obtaining multi-wavelength light curves and viewing geometry from observations 96 
 97 
2.1. In the viewing geometry, include the longitude and latitude of the sub-stellar and the sub-98 
observer points for each corresponding time frame. 99 
 100 
To use the following attached code, ensure that these two files have the same format as 101 
LightCurve.csv and Geometry.csv.  102 
 103 
2.2. Run PlotTimeSeries.py to visualize the data and check their qualities. Two figures 104 
LightCurve.png and Geometry.png will be created (Supplemental Figure 1-2). Parameters in this 105 
and following plotting codes may need to be adjusted if applied to different observations. 106 
$ python PlotTimeSeries.py LightCurve 107 
$ python PlotTimeSeries.py Geometry 108 
 109 
3. Extract surface information from light curves 110 
 111 
3.1. Center time-resolved multi-wavelength albedo light curves of an exoplanet and normalize 112 
them by corresponding standard deviation at each wavelength. This results in the equal 113 
importance of each channel. 114 

𝑅′𝑡,𝑘 =
𝑅𝑡,𝑘 − 𝜇𝑘

𝜎𝑘
 115 

where R’t,k and Rt,k are the scaled and observed albedo at the t-th time step and the k-th 116 
wavelength, respectively; μk and σk are the mean and standard deviation of the albedo time series 117 
at the k-th wavelength. 118 
  119 
3.1.1. Run Normalize.py to normalize the light curves, Rt,k. The output is saved in 120 
NormalizedLightCurve.csv. 121 
$ python Normalize.py 122 
 123 
3.2. Run PlotTimeSeries.py to visualize the normalized light curves. A figure 124 
NormalizedLightCurve.png will be created (Supplemental Figure 3). 125 
$ python PlotTimeSeries.py NormalizedLightCurve 126 
 127 
3.3. Apply SVD on the scaled albedo light curves to find dominant PCs and their corresponding 128 
time series. 129 

𝑹′[𝑇×𝐾] = 𝑼[𝑇×𝐾]𝜮[𝐾×𝐾]𝑽[𝐾×𝐾]
𝑇  130 

On the left hand side, T and K are the total number of time steps and observation wavelengths; 131 



   

   
 

R’ is the matrix of scaled albedo observations, whose (t,k)-th element is R’t,k. On the right hand 132 
side, columns of V are PCs, orthonormal vectors that define the space SVD projects to; Σ is a 133 
diagonal matrix, whose (k,k)-th element is the standard deviation of scaled light curves along the 134 
k-th axis defined by the k-th column of V; columns of U are the corresponding time series of each 135 
PC in V. 136 
 137 
3.3.1. Run SingularValueDecomposition.py to decompose R’. The resulting U, Σ, VT are saved in 138 
the output files U.csv, SingularValue.csv and V_T.csv, respectively. 139 
$ python SingularValueDecomposition.py 140 
 141 
3.4. Use PlotTimeSeries.py and PlotSVD.py to visualize the SVD result. Three figures U.png, 142 
Sigma.png and V_T.png will be created (Supplemental Figure 4-6). 143 
$ python PlotTimeSeries.py U 144 
$ python PlotSVD.py 145 
 146 
3.5. Analyze contributions and corresponding time series of PCs to determine the one that 147 
contains surface information. 148 
 149 
3.5.1. Compare the singular values at the diagonal of Σ. An Earth-like partially cloudy exoplanet 150 
is expected to have two comparable dominant singular values. 151 
 152 
NOTE: Σ may contain less or more than two dominant singular values, which is discussed below. 153 
 154 
3.5.2. Compare the time series patterns of the two dominant PCs. The PC that contains surface 155 
information tends to have more regular shape than the other. Due to the longitudinal asymmetry 156 
and the reappearance of surface with small changes in two consecutive days, the corresponding 157 
time series tends to have approximately constant daily variation. 158 
 159 
3.5.3. Compute the periodicities of the two dominant PCs using Lomb-Scargle periodogram9,10 160 
to confirm the selection of PC. The PC that contains surface information tends to have higher 161 
peak corresponding to rotation period in the power density spectrum. 162 
 163 
3.5.4. Run Periodogram.py to obtain the power spectra of the time series of each PC. The power 164 
spectra are saved in Periodogram.csv.  165 
$ python Periodogram.py 166 
 167 
3.5.5. Run PlotPeriodogram.py to visualize these periodograms and confirm the selection of PC. 168 
A figure Periodogram.png will be created (Supplemental Figure 7). The current plotting code 169 
adds in dashed lines representing annual, semi-annual, diurnal and half-daily cycles for reference, 170 
which may need to be changed when applied to other observations. 171 
$ python PlotPeriodogram.py 172 
 173 
3.5.6. Select the PC, vj, that contains surface information and its time series, uj. 174 

𝒗𝒋[𝐾×1] = 𝑽[𝐾×𝐾][: , j] 175 



   

   
 

𝒖𝒋[𝑇×1] = 𝑼[𝑇×𝐾][: , j] 176 

where V[:,j] and U[:,j] are the j-th columns of V and U, respectively; j is the index of PC inferred 177 
at step 3.3 that contains surface information. 178 
 179 
4. Construct planetary surface map 180 
 181 
4.1. Use the Hierarchical Equal Area iso-Latitude Pixelization (HEALPix)11 method to pixelate 182 
the retrieving map. It divides spherical surface of a planet into pixels with the same area and 183 
uniform distribution. Denote the unknown value of the p-th pixel as xp. 184 
 185 
4.1.1. Run HEALPixRandom.py to visualize the pixelization method. A figure 186 
HEALPixRandom.png will be created (Supplemental Figure 8). The parameter Nside at line 17 can 187 
be changed for different resolutions. This step may take a few seconds to minutes depending on 188 
the resolution. 189 
$ python HEALPixRandom.py 190 
 191 
4.2. Compute the weight of the p-th pixel in observations at the t-th time step, wt,p, using 192 
viewing geometry. 193 

𝑤𝑡,𝑝 = {
𝑐𝑡 cos(𝛼𝑡,𝑝) cos⁡(𝛽𝑡,𝑝) 𝑤ℎ𝑒𝑛⁡𝛼𝑡,𝑝 < 90°⁡𝑎𝑛𝑑⁡𝛽𝑡,𝑝 < 90°

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 194 

where αt,p, βt,p are the solar and the spacecraft zenith angles at the pixel; ct is a normalization 195 
term of the t-th observation so that sum of the total weight at each time step is unity. 196 
 197 
NOTE: Geometry is assumed to be known at this step, or can be derived from other analysis, 198 
which is discussed below. 199 
 200 
4.2.1. Run ComputeWeight.py to compute wt,p. Change the value of Nside at line 23 for other 201 
resolutions of the retrieved map. The output is saved as W.npz due to its size. 202 
$ python ComputeWeight.py 203 
 204 
4.3. Use PlotWeight.py to visualize these weights. A number of figures, one at each time step, 205 
will be created in a folder Weight. Merging them results in Supplemental Video 1, which shows 206 
how the weight of each pixel changes with time. The first command line takes minutes depending 207 
on the resolution, and the second may take hours to finish due to the large number of 208 
visualizations. 209 
$ python PlotWeight.py 210 
 211 
4.4. Combine geometry and observations to reach a linear regression problem. 212 

𝑾[𝑇×𝑃]𝒙[𝑃×1] = 𝒖𝒋[𝑇×1] 213 

where P is the total number of retrieving pixels; W is the weight matrix with wt,p as the (t,p)-th 214 
element; x consists of xp as the p-th element, which is the quantity to be solved in this problem. 215 
 216 
Solve the linear regression problem with a regularization of L-2 norm. 217 

𝒙 = (𝑾𝑇𝑾+ 𝜆𝑰)−1𝑾𝑇𝒖𝒋 218 



   

   
 

where I is the identity matrix and λ is the regularization parameter. 219 
 220 
NOTE: 10-3 is a good value for λ when T~104 and P~3*103. They should be adjusted by comparing 221 
the values of the two terms in the regularized square error, e, as shown below. 222 

𝑒 = |𝑾𝒙 − 𝒖𝒋|2
2
+ 𝜆|𝒙|2

2 223 

 224 
4.4.1. Run LinearRegression.py to solve this linear regression problem. The result of x is saved 225 
in the file PixelValue.csv. Change the value of λ at line 16 for different strengths of regularization. 226 
$ python LinearRegression.py 227 
 228 
4.5. Convert x to a 2D surface map according to the mapping rule of HEALPix. 229 
 230 
4.5.1. Run PlotMap.py to construct the retrieved maps using different regularization 231 
parameters. Three figures Map_-2.png, Map_-3.png and Map_-4.png will be created with the 232 
current setting (Supplemental Figure 9). The relationship between the pixel indices and their 233 
locations on map is described in the HEALPix document11. This step takes tens of seconds. 234 
$ python PolotMap.py 235 
 236 
5. Estimate uncertainty of the retrieved map 237 
 238 
5.1. Rewrite the linear regression problem at step 4.3 with the “true value” of x as z and the 239 
observation noise, ε. 240 

𝑾[𝑇×𝑃]𝒛[𝑃×1] + 𝜺[𝑇×1] = 𝒖𝒋[𝑇×1] 241 

 242 
5.1.1. Assume ε to follow a Gaussian Distribution N (0, σ2I[T*T]) and estimate its covariance. T-P 243 

is the degree of freedom of uj from observation when the retrieved map is fixed. 244 

𝜎2 =
(𝒖𝒋 −𝑾𝒙)

𝑇
(𝒖𝒋 −𝑾𝒙)

𝑇 − 𝑃
 245 

 246 
5.1.2. Combine equations in step 4.4 and 5.1. It results in a Gaussian vector of x. 247 

𝒙 = (𝑾𝑇𝑾+ 𝜆𝑰)−1(𝑾𝑇𝑾)𝒛 + (𝑾𝑇𝑾+ 𝜆𝑰)−1𝑾𝑇𝜺 248 
 249 
5.1.3. Compute the expectation and the covariance matrix of x. 250 

𝑬[𝒙] = (𝑾𝑇𝑾+ 𝜆𝑰)−1(𝑾𝑇𝑾)𝒛 251 
𝑪𝒐𝒗[𝒙] = 𝜎2(𝑾𝑇𝑾+ 𝜆𝑰)−1𝑾𝑇𝑾(𝑾𝑇𝑾+ 𝜆𝑰)−1 252 

 253 
5.1.4. Obtain the uncertainty of each element in x as the square root of the corresponding 254 
element on the diagonal of Cov[x]. 255 

𝑒𝑝 = √𝑫𝒊𝒂𝒈[𝑪𝒐𝒗[𝒙]]
𝑝

 256 

where ep is the uncertainty of xp; Diag[Cov[x]]p is p-th element on the diagonal of Cov[x]. 257 
 258 
5.1.5. Run ‘Covariance.py’ to compute the covariance matrix of x. The result is saved in 259 



   

   
 

‘Covariance.npz’ due to its size. This step takes tens of seconds to minutes depending on the size 260 
of W. 261 
$ python Covariance.py 262 
 263 
5.2. Convert ep to the retrieved 2D map according to the mapping rule of HEALPix. 264 
 265 
5.2.1. Run PlotCovariance.py to visualize Cov[x] and map the uncertainty ep to the retrieved 266 
map. Two figures Covariance.png and Uncertainty.png will be created (Supplemental Figure 10-267 
11). 268 
$ python PlotCovariance.py 269 
 270 
REPRESENTATIVE RESULTS:  271 
We use multi-wavelength single-point light curves of Earth to demonstrate the protocol, and 272 
compare the results with the ground truth to evaluate the quality of surface mapping. 273 
Observation used here is obtained by DSCOVR/EPIC, which is a satellite located near the first 274 
Lagrangian point (L1) between Earth and Sun taking images at ten wavelengths of the sunlit face 275 
of Earth. Two years (2016 and 2017) of observations are used for this demonstration, which are 276 
the same as those in Jiang et al. (2018)12 and Fan et al. (2019)13, where more details about the 277 
observations are presented. A sample observation at 9:27 UTC, 2017 February 8 is shown in 278 
Figure 1. Images of Earth are integrated to single points to simulate light curve observations 279 
obtained by Aliens, distant observers, who could not spatially resolve Earth better than one pixel. 280 
Therefore, multi-wavelength single-point exoplanet light curves with ~10,000 time steps are 281 
generated, which are the input data of this protocol. 282 
 283 
Following step 3, we find two dominant PCs in the multi-wavelength light curves, and the second 284 
PC (PC2) contains surface information. Derived as step 3.5, time series of PC2 shows more regular 285 
morphology with an approximately constant daily variation, and its power spectrum shows 286 
stronger diurnal cycle than the first PC (PC1, Figure 2). Therefore, a surface map of this proxy 287 
exoplanet is constructed following step 4 (Figure 3a), which consists of the value of PC2 at each 288 
pixel. Compared with the ground truth of Earth (Figure 3b), the reconstructed map recovers all 289 
major continents, despite some disagreements in the southern hemisphere where clouds 290 
partially prevent surface information from being observed. Uncertainty of each pixel value 291 
obtained according to step 5 (Figure 3c) is on the order of 10% of that in the retrieved map, 292 
suggesting a good quality of the surface mapping and a positive result. 293 
 294 
FIGURE AND TABLE LEGENDS:  295 
Figure 1. Reflectance images of Earth’s sunlit hemisphere. The observations are taken by 296 
DSCOVR/EPIC at ten wavelengths and at 9:27 UTC, 2017 February 8. 297 
 298 
Figure 2. Time series and power spectra of the two dominant PCs. (a) Time series of PC1. Daily 299 
maximum and minimum are denoted by black lines. (b) Power spectrum of PC1’s time series. 300 
Annual, semi-annual, diurnal and half-daily cycles are denoted as black dashed line. (c) and (d) 301 
are identical to (a) and (b), but correspond to PC2. This figure is taken from Fan et al. (2019)13. 302 
 303 



   

   
 

Figure 3. Reconstruction of Earth’s surface. (a) Surface map of Earth, which serves as a proxy 304 
exoplanet, reconstructed from multi-wavelength light curves. Colors in the map are the values of 305 
PC2 at each pixel. The contour of median value is denoted as the black line. (b) Ground truth of 306 
Earth’s surface map. (c) Uncertainty of the reconstructed map shown in (a). This figure is modified 307 
from Fan et al. (2019)13. 308 
 309 
Figure 4. Result of finding the optimal regularization parameter. The optimal value of the 310 
regularization parameter λ is 10-3.153 (dashed line) when χ2 of the reconstruction (solid line) 311 
reaches its minimum. 312 
 313 
Figure 5. Sensitivity test of observation noise. (a) Correlation coefficient between PC2 and land 314 
fraction in the field of view (solid line) derived from observations with different signal to noise 315 
ratios (S/Ns). The original correlation from light curves without noise is shown as the dashed line. 316 
(b) The importance of each PC on the land fraction derived with different observation S/Ns. The 317 
importance is computed using Gradient Boosted Regression Trees (GBRT) models as described in 318 
Fan et al. (2019)13. 319 
 320 
SUPPLEMENTARY FILES: 321 
Supplemental Figure 1. Time series of reflectance of Earth at ten wavelengths. 322 
 323 
Supplemental Figure 2. (a) Time series of latitude of the sub-observer point. (b) Same as (a), 324 
but for longitude. (c) and (d) are identical to (a) and (b), but correspond to the sub-stellar point. 325 
 326 
Supplemental Figure 3. Time series of normalized reflectance of Earth at ten wavelengths. 327 
 328 
Supplemental Figure 4. Time series of the ten PCs, columns of U. 329 
 330 
Supplemental Figure 5. Singular values corresponding to each PC, diagonal elements of Σ. 331 
 332 
Supplemental Figure 6. Normalized reflectance spectra of ten PCs, columns of V. 333 
 334 
Supplemental Figure 7. Power density spectra of time series of ten PCs. 335 
 336 
Supplemental Figure 8. Pixelization of retrieving map, filled with random pixel values. 337 
 338 
Supplemental Figure 9. Reconstructed map of Earth using different regularization parameters 339 
of (a) 10-2, (b) 10-3, and (c) 10-4. 340 
 341 
Supplemental Figure 10. Covariance matrix of x. 342 
 343 
Supplemental Figure 11. Square root of the diagonal elements of the covariance matrix of x, 344 
mapped onto the retrieved surface map. 345 
 346 
Video S1. Pixel weights for observations at each time frame in 2016 and 2017. 347 



   

   
 

 348 
DISCUSSION:  349 
One critical requirement of the protocol is the feasibility of extracting surface information from 350 
light curves, which depends on the cloud coverage. In step 3.5.1, the relative values of the PCs 351 
may be different among exoplanets. In the case of Earth, the first two PCs dominate the light 352 
curve variations, and correspond to surface-independent clouds and surface (Fan et al. 2019)13. 353 
They have comparable singular values so that the surface information can be separated following 354 
steps 3.5.2 and 3.5.3. For a future observation of exoplanet, in extreme cases of either an entirely 355 
cloudy or a cloud-free exoplanet, only one dominant PC would appear in the SVD at step 3.3. 356 
Spectral analysis is necessary in this case to interpret the meaning of this PC, as compositions of 357 
clouds and surface are different. If the dominant PC corresponds to the surface, step 4 and 5 358 
could still be followed; if it corresponds to clouds, a conclusion can be drawn that surface 359 
information is blocked by clouds and therefore cannot be extracted using light curves at any 360 
wavelengths. In this case, surface mapping is not feasible. A third or even fourth comparable 361 
dominant PC may also exist, which can correspond to another layer of clouds or large-scale 362 
hydrological processes, and would not invalidate the following steps of the method as long as the 363 
surface information is extracted. 364 
 365 
Degeneracy resulting from the convolution of geometry and spectrum is the dominant factor that 366 
constrains the quality of the retrieved map, as discussed in Cowan & Strait (2013)14 and Fujii et 367 
al. (2017)15. As the time series of dominant PCs cover only a small portion of the PC plane, there 368 
is always a trade-off between spatial and spectral variations. In other words, the retrieved map 369 
(Figure 2a) could not be much improved even with an infinite number of time steps and perfect 370 
observations, as long as using light curves at the same wavelengths. We introduce the 371 
regularization to partially relieve the degeneracy. The optimal value of the regularization term λ 372 
in step 4.4 is determined using observations synthesized by the ground truth, where the observed 373 
uj is replaced by weighted and scaled land fractions in the field of view (FOV). To generate the 374 
synthetic observation, we use the equation at step 4.3 and replace x with the ground truth land 375 
fractions of each pixel, y. y is scaled to the same range with x using the strong linear correlation 376 
between PC2 of observation, u2, and the averaged FOV land fraction13. Due to the degeneracy, y 377 
cannot be perfectly recovered from the linear regression in step 4.4, so we determine the optimal 378 
value of λ by finding the minimum of χ2, squared residual scaled by the variance of each pixel. 379 
The latter is estimated by the absolute value of each pixel. This is similar to the L-curve criterion 380 
in Kawahara & Fujii (2011)16. In the particular case of this paper where T=9739 and P=3072, the 381 
optimal value of λ is 10-3.153 (Figure 4). 382 
 383 
Observation noise, another factor that influences the mapping quality, may corrupt the SVD 384 
analysis of light curves in practical. We test the robustness of the protocol by introducing 385 
different levels of observation noise to the original light curves. They are assumed to contain all 386 
noise sources (e.g. sky background, dark current and readout noise), and follow Gaussian 387 
distribution. In the original light curves without noise, PC2 shows strong (r2=0.91) linear 388 
correlation with the FOV land fraction13, so its time series is used for the surface mapping. With 389 
increasing noise level, the correlation between PC2 and surface becomes weaker (Figure 5). The 390 
correlation coefficient, r2, becomes below 0.5 when the signal to noise ratio (S/N) is less than 10 391 



   

   
 

(Figure 5a), although the importance of PC2 is still dominant (Figure 5b). We suggest a minimum 392 
S/N of 30 for confidently applying the protocol in future generalization. It is worth noting that 393 
S/N here is the ratio of exoplanet signal to the observation noise, with the signal of parent star 394 
being removed. 395 
 396 
Viewing geometry is assumed to be known at step 4.2, as precisely deriving viewing geometry 397 
from exoplanet observations is beyond the scope of this work. Besides the orbital elements that 398 
can be derived from light curve observations, and rotation period from power density spectra 399 
(Figure 2b and 2d), there are only two quantities, summer/winter solstice and obliquity, that are 400 
required for surface mapping. Summer/winter solstice usually coincide with extremum of time 401 
series of the surface corresponding PC, as long as there exists noticeable asymmetry between 402 
northern and southern hemispheres. Obliquity of the exoplanet can be inferred from its influence 403 
on the amplitude and frequency of light curves17,18. All these derivations require observations 404 
sampling frequency at least higher than that of planetary rotation, which is currently rarely 405 
satisfied for exoplanets. 406 
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