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Abstract. 
The Chang’E-2 (CE-2) four-channel microwave radiometer (MRM) data with frequencies of 3 GHz, 7.8 GHz, 19.35 GHz, and 37 GHz have been used to investigate the properties of lunar surface such as regolith thickness, dielectric constant, and titanium abundance within a depth of several meters in middle and low latitudes. The purpose of this work is to take a close look at MRM data in the polar regions of the Moon and analyze the characteristics of the brightness temperature (TB) in permanently shadowed regions (PSRs), especially where evidence of water ice has been found. First, the comparisons of brightness temperature values in the polar region and in low latitudes show that (1) the periodic diurnal (day/night) variation of TB becomes weak in high latitudes since topography plays a dominant role in determining TB in polar region and (2) seasonal effects are more recognizable in polar region than in low latitudes due to the weak illumination condition. Second, even without direct sun illumination, significant seasonal variations of TBs are observed in PSRs, probably caused by the scattering flux from neighboring topography. TB Ratio (TBR) between channel 1 and channel 4, which indicates the differences of TB at different depths of lunar regolith, is higher and shows stronger seasonal variation in PSR than regions with direct illumination. Third, overall the distribution of high TBR values is in consistence with the water ice distributions obtained by the Moon Mineralogy Mapper instrument, the LAMP UV spectra, and the Lunar Prospector Neutron Spectrometer. The proportion of the summation over area with water ice proof in the regions of interest is 0.89 and 0.56 in south pole and north pole, respectively. The causes of the correlation of high TBR between different microwave frequencies and stability of water ice deposits still require further investigation, but MRM data shows unique characteristic in PSRs and could provide important information about the upper few meters of lunar regolith.

1. Introduction
Since Selene, Chang’E, Chandrayaan-1, and Lunar Reconnaissance Orbiter have fulfilled their missions successfully, more and more questions about the Moon appear. Whether the water ice exists in the lunar polar region is an essential one among these problems since it has both important scientific significance and potential application value as an important resource for human beings in the future lunar explorations.
Watson et al. firstly put forward the idea of the possible existence of the water ice in the permanently shadowed regions (PSRs) on the Moon because of the small obliquity and the large variation in topographic relief near the poles [1]. However, Stacy et al. and Campbell et al. did not find any evidence of water ice deposits in the lunar southern polar region, using the ground-based radar system to image the polar region [2, 3]. Nozette et al. found the presence of water ice after analyzing the Clementine bistatic radar data [4], but a reanalysis showed that radar data were not well-documented to demonstrate the existence of the water ice [5]. With the Miniature Radio Frequency (Mini-RF) radar data, Spudis discovered a different class of polar crater that exhibits high circular polarization ratio (CPR) which may associate with the presence of water ice [6]. However, Fa et al. found that the enhanced CPR is probably caused by rocks rather than ice deposits [7].
Analysis result from the Lunar Prospector (LP) neutron spectrometer indicated abundant hydrogen, which cannot be identified as water ice or other hydrogenated compounds, existing in PSRs [8, 9]. In 2009, water was detected after the spacecraft of the Lunar Crater Observation and Sensing Satellite (LCROSS) impacted the Cabeus crater [10]. In addition, Hayne et al. had shown the location of the anomalous ultraviolet (UV) albedo consistent with water ice in the southern polar region, based on the Lyman Alpha Mapping Project (LAMP) UV spectra [11]. Recently, Li found the direct evidence of the surface exposed water ice in the lunar polar region with the Moon Mineralogy Mapper (M3) instrument on the Chandrayaan-1 spacecraft [12].
Compared to infrared radiation, microwave signals originate from deeper layers and can reveal the physical properties of lunar regolith [13]. The microwave observation of the Moon started in 1946 [14, 15]. Then in Apollo era, a series of microwave ground-based observations of the Moon was made to obtain the physical parameters of the lunar surface by simulating the brightness temperature (TB) with theoretical models [16–22].
Lunar orbiters Chang’E-1 (CE-1) and Chang’E-2 (CE-2) were launched in 2007 and 2010, respectively. Both carried Microwave radiometer (MRM), which conducted passive microwave remote sensing measurements to obtain the TB of the lunar surface at 3, 7.8, 19.35, and 37 GHz (10, 3.84, 1.55, and 0.81 cm wavelengths) [23]. The first microwave map of the complete Moon was made by the CE-1 MRM data [24]. In polar region, CE-1 TB map shows some cold patches, where local temperature minima are independent of day and night due to absence of direct illumination in PSRs [13]. MRM data have also been utilized in inferring the properties of the upper few meters of lunar surface in low and middle latitudes; e.g., the thickness distribution of regolith was retrieved using the MRM data [25], the effective complex dielectric constant of lunar regolith as a function of the depth at different frequency channels [26], lunar (FeO + TiO2) abundance [27], rock abundance, and others [28]. Also, people had studied basaltic volcanism of the Moon with MRM data [29].
The purpose of this work is to take a close look at MRM data in the polar regions of the Moon and analyze the characteristics of the TB in permanently shadowed regions, especially where plausible evidence of water ice has been found.
2. Chang’E TB Data
CE-2 observation covered the entire Moon by seven times and the local time coverage of the CE-2 data was over a complete lunation [30]. The total effective time of MRM data is 279818 min for 2401 tracks. The spatial resolutions of CE-2 MRM are 25 km and 17.5 km for 3 GHz and three remaining channels, respectively [31]. The absolute temperature accuracy is less than 0.5 K over the temperature range 100–350 K [30].
Note that MRM data have almost constant negative biases from theoretical results probably due to the heat contamination of cold reference antenna, but the variation trend of TB is still available [32, 33]. The microwave TB range is set as 30K-400K TB and points outside this range are considered as anomalous and excluded from this study [30]. Also, about ~0.92% of the total tracks were removed due to visible errors. Approximately 8,506,115 measurement points were selected in this work.
3. Data Comparisons and Analysis
3.1. TB in Low Latitude and High Latitude
The TB differences are more significant between channel 1 and channel 4 comparing with the other two channels. In addition, TB data of channel 2 contains a certain deviation from previous studies [32]. Therefore, we extract the TB data of channel 1 (3 GHz) and channel 4 (37 GHz) in the latitude zones 20° N/S, 80° N/S, and 85° N/S to analyze the changes of TB data during the whole observation mission. The width of the zones was ± 0.1° in latitude. The observation date varies from Oct. 15, 2010, to May 20, 2011. We analyze the TB in the daytime (6:00-18:00) and nighttime (0:00-6:00; 18:00-24:00) in the latitude zones 20° N/S. Here, the “hour angle” is used to define the lunar local time by Chan and Zheng [13, 24]. It is calculated from the solar incidence angle, the azimuth angle, and the latitude. The “hour angle” is converted into the “24-hour clock” local time.
The TB data at different latitude and their corresponding local time are shown in Figures 1(a)–1(g). In Figures 1(a)–1(d), we could observe, in low latitude, the changes of TB of channel 4 and channel 1 that are dominated by diurnal variation with lunar local time, although the diurnal variation of channel 1 is smaller than that of channel 4. Because channel 1 signal originates in deeper subsurface layer than channel 4, it is less sensitive to the sunlight and more stable during the lunation period. The effects of topography and physical properties of regolith also cause the vibrations of TB at the same local time, but they are masked by the effects of solar incidence. To extract the physical characteristics of lunar regolith or topography effects, the diurnal variation should be removed, e.g., with spherical harmonics fitting as proposed in [13, 30]. The TB of channel 4 between February and March in daytime is lower than that in nighttime mainly because of the fact that TB in the early morning is lower than that after dusk according to the result by Zheng [30]. The lunar local time of the data observed between February and March is almost around early morning (6:00 am to 8:00 am) and dusk (18:00 pm to 20:00 pm).
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