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Abstract 12 

13 

The Imaging InfraRed Spectrometer (IIRS) on board Chandrayaan-2 has been providing high14 

spatial and spectral resolution observations of the lunar surface in 256 spectral bands (0.7-5 𝜇m) since15 

September 2019. It is primarily meant for mineral mapping and the identification of hydration features16 

on the lunar surface using reflectance spectra in the range of 0.7-3.2 µm. Here, we have used the IIRS17 

observations in the 3-5 𝜇m range for the retrieval of daytime lunar surface temperature and the18 

spectral emissivity using an optimal estimation theory-based retrieval algorithm. The surface19 

temperature is retrieved at every pixel while spectral emissivity is retrieved at every third pixel of the20 

hyperspectral image. The mean uncertainty of retrieved spectral emissivity varies from 0.04 to 0.0821 

while for surface temperature it is about 3.5 K. The retrieved spectral emissivity is found to be in close 22 

agreement with the emissivity of the Apollo 16 return soil samples. 23 

24 
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1 Introduction27 

The lunar surface temperature (Ts) and emissivity (ε) are important physical parameters28 

required for the better understanding of its geological and physical characteristics [1]. Surface29 

emissivity is an intrinsic property of minerals. Its knowledge is required for the surface mineral30 

composition mapping [2] as well as for the estimation of surface energy budget [3]. Precise lunar31 

surface composition mapping using near-infrared observations involves thermal correction for which32 

accurate surface temperature is required. The surface temperature also serves as a boundary condition33 

in various dynamic models which are being developed for understanding the thermal evolution of the 34 

Moon and the behaviour of its near-surface volatiles [4].35 

1 Corresponding Author: Satya P Ojha, EPSA, Space Applications Centre, Ahmedabad - 380058, India. Email-satyaprakash.ojha@gmail.com 
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 The lunar surface temperature can be retrieved by the inversion of surface emitted radiance 36 

observations. As surface emitted radiance is a function of surface emissivity its value must be known 37 

for the inversion of lunar surface temperature.  Since the lunar surface emissivity is not yet available 38 

at global scale, it is assumed to be fixed in a defined range prescribed by various researchers ([5], [6], 39 

[7] and [8]). However, as the lunar surface is known to have spatial compositional variations a fixed 40 

emissivity value is not a correct assumption. It may lead to some uncertainties in the application of 𝑇𝑠, 41 

such as the comparison between day-time and night-time surface temperatures and the calculation of 42 

the surface energy balance [9]. To achieve accurate physical lunar surface temperature, the effect of 43 

emissivity must be removed from the radiance observations. 44 

A Global dataset of lunar surface temperature retrieved using LRO diviner observations is available at 45 

0.5o spatial and 0.25 hr temporal resolution [10]. Ren et al. [9] derived the lunar surface temperature 46 

and emissivity from Diviner Lunar Radiometer Experiment Sensor observations using the temperature-47 

emissivity separation (TES) algorithm. The TES algorithm was originally developed for the retrieval of 48 

Earth’s land surface temperature and emissivity from multiple narrow channels in the wavelength 49 

range of 8-14 𝜇𝑚 from five thermal infrared channels of the Advanced Spaceborne Thermal Emission 50 

and Reflection Radiometer (ASTER) on-board the TERRA satellite of Earth Observation System [11]. It 51 

is worth mentioning here that the retrieval algorithm of Ren et al. [9] involves the development of an 52 

empirical relationship among different channels of spectral emissivity and their maximum-minimum 53 

normalised emissivity difference (MMD). The development of this empirical relationship for the lunar 54 

surface requires the emissivity of lunar samples in the channels of interest. Variations in surface 55 

temperature with solar inclination angle are ignored in this algorithm. Recently, Verma et al. [12] 56 

developed a method for the estimation of lunar surface temperature for Ch-2 IIRS observations. Their 57 

method utilises only the longer wavelength channels of IIRS for the estimation of lunar surface 58 

temperature. They used fixed emissivity values in their calculations and did not apply the topographic 59 

corrections to the observations. As discussed above, the assumption of fixed emissivity may introduce 60 

large uncertainties in the surface temperature retrieval. This becomes more important when dealing with 61 
very high-resolution datasets such as Ch2-IIRS (80 m). They provide long stipes of data with varying 62 
lithologies. So constant emissivity assumption will no more be valid there. The retrieval of the surface 63 
temperature from remote sensing observations is mathematically underdetermined. To make it 64 
deterministic, either the emissivity must be known, or the surface temperature and emissivity must be 65 
simultaneously retrieved by reducing the number of unknowns or increasing the number of equations 66 
through reasonable assumptions or constraints. Using multiple channel observations will increase the 67 
information and thus provide better estimates of the retrieved surface temperature and emissivities. The 68 
topography of the surface is responsible for the redistribution of solar radiation or emissive thermal 69 
radiation. The at-sensor radiance is a function of sensor viewing geometry (solar incidence angle, 70 
emergence angle, phase angle, etc.) which in turn is dependent on the surface topography. So, prior to 71 
using the observations for surface temperature retrieval either they should be corrected for the effects 72 
arising due to the local topography, or the underlying model being used for the retrieval, should have 73 
the components/terms accounting for the topographic correction.  74 

 75 

 This paper presents an algorithm for the simultaneous physical retrieval of lunar surface 76 

temperature and surface spectral emissivity, in the 3-5 𝜇𝑚 range, from the IIRS observations. The 77 

following section provides a brief description of the Chandrayaan-2 IIRS instrument. The retrieval 78 

algorithm is described in section 3. The results and discussion are presented in section 4. 79 

 80 
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2 Chandrayaan-2 IIRS instrument 81 

  The IIRS is a 256-band imaging spectrometer covering 0.7-5 𝜇m spectral range. It is an 82 

advanced version of the Hyper Spectral Imager (HySI), Moon Mineralogy Mapper (M3) [13] and near-83 

InfraRed spectrometer (SIR-2) flown on Chandrayaan-1 mission. The IIRS instrument provides 84 

observations at 80 m spatial resolution with swath coverage of 20 km [14]. The M3 on-board 85 

Chandrayaan-1 provided observations with a ground resolution of 140 m from an orbit of 100 km [15]. 86 

The enhanced spectral range and spatial resolution of the IIRS instrument will help in better 87 

understanding of the lunar crust, full characterization of the hydration, and improved thermal emission 88 

correction from the measured data.  IIRS is a dispersive grating-based instrument, which provides 89 

instantaneous spectra of the lunar surface [14]. It is primarily designed for mapping the lunar surface 90 

composition and volatiles to understand the geologic origin and evolution of the moon. Since 91 

September 2019, IIRS is providing observations of lunar surface in 256 spectrally contiguous channels 92 

from a circular orbit of 100 km.   93 

 94 

3 Theoretical formulation and retrieval technique  95 

  All objects with temperatures above absolute zero emit electromagnetic (EM) radiation. The 96 

amount of radiation emitted by a black body, in thermal equilibrium with its surroundings, at 97 

wavelength 𝜆 and temperature 𝑇𝑠 is described by Planck’s law:  98 

 99 

 𝐵(𝜆, 𝑇𝑠) =
2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝜆𝑘𝑇𝑠−1

 (1) 100 

 101 

where B(𝜆,𝑇𝑠) is the spectral radiance (W 𝑚−2𝜇𝑚−1𝑠𝑟−1) of a black body at temperature 𝑇𝑠 (K) and 102 

wavelength 𝜆 (𝜇m), ℎ is the Planck’s constant, 𝑐 is the speed of light and 𝑘 is the Boltzmann constant. 103 

The spectral radiance of a non-black body is the product of its spectral emissivity (𝜖𝜆) and the Planck’s 104 

radiance given by Eq. (1). In the absence of atmosphere (as over the moon) its influence on the 105 

measured radiance can be ignored. In such cases, the surface temperature can be retrieved 106 

considering it as the variable in Eq. (1) provided that the emitted radiance and emissivity are known. 107 

The emission spectra peaks at a characteristic frequency that shifts to higher frequency with increasing 108 

temperature (Fig. 1). Although, the maximum emission occurs at a characteristic wavelength but the 109 

emission happens at all wavelengths. The emission decreases as the distance from the peak emission 110 

wavelength increases. If the instrument sensor is good enough to pick up the weak emission signals, 111 

then it is possible to retrieve temperature from radiance observation at any wavelength. The surface 112 

temperature on the moon varies from 40-400 K globally [10]. However, during daytime it ranges from 113 

400 K at the equator to 50 K at poles. The IIRS instrument is not designed for direct measurements of 114 

the surface temperature. It was designed for volatile characterization and mineral mapping over the 115 

lunar surface, for which reflectance is the primary observation. Therefore, its orbit is planned in such 116 

a way that it provides observations during sunlight hours only. In ±70° latitude band the daytime 117 

surface temperature of the moon roughly varies between 250-400 K [10]. As the selected IIRS channels, 118 

in this study, are sensitive to this temperature range the inversion of IIRS observations will provide a 119 

reasonable estimate of the daytime lunar surface temperature in ±70° latitude region. These 120 

observations are not suitable for the retrieval of the lunar surface temperatures below 250 K.  121 
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 Here, we have used the IIRS observations in 3-5 µm range for the simultaneous retrieval of 122 

daytime lunar surface temperature and the spectral emissivity. The retrieval is performed using an 123 

optimal estimation [16] based algorithm. The radiation in the 3-5 µm range is not purely emissive, it 124 

also contains the reflected component. Moreover, these two components are coupled via emissivity. So, 125 
it is difficult to separate them. In the presence of topographic features, it is even more difficult. To 126 
retrieve surface temperature from these radiance measurements, the reflected component needs to be 127 
eliminated; otherwise, it will result in a high surface temperature estimation. Proper modelling of the 128 
reflected radiation is essential to reduce the uncertainties associated with surface temperature and 129 

emissivity retrieval.  So, Eq. (1) needs to be modified to account for the reflection. In the context of 130 

retrieval, the functional relationship between the state vector and the observations is called the 131 

forward model. It is required for the retrieval using the optimal estimation. The forward model and 132 

the optimal estimation method used in this study are described in the following sections. 133 

 134 

3.1 Forward model: Radiative transfer model 135 

  The spectral radiance 𝐼𝜆, measured by IIRS, at a given wavelength 𝜆 can be written as  136 

 137 

 𝐼𝜆 = 𝐼𝜆
𝑟 + 𝐼𝜆

𝑒 (2) 138 

 139 

where, 𝐼𝜆
𝑟 is the reflected radiance and 𝐼𝜆

𝑒 is the thermally emitted radiance. The reflected radiance 140 

can be written as  141 

 142 

 𝐼𝜆
𝑟 = 𝑅𝜆

𝐽𝜆

𝜋𝑑𝑎𝑢
2 𝐴(𝛼)𝐷(𝜃, 𝑒) (3) 143 

 144 

where, 𝐽𝜆 is the spectral solar irradiance, 𝛼 is the phase angle, 𝜃 is the solar incidence angle, 𝑒 is the 145 

emergence angle, 𝑑𝑎𝑢 is the mean Sun-Moon distance in astronomical units and 𝑅𝜆 is the bidirectional 146 

reflectance. 𝐴 and 𝐷 are the phase and disk function [17], respectively. Here, we have assumed 147 

isotropic scattering (𝐴=1) for simplification. The thermal emission term 𝐼𝜆
𝑒 can be written as  148 

 149 

 𝐼𝜆
𝑒 = 𝜖𝜆𝐵(𝜆, 𝑇𝑠) (4) 150 

or 𝐼𝜆
𝑒 = 𝜖𝜆

2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝜆𝑘𝑇𝑠−1

 (5) 151 

 152 

where ℎ is the Planck’s constant, 𝑐 is the speed of light, 𝑘 is the Boltzmann constant, 𝜖𝜆 is the surface 153 

emissivity, 𝐵(𝜆, 𝑇𝑠) is the Planck’s radiation at wavelength 𝜆 and temperature 𝑇𝑠. Using Eqs. (3) and (5) 154 

and if the Kirchhoff’s Law (𝑅𝜆 = 1 − 𝜖𝜆) is valid, we can write Eq. (2) as  155 

 156 

 𝐼𝜆 = (1 − 𝜖𝜆)
𝐽𝜆

𝜋𝑑𝑎𝑢
2 𝐷(𝜃, 𝑒) + 𝜖𝜆

2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝜆𝑘𝑇𝑠−1

 (6) 157 
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 158 

If a surface is isothermal in the infrared (IR) skin depth, despite external conditions the Kirchhoff’s law 159 

is applicable [18].  160 

 161 

3.2 Optimal Estimation 162 

  For a given set of radiance observations 𝒚 and an a priori state vector 𝒙𝒂, representing the 163 

system state at the observation location, optimal estimation seeks an optimal state 𝒙 that minimizes 164 

the distance between the model a priori state and the observation vector 𝒚. Under the assumption of 165 

an uncorrelated normally distributed model a priori and observation errors the maximum likelihood 166 

estimator of the state vector 𝑥 is the minima of the following cost function 𝐽(𝒙):  167 

                 𝐽(𝒙) = (𝒙 − 𝒙𝒂)𝑇𝑺𝑎
−1(𝒙 − 𝒙𝒂) + (𝒚 − 𝑭(𝒙))𝑇𝑺𝑦

−1(𝒚 − 𝑭(𝒙)) (7) 168 

 169 

where 𝑭 is the forward model which simulates the observed radiance 𝒚 for the given model state 𝒙. 170 

𝑺𝑎 and 𝑺𝒚 represents the a priori and observation error covariance matrices respectively. The optimal 171 

analysed state 𝒙 can be found by solving  172 

 173 

 𝛻𝐽(𝒙) = 0                                                                                                                         (8) 174 

 𝑺𝑎
−1(𝒙 − 𝒙𝒂) − 𝑲�̂�

𝑇𝑺𝒚
−1(𝒚 − 𝑭(𝒙)) = 0 (9) 175 

 176 

where 𝑲�̂� =
𝝏𝑭

𝝏𝒙𝒙=�̂�
. Since 𝑭 is nonlinear, it may be difficult to obtain the solution analytically, that is 177 

why we need to find the solution numerically. Using Levenberg-Marquardt scheme [19], the solution 178 

can be obtained iteratively as 179 

 180 

 
𝒙𝑖+1 = 𝒙𝒂 + [(1 + 𝛾𝑖)𝑺𝑎

−1 + 𝑲𝒙𝑖
𝑇 𝑺𝒚

−1𝑲𝒙𝑖
]

−1

{𝑲𝒙𝑖
𝑇 𝑺𝑦

−1[𝒚 − 𝑭(𝒙𝑖)] + [𝛾𝑖𝑺𝑎
−1 + 𝑲𝒙𝑖

𝑇 𝑺𝑦
−1𝑲𝒙𝑖

(𝒙𝑖 − 𝒙𝑎)]}
 (10) 181 

 182 

where 𝛾𝑖  is a weighting factor, which is chosen at each iteration step. The iteration stops when the 183 

convergence criterion is met. The convergence criterion [20] used here is  184 

 185 

                                                       𝑑2 = (𝒙𝑖 − 𝒙𝑖+1)𝑇𝑺𝑖
−1(𝒙𝑖 − 𝒙𝑖+1) ≪ 𝑛                                   (11) 186 

 187 

where 𝑛 is the length of the state vector 𝒙 and 𝑺𝑖 = (𝑺𝑎
−1 + 𝑲𝒙𝑖

𝑇 𝑺𝒚
−1𝑲𝒙𝑖

)
−1

. The 𝑺𝑖 is the error 188 

covariance matrix of the retrieved state. The diagonal elements of 𝑺𝑖 provides the uncertainty in the 189 

retrieved state vector. One of the advantages of optimal estimation is the availability of the retrieval 190 

uncertainty without any additional calculations. 191 

 192 
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3.3 Retrieval methodology 193 

  In Eq. 6, spectral emissivity 𝜖𝜆, the surface temperature 𝑇𝑠, and 𝐷(θ, e) are unknown variables 194 

and 𝐼𝜆
𝑠 is the known variable. The surface temperature is expected to be constant with wavelength in 195 

the spectral range considered for the retrieval. So, the 𝑚 channel observations correspond to 𝑚 + 2 196 

unknowns (𝑚 emissivity, one surface temperature and one 𝐷(θ, e)). The number of unknowns is larger 197 

than the number of observation equations. Hence, the problem is under-determined. At least two 198 

more observations are required for solving this problem. If there is another set of observations 199 

available at the same location at different time instant then there will be 2𝑚 observations and 𝑚 + 4 200 

unknowns (𝑚 emissivity, 2 surface temperature and 2 𝐷(θ, e), assuming the emissivity to be time 201 

invariant). Such scenario is possible only if we have repetitive observations at the same location which 202 

is difficult to obtain in the case of IIRS. One remedy to this is to perform retrieval in a 3 𝑝𝑖𝑥𝑒𝑙 × 3 𝑝𝑖𝑥𝑒𝑙 203 

(3 × 3) box using all nine-pixel observations, assuming the same emissivity for all the nine pixels. We 204 

have adopted this strategy and performed the simultaneous retrieval of surface temperature and 205 

emissivity using all nine pixels observations, in a 3 × 3 box. Accordingly, the state vector (𝒙) and the 206 

corresponding observations vector (𝑦) are given as  207 

 208 

𝒙 = (𝜖𝜆1
, 𝜖𝜆2

, … , 𝜖𝜆𝑚
, 𝑇𝑠

1, 𝑇𝑠
2, … , 𝑇𝑠

9, 𝐷1, 𝐷2, … , 𝐷9)𝑇 (12) 209 

  210 

𝒚 = (𝐼𝜆1

1 , 𝐼𝜆2

1 , … , 𝐼𝜆𝑚

1 , 𝐼𝜆1

2 , 𝐼𝜆2

2 , … , 𝐼𝜆𝑚

2 , … , 𝐼𝜆1

9 , 𝐼𝜆2

9 , … , 𝐼𝜆𝑚

9 )𝑇 (13) 211 

 212 

 213 

𝑇𝑠
𝑖 represents the surface temperature of the 𝑖𝑡ℎ pixel (where, 𝑖 = 1, 2, … , 9) in the 3 × 3 box. 214 

Numbering of the pixel is such that the first pixel is at the top left corner while the last pixel falls on 215 

the bottom right corner of the box. Similarly, 𝐼𝜆𝑖
 and 𝐷𝑖 represents the radiance observation and disk 216 

function respectively, at the 𝑖𝑡ℎ pixel in the 3 × 3 box. The 𝜖𝜆𝑚
 represents the emissivity, of 3 × 3 box, 217 

at wavelength 𝜆𝑚. The assumption of constant emissivity in 3 x 3 pixels is a good assumption over most 218 

of the lunar surface. However, this assumption may not hold good on the rim of the craters or over the 219 

regions having heterogeneous mixture. So, the retrieved variables may have more uncertainty over 220 

these regions. 221 

 222 

 223 

The emissivity is retrieved in a transformed space. The emissivity transform is defined as  224 

 225 

 𝑧𝜆 = 𝑙𝑜𝑔
𝜖𝜆

1−𝜖𝜆
 (14) 226 

 227 

The transform in Eq. (14), is also referred as the logit transform. It transforms the emissivity, 𝜖𝜆, defined 228 

over the range [0,1] to a new parameter 𝑧𝜆, defined in the range (−∞, +∞), for which the normally 229 

distributed hypothesis is more realistic [21]. With the use of this transformed variable, the retrieval of 230 

the emissivity is constrained in the interval [0,1]. 231 
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 232 

3.4 Channel selection 233 

  The IIRS observations in the range of 3-5 𝜇𝑚 are used for the retrieval of the lunar surface 234 

temperature and the spectral emissivity. As the observations are affected by the placement of order 235 

sorting filters (OSF), the channels at the OSFs locations are ignored (Fig. 2). The quality of the 236 

observations from the channels in the immediate vicinity of the OSFs locations was also found to be 237 

poor, and thus rejected. The radiance observations from 70 selected channels are used for the 238 

retrieval. 239 

 240 

3.5 A priori 241 

  A priori plays an important role in successful retrieval using the optimal estimation. It should 242 

be physically consistent with the forward model being used for the retrieval. The a priori surface 243 

temperatures, 𝑇𝑠
𝑎𝑖

, and emissivity, 𝜖𝜆
𝑎 are calculated using the observations. The process of estimating 244 

the a priori is described in the following sections.  245 

 246 

3.5.1 A priori surface temperatures, 𝑻𝒔
𝒂𝒊

 247 

  The a priori surface temperature, 𝑇𝑠
𝑎𝑖

, is calculated by inverting the Planck’s function for 𝜆 =248 

4.8749𝜇𝑚, which is the “longest” wavelength available.  249 

 250 

 𝑇𝑠
𝑎𝑖

=
ℎ𝑐

𝜆𝑘𝑙𝑜𝑔(
2ℎ𝑐2𝜖𝜆

𝜆5𝐼𝜆
+1)

 (15) 251 

 252 

where 𝐼𝜆 is the radiance observation at 𝜆 = 4.8749𝜇𝑚. It is assumed that reflection contribution to 253 

the total radiance is zero (or negligible) at this wavelength. The emissivity value, 𝜖𝜆=4.8749𝜇𝑚, is taken 254 

as 0.80. The reason for choosing this value for 𝜖𝜆=4.8749𝜇𝑚 is explained in section 3.5.4. 255 

 256 

As radiance observation 𝐼𝜆=4.8749 is used for calculating the a priori, 𝑇𝑠
𝑎𝑖

, so it is excluded from the 257 

observation set while performing the retrieval. This is done to meet the primary assumption of 258 

uncorrelated observation and a priori in the optimal estimation. The emissivity at 𝜆=4.8749 is retrieved 259 

later using the retrieved 𝑇𝑠. 260 

 261 

3.5.2 A priori surface spectral emissivity, 𝝐𝝀
𝒂 262 

  A few representative spectra are selected from the whole dataset. This is performed via 263 

clustering for which we have used Gaussian mixture-based algorithm [22]. This is an unsupervised 264 

clustering algorithm which finds the optimal number of clusters in the dataset. In various datasets used 265 

in this study we got 3 to 5 clusters. The a priori emissivity, 𝜖𝜆
𝑎, is calculated from these representative 266 

spectra by making use of Eq. 6. We generated an ensemble of 𝜖𝜆
𝑎 using the following steps. 267 

  268 
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1. Generate a normally distributed ensemble (10000 members) of 𝜖~𝜆=4.8749𝜇𝑚 with 269 

mean 0.80 and sigma 0.03. 270 

2. Generate ensemble of �̃�𝑠
𝑎 using values of observations at 𝜆 = 4.8749𝜇𝑚, from 271 

representative spectra and𝜖�̃�=4.8749𝜇𝑚 from step 1.  272 

3. Generate ensemble of spectral emissivity profiles using ensemble of �̃�𝑠
𝑎 and 273 

representative spectra (excluding observations at 𝜆 = 4.8749𝜇m).  274 
 275 

The mean of the ensemble obtained, using above method, is taken as the a priori 𝜖𝜆
𝑎. The spectral 276 

emissivity error statistics obtained here is used as the initial estimate of the a priori covariance matrix 277 

𝑺𝑎. The spectral emissivity ensemble is generated corresponding to each representative spectra. The 278 

a priori is selected based on the cluster to which the observed spectra belong. 279 

 280 

3.5.3 A priori disk function, 𝑫𝒂𝒊
 281 

  The a priori disk function is assumed to follow the Lommel-Seeliger law [17] and is taken as  282 

 𝐷𝑎𝑖
(𝜃, 𝑒) =

2𝑐𝑜𝑠(𝜃)

𝑐𝑜𝑠(𝜃)+𝑐𝑜𝑠(𝑒)
 (16) 283 

 284 

The solar incidence angle (𝜃), and the emergence angle (𝑒) are calculated using the following equations 285 

([23], [24])  286 

 287 

 𝜃 = 𝑐𝑜𝑠−1[𝑐𝑜𝑠(𝑠𝑧)𝑐𝑜𝑠(𝑠) + 𝑠𝑖𝑛(𝑠𝑧)𝑠𝑖𝑛(𝑠)𝑐𝑜𝑠(𝑠𝑎 − 𝑎𝑠)] (17) 288 

 𝑒 = 𝑐𝑜𝑠−1[𝑐𝑜𝑠(𝑎𝑧)𝑐𝑜𝑠(𝑠) + 𝑠𝑖𝑛(𝑎𝑧)𝑠𝑖𝑛(𝑠)𝑐𝑜𝑠(𝑠𝑚 − 𝑎𝑠)] (18) 289 

 290 

where 𝑠𝑧, 𝑠𝑎, 𝑠, 𝑎𝑠, 𝑎𝑧, 𝑎𝑚 are the solar zenith angle, solar azimuth angle, surface slope, aspect angle, 291 

sensor zenith angle and sensor azimuth angle, respectively. The 𝑠𝑧, 𝑠𝑎, 𝑎𝑧 and 𝑎𝑚 are available from 292 

the IIRS observation files while 𝑠 and 𝑎𝑠 are obtained from the Lunar Orbiter Laser Altimeter 293 

(LOLA) and SELenological and Engineering Explorer (SELENE) Kaguya 512 ppd digital 294 

elevation model (DEM) [25]. 295 

 296 

3.5.4 Choosing 𝝐𝝀=𝟒.𝟖𝟕𝟒𝟗𝝁𝒎 values 297 

  From above, it is clear that the a priori are calculated using the guess values for 𝜖𝜆=4.8749𝜇𝑚. 298 

The calculation of a priori 𝑇𝑠
𝑎 requires 𝜖𝜆=4.8749𝜇𝑚 and the a priori 𝑇𝑠

𝑎 values are further required for 299 

the calculation of a priori 𝜖𝜆
𝑎. The 𝜖𝜆=4.8749𝜇𝑚 should be such that it should create realistic 𝑇𝑠

𝑎 values 300 

so that the physically consistent a priori 𝜖𝜆
𝑎 values (for all wavelengths) are obtained. Very high or low 301 

values of 𝜖𝜆=4.8749𝜇𝑚 results in 𝜖𝜆
𝑎 values greater than unity or even negative values. Using values 302 

0.70 ≤ 𝜖𝜆=4.8749𝜇𝑚 ≤ 0.90 provides the physically consistent a priori 𝑇𝑠
𝑎 and 𝜖𝜆

𝑎 values. So, we have 303 

used the mean value of 0.8. 304 

  305 



Unedite
d ve

rsi
on publish

ed onlin
e on 25/01/2024

As mentioned in section 3.2 that the solution to Eq. 9 is obtained iteratively, which needs a good first-306 

guess to start with. Here, we have used the model a priori state as the first-guess.  307 

 308 

3.6 Observation and a priori error covariance matrices 309 

  The full covariance matrices of observation and a priori error is used in the retrieval. These 310 

matrices are estimated iteratively using the ensemble of retrieval diagnostics ([26], [27]). Both the 311 

matrices are initialised with diagonal matrices. The a priori consists of 𝜖𝜆
𝑎, 𝑇𝑠

𝑎 and 𝐷𝑎. The 𝑇𝑠
𝑎 error 312 

(𝛿𝑇𝑠) is calculated by fixing the errors for 𝜖𝜆=4.8749
𝑎  (=0.05) and 𝜎𝐼𝜆=4.8749

 , the radiance observation 313 

error at 𝜆 = 4.8749. It is calculated as follows: 314 

 315 

 𝛿𝑇𝑠 = √(
𝜕𝑇𝑠

𝜕𝜖
𝛿𝜖)

2
+ (

𝜕𝑇𝑠

𝜕𝐼𝜆
𝛿𝐼𝜆)

2
 (19) 316 

 317 

The uncertainty in 𝜖𝜆
𝑎 values is calculated from Eq. 6 while it is fixed as 10% for 𝐷𝑎. 318 

 319 

3.7 Retrieval diagnostics 320 

  For optimal estimation, there are a few consistency checks which can be easily performed as 321 

part of retrieval diagnostics. These checks are done to make sure that the numerical solution has 322 

converged and is consistent with the measurement. 323 

 324 

3.7.1 Agreement of the retrieval with observation 325 
  This test is carried out by evaluating the forward model for the retrieved state vector, and 326 

comparing with the measurement. The covariance of the difference is given as 327 

 328 

 𝑺𝜹�̂� = 𝑺𝒚 (20) 329 

 330 

The 𝜒2 statistics is calculated as  331 

 332 

 𝜒2 = (�̂� − 𝒚)𝑇𝑺𝛿�̂�
−1(�̂� − 𝒚) (21) 333 

 334 

 335 

The above statistics should follow a 𝜒2 distribution with degrees of freedom equal to the length of the 336 

observation vector [16]. Here, �̂� is the simulated radiance corresponding to the optimal state vector �̂� 337 

. 338 

 339 

3.7.2 Averaging kernel 340 
 341 
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   342 

The sensitivity of the retrieved variables to the true state can be obtained from the averaging kernel 343 

matrix [16], i.e. 344 

 345 

 𝑨 =
𝜕�̂�

𝜕𝒙
 (22) 346 

 347 

It can be estimated along with the retrieved variables using the following equation  348 

 349 

                                             𝑨 = (𝑺𝑎
−1 + 𝑲�̂�

𝑇𝑺𝒚
−1𝑲�̂�)

−1
𝑲�̂�

𝑇𝑺𝒚
−1𝑲�̂�                                                 (23)                    350 

 351 

The contribution of the observations and the a priori in the retrieval can be inferred from this matrix. 352 

The parameter is inferred to be well characterised by the observations if its corresponding diagonal 353 

element of 𝑨 is equal to 1 otherwise it indicates that the a priori information must have been used in 354 

determining the retrieval [28]. For an ideal observing system, 𝑨 is an identity matrix. It is used as an 355 

important diagnostic for determining the quality of retrieval. The diagonal elements of 𝑨 represents 356 

the degrees of freedom of signal (DFS) per parameter. The trace of 𝑨 provides the total DFS [16]. The 357 

total DFS is equal to the total number of observations for an ideal observing system. 358 

 359 

4 Results and discussion 360 

  Prior to discussing the results, the consistency of the retrieval is checked using the diagnostics 361 

discussed in section 3.7. The distribution of the 𝜒2 statistics of the �̂� − 𝒚 is shown in Fig. 3. For an 362 

unbiased optimal estimator with correct Gaussian prior and observation errors, the distribution of 𝜒2 363 

should follow a 𝜒2 distribution with 9𝑚 degrees of freedom (df, corresponding to 9𝑚 observation, 364 

here 𝑚=70). The 𝜒2 distribution plot resembles the theoretical 𝜒2 distribution (solid green curve) with 365 

df=381. It suggests that the observation errors, in 𝑆𝑦, have been assumed slightly large, almost by a 366 

factor of 1.65. About 9.0 % of the total retrievals have 𝜒2 > 661.2 (5% significance level, black dashed 367 

line in Fig. 1), indicating that they are very inconsistent with the observations beyond the number 368 

expected by chance. The mean (of all retrievals) of the diagonal elements of the averaging kernel 369 

matrix, 𝑨 shown in Fig. 4 indicate that the observations contribution in the retrieval is more than 95 % 370 

for almost all the channels. The retrieval uncertainty for emissivity (Fig. 4) varies from 0.04 to 0.08 371 

while for surface temperature it is about 3.5 K (not shown in plot). 372 

 373 

Two plots of the retrieved and a priori emissivity profiles are shown in Fig. 5. For comparison, the 374 

profiles of the emissivity at these two locations obtained from the Apollo 16 return soil samples 375 

(sample no. 62231 and 67701, [29]) are also shown in these plots. The plots of the retrieved emissivity 376 

profiles match well with those of Apollo 16 return soil samples. The reflected and emitted component 377 

of the radiance are calculated using the retrieved emissivity and surface temperatures. The reflected 378 

and emitted components of the radiance, at the same locations as emissivity profiles in Fig. 5, are 379 

shown in Fig. 6. As expected, the reflection and emission contribution are almost equal in the 3-3.3 380 

𝜇m range, while the emission is dominating beyond 3.3 𝜇m. 381 
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 382 

To evaluate the accuracy of the retrieved surface temperature we need to compare it with some 383 

independent observations. Presently, the best estimates of lunar surface temperatures are available 384 

from the bolometric brightness temperatures derived using infrared observations from the Diviner 385 

instrument on-board NASA’s Lunar Reconnaissance Orbiter (LRO). The spatial plots of the LRO Diviner 386 

bolometric brightness temperature (𝑇𝑏𝑜𝑙) and Ch2-IIRS retrieved surface temperature 𝑇𝑠, 387 

corresponding to local time of 10:37 hours, along with their differences are shown in Fig. 7. For 388 

comparison, both the 𝑇𝑏𝑜𝑙 and 𝑇𝑠 were resampled at 128 ppd. The retrieved surface temperature is 389 

very much close to the 𝑇𝑏𝑜𝑙. The differences (𝑇𝑏𝑜𝑙-𝑇𝑠) are within ±6 K with few isolated pockets having 390 

differences as large as ±15 K. The frequency histogram plot of (𝑇𝑏𝑜𝑙-𝑇𝑠) shown in Fig. 8 suggest the 391 

retrieved surface temperature is negatively biased (3.5 K) with respect to bolometric surface 392 

temperature and the temperature difference standard deviation is about 2.6 K. It is worth mentioning 393 

here that the  𝑇𝑏𝑜𝑙 is estimated from the radiance observations in the 8-400 µm while only 3-5 µm 394 

radiance measurement are used for the retrieval of 𝑇𝑠. The differences in the 𝑇𝑏𝑜𝑙 and 𝑇𝑠 may be 395 

because the observations used in deriving them are from different surface depths of the lunar surface. 396 

Apart from this the resampling errors and the retrieval uncertainties of the algorithm are also 397 

responsible for these differences. The spatial plots of the a priori surface temperature (𝑇𝑠
𝑎), retrieved 398 

surface temperature (𝑇𝑠) and their difference are shown in Fig. 9. The surface temperature ranges from 399 

310-390 K. This surface temperature range agrees well with the reported temperatures over the lunar 400 

surface by various authors ([30], [10]). The distribution of (𝑇𝑠
𝑎 − 𝑇𝑠) has a mean of -1.38 K and standard 401 

deviation of about 1.15 K respectively (Fig. 10). Because of the highly insulating surface, negligible 402 

atmosphere, and slow rotation of moon the daytime surface temperatures are in near equilibrium with 403 

the solar flux [10]. Thus, they are highly influenced by the surface topography. The effect of topography 404 

is quite evident in the retrieved surface temperatures plot. The spatial distribution of 𝑇𝑠
𝑎-𝑇𝑠 shows that 405 

there are significant differences in the retrieved surface temperature and the a priori. 406 

 407 

The retrieved surface emissivity for few selected wavelengths is shown in Fig. 11. Figures show 408 

significant spatial variation in the surface emissivity for shorter wavelengths. For longer wavelengths 409 

the spatial variation is quite low. The difference of the a priori and the retrieved emissivity is plotted 410 

in Fig. 12. It shows the changes made by the optimal estimation algorithm in a priori emissivity to 411 

achieve the retrieved values.  In most of the places, the emissivity increments lie in the range of ±0.05, 412 

but increments as large as ±0.15 are also seen in few areas. These large emissivity increments coincide 413 

with the large temperature increment’s locations. 414 

 415 

As the observations at 𝜆=4.8749 𝜇m were used in preparing the a priori surface temperature, so it was 416 

dropped from the observations set used in the retrieval. The surface emissivity for 𝜆=4.8749 𝜇m is 417 

calculated using the retrieved surface temperature. It should be noted here that 𝜖𝜆=4.8749𝜇𝑚 is taken 418 

as constant value (0.80) for the calculation of a priori surface temperature. The spatial distribution of 419 

0.80-𝜖𝜆=4.8749𝜇𝑚 (Fig. 12(i)) suggests that the optimal estimation can improve upon the a priori 420 

emissivity at 𝜆 = 4.8749𝜇m. 421 

 422 

The plots in Fig. 13 show the variation of the zonal mean surface temperatures and their standard 423 

deviation with latitude (𝜙) at 10:30 hours. The maximum of zonal mean surface temperatures occurs 424 

at the equator and decreases symmetrically on both sides of the equator following the 𝑐𝑜𝑠1 4⁄ (𝜙) 425 
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curve ([31], [10]). The standard deviation of the surface temperature 𝑇𝑠 is found to be minimum at 426 

equator and increases symmetrically on both sides of the equator. Similar, trends are reported for 427 

daytime brightness temperatures from Clementine long-wave infrared camera [31] and daytime 428 

bolometric brightness temperatures from LRO diviner [10]. 429 

 430 

5 Conclusions 431 

  The simultaneous physical retrieval of lunar surface temperature and spectral emissivity in 3-432 

5 𝜇m range from Chandrayaan-2 IIRS observations is performed using optimal estimation. The forward 433 

model used in the optimal estimation is based on the Kirchhoff’s law. The model a priori is calculated 434 

from observations itself. The observations used for the a priori generation are not used in the retrieval. 435 

The algorithm retrieves surface temperature at each pixel location while retrieved emissivity 436 

corresponds to the average emissivity in a 3×3 box. The algorithm also provides the retrieval 437 

uncertainty estimates. The retrieval uncertainty in emissivity varies from 0.04 to 0.08, and for the 438 

surface temperature it is ~3.5 K.  439 

 440 

In this study, the lunar surface is assumed to be isotropic. It is one of the major sources of retrieval 441 

uncertainty of our algorithm. Kirchhoff’s law is applicable to opaque minerals in thermal equilibrium 442 

with its surroundings. It is not valid in the presence of strong thermal gradients. As minerals become 443 

more transparent (for example at frequencies higher than about 1400 𝑐𝑚−1 or wavelengths shorter 444 

than 7 𝜇𝑚 for silicates), spectral behaviour becomes dominated by volume scattering at all particle 445 

sizes. In such cases, models solely based on Kirchhoff’s law does not perform well and the scattering 446 

models ([32], [33]) are recommended for modelling the spectral features and the potential thermal 447 

effects. Retrieval of emissivity and surface temperature using these models may provide improved 448 

estimates of these variables. 449 

 450 

 451 
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Figure 1: Black body radiation curves for selected temperature range. 
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Figure 2: A sample plot of IIRS radiance spectra (solid black line) along with the locations 
(hatched vertical blocks) of OSFs. 

 599 

 600 

 601 

   602 

 603 

Figure 3: Distribution of the χ^2 statistics expressed in Eq. (20) along with the theoretical χ^2 
distribution (solid blue line curve). 
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 609 

 610 

Figure 4: The average sensitivity and the retrieval uncertainty of emissivity. 
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 611 

Figure 5: Retrieved spectral emissivity (ϵ_λ) at (a) lon: 15.4745, lat: -8.9751 and (b) lon: 
15.4956, lat: -8.8285. The corresponding profiles of the prior emissivity and the Apollo 16 
return soil samples are also shown for comparison. The envelope of 𝜖𝜆 ± 𝜎𝜆  is shown in orange 
color. 
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Figure 6: Plots of the separated reflected and emitted components of the total radiance at (a) 
lon: 15.4745, lat: -8.9751 and (b) lon: 15.4956, lat: -8.8285. 
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Figure 7: The LRO Diviner bolometric brightness temperature (𝑇𝑏𝑜𝑙), (b) Ch2-IIRS retrieved 
surface temperature (𝑇𝑠) and their difference (𝑇𝑏𝑜𝑙-𝑇𝑠). 
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Figure 8: Frequency histogram plot of Tbol -Ts. 
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Figure 9:  The a priori surface temperature, (b) retrieved surface temperature and (c) a priori 
- retrieved surface temperature. 

  630 

 631 

 632 



Unedite
d ve

rsi
on publish

ed onlin
e on 25/01/2024

 633 

Figure 10: Frequency histogram plot of 𝑇𝑠
𝑎 − 𝑇𝑠 . 
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Figure 11: Plots of the retrieved surface emissivity for (a) λ=3.0717 μm, (b) λ=3.2233 μm, (c) 
λ=3.9817 μm, (d) λ=4.1671 μm, (e) λ=4.3524 μm, (f) λ=4.5210 μm, (g) λ=4.7063 μm, (h) 

λ=4.858 μm and (i) λ=4.8749 μm. 
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Figure 12: Plot of the a priori - retrieved emissivity for (a) λ=3.0717 μm, (b) λ=3.2233 μm, (c) 
λ=3.9817 μm, (d) λ=4.1671 μm, (e) λ=4.3524 μm, (f) λ=4.5210 μm, (g) λ=4.7063 μm, (h) 

λ=4.858 μm and (i) λ=4.8749 μm. 
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Figure 13: Plots showing latitudinal variations of zonal mean surface temperature and its 
standard deviation during local time 10:30-11:00 hours.




