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Abstract

:

Simulation studies have proposed a significant thermal effect of water ice clouds on the Martian atmosphere and climate. However, previous studies focused more on seasonal variations but less on short-term changes. In this work, we used the MCS multi-local time data to investigate the water ice diurnal variations on Mars. We quantified its diurnal variations with amplitude and phase by applying the tidal fitting method to the water ice abundance. In addition, we found a close correlation (antiphase relation) between the thermal tide and water ice diurnal variations during the aphelion seasons that was not sensitive to both the background water ice and dust opacity but increased with the tidal amplitude. In the perihelion seasons, the antiphase relation was sensitive to the water ice and dust opacity, both affected by the dust storm activity. Finally, the statistic results suggested an unexpected low threshold of diurnal tide amplitude (2 to 3 K) for generating a relevant water ice diurnal variation, accounting for the ubiquitous water ice diurnal variations in the Martian atmosphere. These new observational results can help further understand the phase transition process between ice and vapor in the Martian atmosphere and better constrain the Martian global climate model in the future.
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1. Introduction


Although the Martian atmosphere is thin, its thermodynamic processes share similarities with those on Earth, such as the thermal structure, the seasonal variation, coupling processes related to atmospheric waves, interactions with the surface, etc. [1,2]. A comparative study between the atmospheres of Mars and Earth provides new perspectives to understand the history and future of the Earth. The systematic investigation and understanding of the Martian atmospheric dynamics also help engineers guarantee the safety of future Mars missions [3,4].



The Martian surface is mainly covered with dust as a desert planet but still has water in the atmosphere, surface ice, and underground [5]. Vapor and ice are the two forms of water on Mars due to the low pressure (~1 percent of Earth’s sea-level pressure) and temperature (below freezing most of the time). As one of the life elements (e.g., water, methane, ozone, etc.) that may exist in a planetary atmosphere, water is of great significance in exploring extraterrestrial life. The distribution, transport, source, and sink of water are the basis of understanding and tracking the water-related biological elements on Mars. On the other hand, water vapor and ice clouds absorb and scatter solar and ground radiations and emit infrared radiation, altering the thermal structure of the atmosphere. Recent studies suggested that clouds have significant thermodynamic effects on the Martian atmosphere and climate [6,7,8,9,10].



Multiple spacecraft have focused on the water distribution and cloud particle sizes in the Martian atmosphere [11,12,13]. For example, the global-scaled spatial distribution and seasonal evolution of water vapor and water ice clouds have been well-investigated based on observations from Mars Global Surveyor (MGS) [14,15], Mars Reconnaissance Orbiter (MRO) [16,17], Odyssey [14], and Mars Express (MEX) [18,19,20]. Generally, the column water vapor abundance increases at high latitudes during the summer to its annual maximum in both the Northern and Southern Hemispheres. However, it decreases after the maximum near the summer solstice, with only a moderate increase at low latitudes during the equinoxes [21]. As for water ice clouds, two typical types, i.e., the tropical and polar hood clouds, are characterized and distinguished by their latitude distributions. The tropical ice cloud’s abundance, latitude, and altitude range significantly increase during the aphelian seasons (northern summer and early fall) while diminishing during the perihelion seasons, also called the aphelion cloud belt [22,23]. The north and south polar hood clouds tend to form during the fall and winter seasons of the corresponding hemisphere [24,25].



However, the Martian atmosphere’s water ice cloud structure and evolution are still incompletely understood. Although several numerical simulations have considered the formation and diurnal evolution of water ice clouds [26,27], observational studies have focused more on their seasonal variations and global distribution and less on their short-term changes. Recent observations showed rapid vertical transport or temporal changes in water vapor and ice cloud distribution during major dust storms [28,29,30]. The short-term burst of water vapor into the middle and upper atmospheres facilitates its escape, which is essential for understanding the evolution of the Martian atmospheric habitability. Simulations connected these short-term phenomena to the diurnal thermal tide—an intense, global, and diurnally varied atmospheric wave activity occurring across the Martian atmosphere [31,32,33,34]. The Martian thermal tides are vastly stronger and more critical than those on Earth because of the significant diurnal temperature variations [35]. In turn, the thermal effect of water ice clouds can also shape the phase transition of the thermal tide during a major dust storm, forming a close and complicated interactive relation between them [36]. The diurnal variations of the water ice cloud outside a major dust storm were only partially investigated based on 3 a.m. and 3 p.m. water ice retrievals from the Mars Climate Sounder (MCS) instrument onboard MRO [22,24,37]. For example, the observed north polar hood clouds are thicker in the nighttime than in the daytime, probably due to tidal-driven diurnal temperature differences or the nighttime polar vortex. In contrast, the south polar hood clouds have two cloud layers that may be separated by a tidally modulated temperature inversion [24,25]. In addition, the lower-atmosphere water ice opacity correlates with the temperature field, with the water ice maxima in the local temperature minima, further validating the tidal effect. However, analyses based on data at two local times are insufficient to distinguish the detailed variations within a day or to determine the phase (i.e., the local time of the maximum or minimum) of the water ice or temperature diurnal variations [36,38]. This makes it impossible to quantitatively study the diurnal variations of water ice clouds and their relationship with the diurnal thermal tide.



In recent years, MCS adopted a multi-local time observational strategy that could measure the atmospheric temperature, airborne dust, and water ice simultaneously and provide opportunities to determine the amplitude and phase information of thermal tides and aerosols diurnal variations [31,36,39]. In this work, we use the MCS multi-local time data of the entire Mars Year (MY) 33 to conduct the first comprehensive study on the diurnal variations of water ice global distribution and seasonal evolution. The main goal is to quantify the relationship between the thermal tides and diurnal variations of water ice and its general applicability in the real Mars atmosphere. The MCS multi-local time dataset makes it possible to perform the valid wave extraction method used by previous studies [31,38]. The comprehensive study of the global water ice diurnal variations will help to further understand the phase transition process between ice and vapor in the Martian atmosphere. These new observational results can also better constrain the Martian global climate model (MGCM), which is significant for understanding the entire Martian atmospheric environment and climate evolution.



The layout of the paper is as follows. Section 2 introduces the MCS dataset and its observational strategy that facilitate this work. The data analysis and nonlinear least square fitting method used to estimate the amplitude and phase of the water ice diurnal variations are also described. Section 3 shows the main characteristics of the water ice diurnal variations and their relations with the diurnal tide. Finally, Section 4 discusses the possible implications of the observed phenomenon, and Section 5 draws the main conclusions.




2. Data and Methods


2.1. MCS Dataset


This work uses the version 5 MCS dataset from the Planetary Data System. MCS has measured the thermal emissions of the Martian atmosphere via limb and on-planet views for more than 8 Mars years (MYs 28–36). As in a polar sun-synchronous orbit (the black trajectory shown in Figure 1), the MCS scans the atmosphere at approximately 3 a.m./3 p.m. in 13 orbits within each sol, covering almost the entire latitudes from ~85°S to ~85°N. The MCS retrievals (temperature, dust, and water ice) are interpolated into 105 vertical pressure levels from near the surface to ~80 km with an actual vertical resolution of ~5 km. The dust and water ice quantities are given by opacity, i.e., the extinction per unit height due to dust at 463 cm−1 and water ice at 843 cm−1 [40].



MCS adopted the “cross-track” observational strategy from September 2010. The instrument adjusts its azimuth actuator to view the limb 90° to the left or the right of the orbital moving direction. Each observational angle enables one additional local time in the ascending and descending sections of the orbit [41]. Consequently, the “cross-track” strategy can observe ~2 h before and after the nominal 3 a.m./3 p.m., acquiring 6 local times at low to middle latitudes and 7 or more local times at high latitudes (the grey trajectory shown in Figure 1). The “cross-track” observations have been performed intermittently from MY 30, with each observational sequence covering the ~10–20° Ls range, except for one completed year in MY 33 [31]. Therefore, we used the MCS data of MY 33, including all “in-track” and “cross-track” measurements in this work, to investigate both the quiet atmospheric condition (the aphelian seasons) and the dusty atmospheric condition (the perihelion seasons).




2.2. Data Averaging Strategy


To increase the data coverage in the longitude and local time required by tidal fitting (introduced later in Section 2.4), we applied a running window of 5° Ls to each Ls in MY 33 to average the MCS temperature, dust, and water ice retrievals. Then, for each Ls, they are further binned into a 24 × 18 × 12 × 105 (local time × latitude × longitude × pressure level) array, i.e., the bin intervals are 1 h in local time, 10° in latitude, and 30° in longitude for each pressure level. An example of the data binning strategy in latitude–local time dimensions is shown in Figure 1, where all retrievals within a particular bin grid (circled by two adjacent red lines and two adjacent blue lines) are averaged as the value of the latitude and local time corresponding to the center of the bin grid. The above averaging procedure can be extended to obtain an array of 4 dimensions.



Figure 2 shows an example of daytime (3 p.m.) and nighttime (3 a.m.) zonal mean temperature and water ice retrievals at the northern fall equinox. We could see a typical latitudinal symmetric structure similar to previous studies [42]. The temperatures at low to middle latitudes generally decreased with the height from the surface to ∼1 Pa. In comparison, those at high latitudes showed a prominent polar warming structure in the middle atmosphere (~10–0.1 Pa) [43] and temperature minima below, corresponding to the polar vortices. The water ice clouds showed multiple maxima over broad latitudes, where those at the low to middle latitudes had more prominent day–night variations. The black contours in each panel of Figure 1 present the data uncertainty due to detector noise and the retrieval procedure from the radiance signal. Generally, the temperature errors remained modest, from ~200 Pa to ~1 Pa, but grew rapidly and reached ~8 K and ~4 K at ~0.1 Pa for the nighttime and daytime, respectively. The water ice opacity errors were more remarkable in the lower atmosphere but mostly less than 10 percent of the opacity value at the water ice maxima. In this work, we only focused on data within a pressure range from 200 Pa to 1 Pa, where the errors for temperature and water ice were neglectable.




2.3. The Diurnal Variation with Multi-Local Time Coverage


As implied by comparing the daytime and nighttime structures (Figure 2), the temperature and water ice have prominent day–night variations, as suggested by earlier studies [37]. Figure 3 shows the differences between 3 p.m. and 3 a.m. of the temperature and water ice at the northern fall equinox and winter solstice. The spatial and temporal correspondence between the day–night temperature and water ice difference are consistent with the tidally driven effect [37]. However, only two local times are insufficient to explicitly determine a diurnal variation without excluding higher-order variations with short periods of 12 or 8 h. The “cross-track” data from MCS could guarantee more detailed variations within a sol, as shown in Figure 4. We can see that both the temperature and water ice are indeed dominated by diurnal variations with a period of 24 h. These variations are similar to the intense diurnal evolution of the dust opacity/height driven by the meridional wind induced by the westward-propagating diurnal tide [31]. Furthermore, the time evolution of the water ice opacity also shows an evident correlation with the temperature field, with the water ice maxima in the local temperature minima, complementing the evidence of the tidal effect on the water ice variations found by previous studies.




2.4. Quantification for the Diurnal Variation of Temperature and Water Ice


As discussed above, the MCS multi-local time data can cover an entire sol, though they are unevenly sampled, as shown in Figure 1 and Figure 4. Nevertheless, the new observational strategy provides a unique observational constraint on the diurnal variations of the temperature and water ice, especially at middle to high latitudes. Therefore, we can directly perform nonlinear least squares fitting for the temperature, as well as water ice opacity, to determine their amplitude and phase of the diurnal variations, such as the tidal extraction method used in previous studies [31,38]. Following the conventional way, we conducted a 2-dimensional nonlinear least squares fitting of the local time and longitude with the following equation [31]:


  φ  (  λ , θ , p ,  t ^   )  =    ∑    σ , s   (  C  σ , s    (  θ , p  )  cos  (   (  s + σ  )  λ − σ  t ^   )  +  S  σ , s    (  θ , p  )  sin  (   (  s + σ  )  λ − σ  t ^   )   



(1)




where   t ^   and λ are the local time and longitude, θ and p are the latitude and pressure level, σ and s indicate the frequency and zonal wavenumber for a particular wave, and φ is the temperature or water ice for this work. Equation (1) is usually used to extract tidal waves, regarded as zonally and vertically propagating waves. The pair (σ, s) distinguish different tidal wave modes, e.g., (1, −1), for the westward propagating diurnal tide with a zonal wavenumber of 1, referred to as “DW1”, where “D” indicates σ = 1 or “diurnal period”, “W” means “westward propagating”, and “1” indicates the zonal wavenumber. DW1 is suggested to be the dominant tidal wave mode in the Martian atmosphere [31,35]. A previous study extended the application of this equation to aerosols like dust to analyze its diurnal variations [31]. Here, we also used it to fit the amplitude and phase of the water ice opacity (1, −1) mode, hereafter referred to as water ice DW1, corresponding to temperature DW1, i.e., the migrating diurnal tide. Then, the amplitude of water ice DW1 could account for the maximum variation within a sol, while the phase represents the time (at a specified longitude) or longitude (at a specified time) of the maximum water ice opacity.



Equation (1) is applied to the 4-dimensional array described above for both temperature and water ice to extract the temperature DW1 and water ice DW1 at each latitude and pressure level. Then, the amplitude and phase of DW1 at a particular latitude θ and pressure level p can be computed by      C  1 , − 1      (  θ , p  )   2  +  S  1 , − 1      (  θ , p  )   2  )     and     tan   − 1   (  C  1 , − 1    (  θ , p  )  /  S  1 , − 1    (  θ , p  )  )  . The goodness of the fitting procedure is estimated by 1-sigma confidence intervals [31,36,38].





3. Results


3.1. The Latitude–Altitude Structure of Temperature and Water Ice DW1


Figure 5 and Figure 6 show the latitude–altitude (pressure level) cross-section of the amplitudes and phases of the extracted temperature and water ice DW1. Several typical features are prominent and consistent with the day–night difference structures shown in Figure 3. The general structure at the fall equinox is symmetric meridionally. The temperature DW1 (diurnal tide) amplitude at low latitudes has a peak of 12 K above 1 Pa and a second peak of 8 K between 100 and 10 Pa, while at the middle latitudes of both hemispheres, it also has two layers of peaks (6–8 K), with one at ~5 Pa and the other at ~20 Pa. A latitude band centered at 30°N and 30°S of the small amplitude (less than 3 K) separates the maxima of the low and middle latitudes. Correspondingly, we can also see similar distributions in the water ice DW1 amplitude with the maxima located at low latitudes and mid-latitudes (45°N and 45°S, especially). The maximum amplitude of water ice DW1 is ~12 × 10−4, comparable to the maximum in the day–night difference field (~15 × 10−4) shown in Figure 3b, suggesting the dominant role of the DW1 component in the water ice diurnal variations.



On the other hand, both the temperature and water ice phase structures show a general downward phase progression with the height (right panels of Figure 5), corresponding to the order of the red–green–blue cycle in the upward change of the color shading (left panels of Figure 5). According to classical theory, the downward phase progression indicates an upward energy and momentum transport [44]. Another prominent feature is the half-period phase difference (12 h) between the low and middle latitudes. According to the Hough analysis, such phase reversal across latitudes in the temperature DW1 can be explained by the structure of the dominant gravity mode [36,37]. The dominant gravity mode changes signs at 30°N and 30°S so that we can see antinodes with reversal signs on the two sides. The water ice DW1 phase shares the same characteristics as the temperature DW1 but is totally out of phase by ~12 h, suggesting an accurate control of the daytime sublimation and nighttime condensation by the thermal effect of the temperature DW1 [24,25]. As for the northern winter solstice, however, the amplitude and phase structures are all distorted compared to those at the equinox. This is relevant to the significant increase of airborne dust and the induced reduction of water ice, especially during major dust storms of the dusty season, which will be discussed in the following sections.




3.2. Seasonal Variations of the Temperature and Water Ice DW1


As discussed above, the DW1 peaks concentrate at the low and middle latitudes. This section chooses three typical latitudes (45°S, 5°S, and 45°N) to investigate their seasonal variations, as shown in Figure 7, Figure 8 and Figure 9. Previous studies [31] suggested that the temperature DW1 amplitude shows strong semiannual variations at low and southern middle latitudes but a weak one at northern middle latitudes. During equinoxes, the maximum amplitude reaches 12 K near 5–0.1 Pa at the equator region and 6 K/9 K near ~20/~3 Pa at the southern middle latitudes. The temperature DW1 phase also shows relatively more complicated semiannual variations if neglecting the abnormal phase structure during major dust storms [36] (the major dust storms and their occurring periods will be discussed later). In addition, the phase structure (red–green–blue color cycle) is more stretched (corresponding to longer vertical wavelengths) during the equinox than the solstice periods. This may be related to the modifications by the seasonal variations of the zonal wind structure [45]. The apparent hemispheric asymmetry in the DW1 distribution and seasonal variations is due to the topographic dichotomy. The Southern Hemisphere is 3 km higher than the Northern, on average, which may induce an asymmetric mean meridional circulation [46].



The water ice DW1, however, is more complicated during the seasonal variations. While its amplitude shows semiannual variations at the southern middle latitudes similar to the temperature DW1, those at the northern middle latitudes and equator region vary more annually, with a persistent distribution in the entire aphelion seasons from 0° to 190° Ls but a remarkable reduction in the other half of the year (Figure 8 and Figure 9). However, the case of the water ice DW1 phase is similar to that of the temperature DW1, excluding the occurring period of major dust storms. It also stretches more during the equinox than the solstice periods.




3.3. The Correlation between Water Ice and Temperature DW1


As discussed in Section 3.2, the amplitude of water ice DW1 has more complicated seasonal variations than the phase. This is partly because the amplitude is an absolute quantity related not only to the force (the diurnal tide, in this context) driving it but to the background abundance of water ice. Due to the increase of the solar radiation, the Martian lower atmosphere (below 10 Pa) during the perihelion seasons is warmer, thus increasing the sublimation of water ice. Therefore, the water ice abundance, especially at the low to middle latitudes, is higher in the aphelion seasons than in the perihelion seasons [42], resulting in a larger water ice DW1 amplitude in the first half-year. However, the DW1 phase is more of a relative quantity representing the relative change of the abundance [47]. This section quantifies their correlations by using the phase relation between the temperature and water ice DW1.



Theoretically, the water ice and temperature DW1 are accurately positively correlated for a particular pressure level if their phase difference is 0 h while anticorrelated if it is 12 h, either phase lagging or advancing. Figure 10 shows the seasonal variations of the absolute value of their phase differences at the low and middle latitudes. The phase differences are larger than 8 h (approximately anticorrelated, shown by the red color shading) at most regions during the aphelion seasons, except for the layers between 10 and 20 Pa at the middle latitudes. However, during the dusty seasons, especially in the lower atmosphere, it is out of phase or even in phase (shown by green and blue color shading). This may be due to the warmer atmosphere and intense and frequent dust activity.





4. Discussion


Diurnal variations of water ice are ubiquitous in the Martian atmosphere, as shown by the above observational results. However, their amplitude and phase structure are not always correlated with the diurnal tide (antiphase in the case of the phase relation), which is suggested to be the dominant driver by previous studies [15,24,25,37]. In this section, we discuss the possible factors behind these mismatching phenomena, such as dust activity, water ice abundance, and the amplitude of temperature DW1 that stands for the strength of the diurnal tide. To quantify their relations, we conducted statistic investigations on the occurrence frequency of antiphase events with the dust opacity, water ice opacity, and temperature DW1 amplitude. As shown in Figure 10, the temperature and water ice DW1 generally show antiphase relations in the first half-year. In contrast, most cases of phase difference less than 8 h occurred in the second half-year (approximately Ls = 190–360°). Therefore, the investigation was performed separately for the two half-years.



The statistic results are presented utilizing two-dimensional frequency distribution to evaluate the relative contributions from different factors: the temperature DW1 amplitude versus water ice opacity in Figure 11 and dust opacity in Figure 12. In the first half-year, the occurrence frequency of antiphase relation is not sensitive to both the water ice opacity and dust opacity but shows an increasing trend with the temperature DW1 amplitude (Figure 11a and Figure 12a). The same case happens with the averaged phase difference (Figure 11b and Figure 12b). The antiphase relation (phase difference larger than 8 h) persists no matter that the background water ice opacity/dust opacity is large 15 × 10−4/8 × 10−4 or small 5 × 10−4/2 × 10−4, as long as the diurnal tide amplitude is sufficiently large. It is more sensitive to the amplitude of the diurnal tide, since a larger amplitude results in larger ambient temperature variations for the water sublimation/condensation. In the second half-year, however, a peak of the occurrence frequency is prominent at the right upper corner of Figure 11c,d and the right lower corner of Figure 12c,d, respectively. This suggests that the antiphase relation is sensitive to both the water ice and dust opacity, i.e., the more water ice, the more it is anticorrelated, while the more dust, the less it is anticorrelated. It should be noted that the dust and water ice opacity themselves during the second half-year (i.e., the dusty seasons) are anticorrelated, because more dust induces more heating and warmer air favor ice sublimation [42]. Therefore, the sensitivity of the antiphase relation to water ice and dust opacity during the second half-year could be treated as affected by the same process, i.e., the dust activity.



During the dusty seasons (usually defined as seasons within Ls = 180–360° [48]), dust lifting processes on the surface increase and enhance the total dust optical depth in the atmosphere by several times [49]. In addition, three types of regional dust storms (A, B, and C) occur almost every year in the Southern Hemisphere [48]. A and C storms occur near the beginning and end of the dusty seasons, respectively, shown as the prominent peaks, especially at the middle latitudes, in Figure 13. They have similar northern responses due to the intensification of the overturning Hadley circulation [50]. B storms occur near the southern summer solstice but are more confined to the southern polar region, showing no prominent dust peak in the middle latitude (Figure 13). Though B storms have little dynamical influence on the northern atmosphere, they can still alter the water ice cloud abundance and distribution through their thermal effects [36].



The conclusions from phase relation statistics shown in Figure 11 and Figure 12 can be readily illustrated in the seasonal variations of the dust opacity and diurnal tide amplitude shown in Figure 13. We can see that the antiphase region marked by the black contour lines is complementary mainly to the high dust opacity abundance (the yellow to red color shading) region. When the dust height is relatively lower in the first half-year, the antiphase region could reach as low as 200 Pa at the middle latitudes. During the dusty seasons, when the dust height increases, the low boundary of the antiphase region also rises. Typically, during the three regional dust storms, when the lower atmospheric dust abundance is dramatically enhanced, and the water ice abundance decreases, the water ice diurnal variations within a deep pressure range from 200 to 10 Pa are out of phase with the diurnal tide, consistent with the statistic conclusions of Figure 11c,d and Figure 12c,d. Above 10 Pa, the water ice remains antiphase with the diurnal tide, consistent with the strong dawn–dusk asymmetry of the mesospheric cloud observed during major dust storms [30]. Previous studies have observed significant enhancements of the water vapor and ice at high altitudes (above 10 Pa) [36,51], providing sufficient background water reservoirs for the large amplitude of the diurnal variations.



Apart from the reduction of the lower atmospheric water ice, dust enhancement and dust storm activities could also affect and distort the global distribution of the diurnal tide, as shown in Figure 6, e.g., increase of the diurnal tide amplitude at the southern middle to high latitudes and decrease at the rest latitudes [31,52]. The amplitude shown in Figure 6b decreases to less than 3 K at the middle latitude of both hemispheres. We also show a diurnal tide amplitude less than 3 K in Figure 13 (the green dashed contours), which corresponds well to the out-of-phase region. Furthermore, this relation is also valid in the first half-year. The out-of-phase area at 10–20 Pa at both the northern and southern middle latitudes (also shown by the blue–green color shading in Figure 10) is generally accompanied by diurnal tide amplitudes less than 3 K. The above correlations and the statistic results shown in Figure 11 and Figure 12 all suggest a low threshold of the diurnal tide amplitude (2 to 3 K) for generating a relevant water ice diurnal variation, which could account for the ubiquitous water ice diurnal variations in the Martian atmosphere.




5. Conclusions


In this work, we used the temperature, water ice, and dust retrievals of MY 33 observed by the MCS multi-local time strategy to investigate the diurnal variations of water ice and its relation to the diurnal thermal tide. We quantified the water ice diurnal variations using nonlinear least square fitting by extracting the amplitude and phase, similar to the tidal analysis. Then, we conducted statistic investigations on the occurrence frequency of the antiphase between the temperature and water ice DW1 under different conditions of dust opacity, water ice opacity, and temperature DW1 amplitude. The new observational results can better constrain the Martian global climate model (MGCM) in the future, which is of great significance for understanding the entire Martian atmospheric environment and climate evolution. The main findings are summarized as below:




	
The maximum amplitude of the water ice DW1 is comparable to the maximum in the day–night difference field, suggesting the dominant role of the DW1 component in the water ice diurnal variation;



	
The water ice DW1 phase shares the same characteristics as the diurnal tide but is totally out of phase by ~12 h at the equinoxes, suggesting an accurate control of the sublimation/condensation by the thermal effect of the diurnal tide;



	
The water ice DW1 amplitude shows a semiannual variation at the southern middle latitudes similar to the temperature DW1 (diurnal tide) but that varies more annually at the northern middle latitudes and equator region, with a persistent distribution during the entire aphelion seasons from 0° to 190° Ls but a remarkable reduction in the other half-year.



	
The water ice DW1 phase generally has similar seasonal variations as the diurnal tide, with longer vertical wavelengths during the equinox compared to the solstice periods;



	
The quantitative statistic suggests that the temperature and water ice DW1 phase are approximately anticorrelated (defined as a phase difference greater than 8 h) at most regions during the aphelion seasons, except for the layers between 10 and 20 Pa at the middle latitudes, while it is primarily out of phase or even in phase during the dusty seasons, especially in the lower atmosphere;



	
In the aphelion seasons, the occurrence frequency of the antiphase relation is not sensitive to both the water ice opacity and dust opacity abundance but shows an increasing trend with the temperature DW1 amplitude;



	
In the perihelion seasons, the antiphase relation is sensitive to both the water ice and dust opacity, i.e., the more water ice, the more it is anticorrelated, while the more dust, the less it is anticorrelated, both affected by the same process, i.e., the dust storm activity;



	
Finally, the statistic results suggest an unexpected low threshold of the diurnal tide amplitude (2 to 3 K) for generating a relevant water ice diurnal variation, accounting for the ubiquitous water ice diurnal variations in the Martian atmosphere.
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Figure 1. Latitude and local time coverage of the MCS observation. The blue boxes indicate the “in-track” observations in one orbit of MRO. The grey boxes indicate the multi-local time observational strategy, including the “cross-track” and “off-track” observations [40,41]. The blue horizontal dash lines show the latitude bin boundaries, while the red vertical dash lines show the local time bin boundaries of the data binning strategy used in this work. 
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Figure 2. The zonal mean nighttime (a,c) and daytime (b,d) MCS temperature (a,b) and water ice (c,d) retrievals at the northern fall equinox (Ls = 180° and 5° averaged). The black contours in each panel indicate the data uncertainty. 
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Figure 3. The differences between 3 p.m. and 3 a.m. in the temperature (a,c) and water ice opacity (b,d) at the northern fall equinox (a,b) and northern winter solstice (c,d). 
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Figure 4. An example of 8-sol time evolutions of the zonal mean temperature (color shading) and water ice opacity (dashed contours) at (a) the northern and (b) southern middle latitudes during the northern fall equinox. All data are obtained by the MCS cross-track observational strategy to increase the local time coverage (Figure 1). The vertical grey dotted lines indicate the data sampling local time. The 0 a.m. of each sol corresponds to the marking place of the x coordinate value. Note that the water opacity value has been multiplied by 104. 
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Figure 5. Latitude–altitude structures of (a) the temperature and (c) water ice DW1 amplitude (white contours) and phase (color shading) at the northern fall equinox. (b,d) The comparisons of their amplitude and phase, respectively, at the southern and northern middle latitudes and the equator region. The solid and dashed lines in (b,d) indicate the temperature and water ice DW1, respectively, while the colors represent different latitudes. Note that the water opacity value has been multiplied by 104. 
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Figure 6. Latitude–altitude structures of (a) the temperature and (c) water ice DW1 amplitude (white contours) and phase (color shading) at the northern winter solstice. (b,d) The comparisons of their amplitude and phase, respectively, at the southern and northern middle latitudes and the equator region. The solid and dashed lines in (b,d) indicate the temperature and water ice DW1, respectively, while the colors represent different latitudes. Note that the water opacity value has been multiplied by 104. 
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Figure 7. Seasonal variations of the temperature (a,c) and water ice (b,d) DW1 amplitude (a,b) and phase (c,d) at 45°S. Note that the water opacity value has been multiplied by 104. 
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Figure 8. Seasonal variations of the temperature (a,c) and water ice (b,d) DW1 amplitude (a,b) and phase (c,d) at 5°S. Note that the water opacity value has been multiplied by 104. 
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Figure 9. Seasonal variations of the temperature (a,c) and water ice (b,d) DW1 amplitude (a,b) and phase (c,d) at 45°N. Note that the water opacity value has been multiplied by 104. 
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Figure 10. Seasonal variations of the absolute phase differences between the temperature and water ice DW1 at (a) 45°S, (b) 5°S, and (c) 45°N. The gold contours indicate a phase difference of 8 h. 
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Figure 11. Occurrence frequency of the phase differences larger than 8 h (approximately anticorrelated) with the temperature DW1 amplitude (x-axis) and daily mean water ice abundance (y-axis). The statistic includes data of all latitudes from 75°S to 75°N and pressure levels from 200 to 1 Pa during (a) Ls = 0°–190° and (b) Ls = 190°–360°. (b,d) The mean phase difference values corresponding to (a,c), respectively. 
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Figure 12. Occurrence frequency of the phase differences larger than 8 h (approximately anticorrelated) with the temperature DW1 amplitude (x-axis) and daily mean dust abundance (y-axis). The statistic includes data of all latitudes from 75°S to 75°N and pressure levels from 200 to 1 Pa during (a) Ls = 0°–190° and (b) Ls = 190°–360°. (b,d) The mean phase difference values corresponding to (a,c), respectively. The grey boxes indicate 0 events. 
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Figure 13. Seasonal variations of the zonal mean dust opacity at (a) 45°S, (b) 5°S, and (c) 45°N. The black contours indicate a phase difference of 8 h, as shown in Figure 10. The green dashed contours indicate a temperature DW1 amplitude that is less than 3 K. The three regional dust storms of MY 33 and their approximate duration periods [36] are, respectively: A storm, Ls = 218°–236°; B storm, Ls = 250°–285°; and C storm, Ls = 325°–345°. 
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