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Spatial heterogeneity and temporal variability are general features in planetary weather and climate, due to the effects of planetary rotation, uneven stellar flux distribution, fluid motion instability, etc. In this study, we investigate the asymmetry and variability in the transmission spectra of 1:1 spin–orbit tidally locked (or called synchronously rotating) planets around low-mass stars. We find that for rapidly rotating planets, the transit atmospheric thickness of the evening terminator (east of the substellar region) is significantly larger than that of the morning terminator (west of the substellar region). The asymmetry is mainly related to the spatial heterogeneity in ice clouds, as the contributions of liquid clouds and water vapor are smaller. The underlying mechanism is that there are always more ice clouds on the evening terminator, due to the combined effect of coupled Rossby–Kelvin waves and equatorial superrotation that advect vapor and clouds to the east, especially at high levels of the atmosphere. For slowly rotating planets, the asymmetry reverses (the morning terminator has a larger transmission depth than the evening terminator), but the magnitude is small or even negligible. For both rapidly and slowly rotating planets, there is strong variability in the transmission spectra. The asymmetry signal is nearly impossible to be observed by the James Webb Space Telescope (JWST), because the magnitude of the asymmetry (about 10 ppm) is smaller than the instrumental noise and the high variability further increases the challenge.
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1 INTRODUCTION
More than 4,600 exoplanets have been discovered since the discovery of 51 Pegasi b in 1995 (Mayor and Queloz, 1995), with an ever-growing fraction of terrestrial planets that are smaller than Neptune and Uranus. Astronomers are now at the stage of characterizing atmospheric compositions of rocky planets. Transmission spectrum, emission spectrum, and reflection spectrum are three of the main methods used for atmospheric characterizations (Seager and Sasselov, 2000; Hubbard et al., 2001; Charbonneau et al., 2002; Deming and Seager, 2017; Kaltenegger, 2017; Kreidberg, 2017; de Wit et al., 2018; Grimm et al., 2018; Schwieterman et al., 2018). In this study, we focus on the transmission spectrum. Stellar light is absorbed and scattered by atmospheric species when traveling through the planetary limb; therefore, at wavelengths where the molecules in the atmosphere have higher opacity, the planet will block more light from the star, having a higher relative transit depth. The upcoming launch of telescopes such as the JWST may enable us to detect transmission spectra with higher resolution, larger spectral coverage, and longer observing duration, which will be a breakthrough in this area, especially for Earth-sized planets.
Transmission spectroscopy is useful and effective in detecting atmospheric compositions of hot Jupiters, and even hot sub-Neptunes and super-Earths (Sing et al., 2011; Nikolov et al., 2014; Wakeford and Sing, 2015; Benneke et al., 2019; Iyer and Line, 2020; Mikal-Evans et al., 2020). However, the present telescopes are not able to resolve the atmospheric spectra of habitable terrestrial planets that are smaller in size and cooler in temperature. Theoretical analyses and numerical simulations showed that atmospheric CO2 at 4.3 μm on tidally locked planets is detectable by the JWST, but not for other molecular signatures, such as H2O, because clouds (as well as haze) strongly mute the spectral features (Snellen et al., 2017; Lincowski et al., 2018; Fauchez T. J. et al., 2019; Komacek and Abbot, 2019; Lustig-Yaeger et al., 2019; Suissa et al., 2020a; Lacy and Burrows, 2020; Pidhorodetska et al., 2020). Clouds cause a 10–100-time increase in the transit number required to detect H2O using the JWST (Komacek and Abbot, 2019). Due to convection and large-scale circulation, the dayside of tidally locked habitable planets should be covered by clouds, especially over the substellar region (Yang et al., 2013, 2019a; Haqq-Misra et al., 2018; Fauchez T. J. et al., 2019; Komacek and Abbot, 2019; Suissa et al., 2020a).
In estimating the transmission spectra of tidally locked planets, previous studies (Fauchez T. J. et al., 2019; Komacek et al., 2020; Suissa et al., 2020a) have calculated the average of the two terminators, assuming the differences between the morning terminator and the evening terminator are small or negligible. However, this assumption is groundless. Due to the single-direction rotation of the planet (clockwise or counterclockwise) and flow motion instability, asymmetry is unavoidable even for an aqua-planet with an ocean covering the whole surface. The atmospheric circulation on tidally locked planets is characterized by coupled Rossby–Kelvin waves and equatorial superrotation (Showman and Polvani, 2010, 2011; Kopparapu et al., 2016; Haqq-Misra et al., 2018). Rossby–Kelvin waves and equatorial superrotation are able to advect heat, clouds, and species (such as H2O) to the east of the substellar point and can induce spatial asymmetry. We find that the asymmetry in the transmission spectra between the two terminators is significant and is comparable to the molecular signatures of H2O in magnitude (see section 3 below).
The feature of significant asymmetry in transmission spectra has already been found in the observations and simulations of hot exoplanets (Dobbs-Dixon et al., 2012; Line and Parmentier, 2016; von Paris et al., 2016; Parmentier et al., 2018; Powell et al., 2019; Ehrenreich et al., 2020; Lacy and Burrows, 2020; Pluriel et al., 2020; Kesseli and Snellen, 2021), but not for cool, habitable terrestrial planets. For example, an asymmetric feature in iron absorption of the hot Jupiter WASP-76b was confirmed by the High Accuracy Radial velocity Planet Searcher (HARPS) (Ehrenreich et al., 2020; Kesseli and Snellen, 2021). The asymmetry is always caused by nonuniform cloud coverage (Line and Parmentier, 2016), which in turn is largely determined by thermal contrasts and atmospheric dynamics.
Another feature that was always ignored in the previous studies of terrestrial planets (Lincowski et al., 2018; Lustig-Yaeger et al., 2019; Fauchez T. J. et al., 2019; Komacek and Abbot, 2019; Lacy and Burrows, 2020; Pidhorodetska et al., 2020; Suissa et al., 2020a,b) is the variability of the transmission spectra. On account of waves and fluid motion instabilities, there may be strong short-term variability in the atmosphere although there is neither a seasonal cycle nor a diurnal cycle on the 1:1 tidally locked planets. The variability is unimportant for the mean climate, but it is critical for atmospheric characterizations. This is because a strong (weak) variability implies that more (less) observation time is required for resolving the molecular signals or the asymmetry properly. Previous studies on brown dwarfs and sub-Neptunes (such as Artigau et al., 2009; Radigan et al., 2012; Apai et al., 2013; Showman et al., 2013, 2019; Charnay et al., 2021) have found that the cloud fraction at the terminators could be highly variable.
Recent model calculations by May et al. (2021) show that variability of patchy ice cloud is present in the upper atmospheres of M-dwarf terrestrial planets, particularly along the limbs. However, their study still uses the same method as previous studies, assuming the differences between the morning terminator and the evening terminator are small or negligible, and calculates the average of the two terminators. Here in our study, we examine the asymmetry in the transmission spectra between the morning terminator and the evening terminator, and the variability of this asymmetry. Moreover, while May et al. (2021) examined only one rapidly rotating planet TRAPPIST-1e, our study examines the results of both rapidly and slowly rotating planets. Note that in order to have habitable environments permitting the existence of liquid water, a planet has to be rather close to an M-dwarf, such as 0.1 AU, since M-dwarfs are relatively cool and dim. Such a small orbit would result in a significant gravity gradient along the planet’s diameter. The gravitational pull on the planet can lead to torques that force the planet to synchronize its rotation period with its orbital period. The time scale for the evolution of one habitable planet from asynchronous rotation to synchronous rotation depends on many factors, such as the orbital distance, stellar mass, the energy dissipation rate, the rigidity of the planet, the initial planetary rotation rate, land-sea configuration, and ocean bottom topography (Kasting et al., 1993; Barnes, 2017; Pierrehumbert and Hammond, 2019). Habitable planets around low-mass stars are more likely to be in a synchronous rotation than Earth.
To calculate the asymmetry and variability between morning and evening terminators in transmission spectra of tidally locked terrestrial planets, we post-process 3D climatic outputs of the atmospheric general circulation model (AGCM) in Zhang and Yang (2020) to calculate JWST observations of transmission spectra for morning and evening terminators, respectively. In section 2, we describe the settings for the AGCM experiments and how we post-process the AGCM results to obtain the transmission spectra and its variability. Then, we present the transmission spectra and estimate the number of transits required to detect this asymmetry signal in section 3. A summary is given in section 4.
2 METHODS
2.1 Simulation of the Climate
We employed the three-dimensional (3D) atmospheric general circulation model (AGCM) ExoCAM in our climate simulations (Zhang and Yang, 2020). ExoCAM was developed based on the Community Atmosphere Model version 4 but with correlated k radiative transfer and had updated water vapor continuum absorption coefficients from HITRAN 2012 (Wolf and Toon, 2014; Wolf, 2017; Wolf et al., 2017). In the experiments, planetary radius, gravity, and atmospheric conditions are the same as Earth, except we only include N2 and H2O. The atmosphere is coupled to a 50-m immobile slab ocean with no oceanic heat transport and no continent. The horizontal resolution is 4° by 5° (46 grid points in latitude and 72 grid points in longitude). The model has 40 layers vertically, with surface pressure of 1 bar and a model top of 1 hPa. The stellar flux is 1350 W m−2, and the stellar spectra are from the BT_Settl stellar model (Allard et al., 2007). The stellar temperature is 2600 K for the rapidly rotating planet and 3700 K for the slowly rotating planet.
Since the simulations presented in this study are non-runaway planets, which mean their cloud deck lies well below the original model top, there is no need to extend the layers of the atmospheric profiles (Suissa et al., 2020a). The results of two cases, with rotation periods of 6 and 60 Earth days, are shown in the main text, as they are the most representative ones. Results of other experiments with different surface pressures and stellar fluxes are discussed at the end of the study. The experiments are set to be 1:1 tidally locked (rotation period = orbital period). Each of the experiments was run for tens of Earth years. We use the 365 daily outputs of the last year of the experiments to analyze the transmission spectra and their viability.
Our experimental design is different from that of Kopparapu et al. (2016) and Kopparapu et al. (2017), who modified the rotation period and the stellar flux simultaneously in their experiments, self-consistently considering the effect of the Coriolis force and stellar flux as a whole instead of two standalone factors. We use the same method as Merlis and Schneider (2010), Way et al. (2016), Noda et al. (2017), and Bin et al. (2018), with the rotation period fixed when varying the stellar flux or with the stellar flux fixed when varying the rotation period. This method allows us to know the separate effects of varying the rotation period and varying the stellar flux. The combined effect of varying the rotation period and the stellar flux needs future studies.
2.2 Calculation of the Transmission Spectra
We use the Planetary Spectrum Generator1 (PSG, Villanueva et al., 2018) to calculate the transmission spectra. The method used here is similar to that used in Fauchez T. J. et al. (2019), Suissa et al. (2020a), and Komacek et al. (2020). They averaged transmission spectra of the two terminators, but we calculate transmission spectra for the morning terminator and the evening terminator, respectively. In theory, the transmission spectra of the morning terminator can be obtained during the ingress, and the transmission spectra of the evening terminator can be obtained during the egress, as shown in Figure 1. In practice, the process for obtaining the separate morning and evening spectra is more complex; please refer to the study by Espinoza and Jones (2021). What is more, unlike previous studies (such as Komacek et al., 2020) that use the climatology outputs averaged over the last 10 years of the simulation time, we use the daily output of the experiments, so our analyses are able to resolve the variability of the spectra. We use PSG to calculate the transmission spectrum for every model grid point along the terminator, and then average the spectra with equal weighting of each grid.
[image: Figure 1]FIGURE 1 | The orbital geometry of a transiting exoplanet system. The dashed line is the planetary orbit, the thick solid line is the edge of the star, and two phases of the planet during the ingress and egress are shown. The asymmetry between the transit depth of the morning terminator during the ingress and the transit depth of the evening terminator during the egress leads to a distorted light curve.
We calculate the transmission spectra with a resolving power (R) of 300, from 0.6 to 5 μm, within the range of the near infrared spectrograph instrument (NIRSpec) on the JWST, and it has been shown that NIRSpec is the best instrument for JWST characterization of terrestrial exoplanets (Batalha et al., 2018; Lincowski et al., 2019; Lustig-Yaeger et al., 2019). Since we do not include a noise floor and only use the PSG imager noise model in the calculations, the estimated results for the number of required transits to detect the spectral features should be considered as a lower limit. We set the output of PSG in the form of relative transit atmospheric thickness. The relative transit depth can be calculated by the following mathematical expression (Winn, 2010):
[image: image]
with Rp, δR, and Rs the planet’s radius, transit atmospheric thickness, and the radius of the star, respectively. Δ is the transit depth, and δΔ is the relative transit depth. Note that during the following calculations, we assume that the rapidly rotating case and the slowly rotating case have the same stellar radius as TRAPPIST-1 (0.12 solar radius), and the planet radius is the same as TRAPPIST-1e (0.91 Earth’s radius). The influence of stellar radius is further discussed in section 4.
3 RESULTS
3.1 Asymmetry in the Transmission Spectra
Figure 2A shows the transmission spectra for one tidally locked aqua-planet with a rotation period of six Earth days. It is clear that the transit atmospheric thickness of the morning terminator (west of the substellar point, red line) is in general smaller than that of the evening terminator (east of the substellar point, blue line) in every wavelength. The magnitude of the differences between these two lines is in the order of 10 ppm (Figure 2C). This magnitude is comparable to the molecular absorption signals of H2O, such as the signal at 1.4 μm. In this figure, all of the absorption features are due to water vapor and clouds, except for the 4.3 μm feature caused by N2–N2 collision-induced absorption.
[image: Figure 2]FIGURE 2 | Transmission spectra and their variability of tidally locked planets, from 0.6 to 5 μm. The left y-axis is the transit atmospheric thickness (km) and the right y-axis is the relative transit depth (ppm). (A), (C), and (E): results for planets with a rotation period of six Earth days (= orbital period); (B), (D), and (F): for planets with a rotation period of 60 Earth days. In (A) and (B), the blue line is for the evening terminator and the red line is for the morning terminator, and the areas shaded with pale blue and pale red show their variability. In (C) and (D), the blue line is for the average value of the asymmetry (evening minus morning), and the areas shaded with pale blue show their variability. In (E) and (F), the contributions of air temperature, water vapor, liquid clouds, and ice clouds to the asymmetry (evening minus morning) are shown in red, blue, gray, and yellow, respectively, and their variability are shaded with the corresponding pale colors. The surface pressure is 1 bar, including only N2 and H2O. Note that the summary of the four lines in the lower panel [such as (E)] is not exactly equal to the difference between the blue line and the red line in the upper panel [such as (A)]; this is mainly due to the overlaps among water vapor, liquid clouds, and ice clouds.
To determine which factor is the main cause of the asymmetry between morning and evening terminators, we calculated the contributions of air temperature, water vapor, liquid clouds, and ice clouds, respectively, as shown in Figures 2E,F. When calculating the contribution of liquid clouds, for example, we set temperature, water vapor, and ice clouds with the same values on both morning and evening terminators. It turns out that ice clouds contribute the most to the differences, while the contributions of the asymmetry in air temperature, water vapor, and liquid clouds are much smaller. This is due to the fact that ice clouds are in the high-altitude levels where the optical thicknesses of water vapor and liquid clouds are relatively smaller, thereby they have stronger influence on the transit depth.
Water vapor concentration at the evening terminator is greater than that at the morning terminator in every layer (Figure 3B). This is caused by atmospheric superrotation and coupled Kelvin–Rossby waves (excited from the uneven distribution of stellar flux; Showman and Polvani (2010, 2011); Tsai et al. (2014); Hammond and Pierrehumbert (2018); Pierrehumbert and Hammond (2019); Wang and Yang (2021)), which advects low-concentration water vapor from the nightside to the west terminator and meanwhile advects high-concentration water vapor from the substellar region to the east of the substellar point, as shown in Figures 4B,F,J.
[image: Figure 3]FIGURE 3 | Asymmetry and variability in climatic variables. Profiles of air temperature (A, F), water vapor concentration (B, G), liquid cloud water (C, H), ice cloud water (D, I), and zonal (west-to-east) winds (E, J) at the terminators. Red color is for the morning terminator and blue color is for the evening terminator. Lines are for the mean value and color shadings are for the variability. The rotation period (= orbital period) is six Earth days for the upper panels, and is 60 Earth days for the lower panels. The dashed lines in (E) and (J) are zero lines.
[image: Figure 4]FIGURE 4 | Spatial patterns of surface temperature (the first column), water vapor concentration (the second column), liquid cloud water concentration (the third column), and ice cloud water concentration (the fourth column) in one time snapshot at three different levels (4, 15, and 27 km), for the rapidly rotating planet of six Earth days. Each row represents one level. The arrows are the winds at the corresponding levels with a reference length of 40 m s−1 for the level of 4 km and 100 m s−1 for the levels of 15 and 27 km. The substellar point is located at the center of each panel, and the vertical dashed lines are for the morning terminator (90°) and the evening terminator (270°).
The vertical distributions of the liquid cloud water path and the ice cloud water path (Figures 3C,D) are more complex. For ice clouds, the concentration below the level of ≈20 km at the morning terminator is larger than that at the evening terminator, but above that level, the contrast reverses and the evening terminator has more ice clouds than the morning terminator. The liquid cloud concentration distribution is similar to that of ice cloud, but for liquid clouds the reverse occurs at a lower level of ≈10 km.
Detailed analyses find that clouds (both liquid and ice) at the morning terminator mainly form at the local region, whereas clouds at the evening terminator are mainly advected from the substellar region by horizontal winds (Figure 4). There are two key regions where clouds form: one well-known region is the substellar area and the other barely known one is the cyclone region (characterized by low pressure, anticlockwise winds in the northern hemisphere and clockwise winds in the southern hemisphere, and upwelling motion) near the morning terminator, as shown in Figure 5. Therefore, at low levels of the atmosphere, the morning terminator has more liquid and ice clouds than the evening terminator. At high levels (such as ≥20 km for ice clouds), the morning terminator has less ice clouds than the evening terminator; this is because the zonal westerly winds transport clouds from the substellar region to the east terminator (Figure 4L). Note that the zonal winds at high-altitude (above ≈10 km) are enhanced, so the eastward transport of clouds to the evening terminator is not significant below the level of ≈10 km for liquid clouds and below the level of ≈20 km for ice clouds.
[image: Figure 5]FIGURE 5 | Moist shallow convection mass flux [g m−2 s−1, color shading in (A)], horizontal winds at 500 hPa [m s−1, vectors in both (A) and (B)], and vertical velocity at 500 hPa [Pa s−1, color shading in (B)] in the rapidly rotating case of six Earth days. Red color in (B) stands for descending motion and blue color in (B) stands for upward motion. Note that besides the strong convection at the substellar region, there is also shallow convection at the two cyclones near the morning terminator (90°).
For a slowly rotating planet of 60 Earth days, the asymmetry is much smaller than that of the rapidly rotating one (Figure 2D, C). This is reasonable because as the rotation period increases, the baroclinic instability and the interaction between waves and mean flow become weaker (Vallis, 2017) so that the climatic variables of the slowly rotating planet (such as air temperature, water vapor, liquid clouds, and ice clouds shown in Figures 3F–I) are much more symmetric between the two terminators, compared with those of the rapidly rotating planet (Figures 3A–E). Imagining a planet with no rotation and with uniform boundary conditions (such as the aqua-planet employed here), the asymmetry may be close to zero.
Interestingly, the transit atmospheric thickness of the morning terminator is slightly larger than that of the evening terminator in the slowly rotating case; it is opposite to the result of the rapidly rotating case. This is due to the fact that the strength of atmospheric superrotation is much weaker in the slowly rotating case than in the rapidly rotating case (Figure 3J, E, same as that found in Kopparapu et al. (2016, 2017); Haqq-Misra et al. (2018)]. Thus, horizontal advection has nearly no effect on the cloud concentration at the east (evening) terminator, whereas the west (morning) terminator, where clouds form locally, can have more clouds (such as at the levels above 30 km, shown in Figure 3I) and a larger transit depth (see Figure 2B) than the east terminator.
3.2 Strong Variability in the Transmission Spectra
Besides the asymmetry, there is also strong variability in the transmission spectra, as the color shading showed in Figure 2. The amplitude of the variability is in the order of 20 ppm, larger than the asymmetry and H2O signals. The variability in the transmission spectra is caused by the strong variability in water vapor, liquid clouds, and ice clouds, especially the latter, as shown in Figures 3, 6. For slowly rotating planets, the variability in the transmission spectra is comparable to that of the rapidly rotating planets, because the vortexes on slowly rotating planets move more freely (Figure 6), while those in the rapidly rotating case are confined to the region near the morning terminator. Although the spatial pattern of the surface temperature is relatively stable (left panels in Figure 6), all of the waves, barotropic instability, baroclinic instability, and the interaction between the waves and the mean flow are able to induce oscillations and randomness in the system. We tried the Fourier analysis on the time series of transit atmospheric thickness and climate variables, but we did not find any notable period. The strong variability and irregularity make the asymmetry signal nearly impossible to be observed.
[image: Figure 6]FIGURE 6 | Variability of the system: surface temperature (the first column), water vapor concentration at 4 km (the second column), liquid cloud water concentration at 4 km (the third column), and ice cloud water concentration at 15 km (the fourth column) in three different time snapshots, for the slowly rotating planet of 60 Earth days. The reference vector is 10 m s−1. Note that the color bars in the three right columns are different from those in Figure 4. On this planet, the variability is still strong although the asymmetry between the morning and evening terminators is smaller than that on rapidly rotating planets in the transmission spectra (see Figure 2).
Note that the variability in climate variables (air temperature, water vapor amount, and liquid and ice cloud water contents) of the rapidly rotating planet is much larger than that of the slowly rotating planet (Figure 3), but the variability in the transmission spectra is comparable between the slowly and rapidly rotating planets, as shown in Figure 2. This is due to a “saturation” effect: when the content of a climate variable, such as ice cloud water content, reaches a certain value, the optical depth will be far greater than one, so that the increment of the climate variable content will not significantly increase the atmospheric opacity; thus the transit atmospheric thickness remains almost the same. To explain this phenomenon, we varied the maximum value of ice cloud water profile for every grid along the terminator of a rapidly rotating planet. The results are shown in Figure 7. When ice cloud water content exceeds 7 mg kg−1, it becomes “saturated”, and the transit atmospheric thickness is almost the same as the original. Although the variability in climate variables of the rapidly rotating planet is rather large (Figures 3A–E), they are confined to low altitudes and are “saturated”, so they will not contribute much to the variability. The amplitude of the variability depends mostly on the amount of ice cloud and water at high altitudes that are not “saturated”.
[image: Figure 7]FIGURE 7 | The saturation effect of ice cloud water on transmission thickness in the rapidly rotating case of six Earth days. The shadings in (A) show the range of ice cloud water content along the morning terminator. We artificially set the maximum value of ice cloud water to 0, 1, and 7 mg kg−1 in (A), and their corresponding transit atmospheric thicknesses are shown in (B). When the maximum value of ice cloud water is set to 7 mg kg−1, the transit atmospheric thickness is almost the same as the original, and we call this phenomenon “the saturation effect”.
We calculate the number of transits required to reach a given signal-to-noise (SNR) ratio, assuming that the overall SNR is in proportion to the square root of the number of transit events, and is also in proportion to the SNR for one transit, following the method used in Lustig-Yaeger et al. (2019). Approximately, for a planet with a rotation period of six Earth days, it requires 19 transits to achieve 3σ detection and 53 transits to achieve 5σ detection. The nominal lifetime of the JWST is 5 years. If 30% of the observation time is given to exoplanets, the possible maximum number of transits for an orbital period of 6 days is ≈90. Unlike the detection of molecular signatures, which are restricted to their absorption lines, the asymmetry signal exists in broad band-pass, so there is not much variation in the required number of transits for different wavelengths, except for several particular absorption lines. For a planet with a 60-day rotation period, it needs more than 300 transits to achieve 3σ detection, which is impossible during the lifetime of the JWST. In these calculations of the transit number, the variability was not considered; if it is included, the transit number would be at least doubled for a planet with a rotation period of six Earth days, since the 20 ppm variability is a bit larger than the output of PSG’s noise calculator, which is about 15 ppm. The updated estimation is 55 transits to reach 3σ detection, and 150 transits to reach 5σ detection for the rapidly rotating case.
The asymmetry and variability are also reflected in the transit light curve, especially for the rapidly rotating case. Figures 8A,B show the shape of the light curves of the real case and an imagined symmetric planet. In this study, we use the module of PyTransit (Parviainen, 2015) to calculate the transit light curves. The basic principle is summarized here: considering an orbit without inclination, the normalized total flux f during the transit is as follows:
[image: image]
where [image: image] and [image: image] (Mandel and Agol, 2002). R is the stellar radius, r is the radius of the planet, and d is the center-to-center distance between the star and the planet from front view, as shown in Figure 1B in Mandel and Agol (2002). We set R the same as TRAPPIST-1, and assume that there is no inclination of the orbit. During the ingress, r = r0 + ATmorning, and during the egress, r = r0 + ATevening, where r0 is the radius of TRAPPIST-1e, and AT is the transit atmospheric thickness. The effect of limb darkening (i.e., the limb of the star appears darker than the center of the star) is considered using the method of Mandel and Agol (2002) and de Wit et al. (2016).
[image: Figure 8]FIGURE 8 | Light curves of primary transit for the real case (blue color) and an imagined symmetric planet (orange color). Panels (A) and (C) show the results for planets with a rotation period of six Earth days. Panels (B) and (D) show the results for planets with a rotation period of 60 Earth days. The lines are the mean values and the gray shading represents the variability. (C) and (D) are for the differences between the real case and the imaged symmetric planet. The light curves were calculated using the module PyTransit, a fast exoplanet transit model written in Python (Parviainen, 2015), and the light curves are summed over 0.6–5 μm, the same as the spectral range of transmission spectra in Figure 2.
The asymmetry in the spatial patterns of clouds and water vapor results in a distortion of the light curve. The distortion for the rapidly rotating planet is larger than that for the slowly rotating planet, similar to the results in the transmission spectra. The distortion implies a late transit, but the timing offset is in the order of one second. The small magnitude of the offset, in addition to the confusing effect of the large variability (Figures 8C,D), makes it very difficult to be detected in the observations of the JWST.
4 SUMMARY AND DISCUSSION
In this study, we use PSG to calculate the transmission spectra of 1:1 tidally locked planets, based on the climatic states simulated using 3D global atmospheric circulation simulations. We focus on two important aspects that were not seriously considered in previous studies: the asymmetry between the morning and evening terminators and the variability of the transmission spectra. We find that there is significant asymmetry in the transmission spectra between the morning and evening terminators, especially for rapidly rotating planets. Ice clouds contribute the most to the asymmetry, due to the fact that they are at high levels, thus having a longer optical path. For rapidly rotating planets, the asymmetry is mainly caused by coupled Rossby–Kelvin waves and equatorial superrotation that transport water vapor and clouds to the evening terminator from the substellar region. Moreover, there is strong variability in the transmission spectra for both morning and evening terminators and for both rapidly and slowly rotating planets. This variability makes the detection of the asymmetry by the JWST almost impossible.
In calculating the transit atmospheric thickness, shown in Figure 2 and Figure 8, we set both cases to have the same stellar radius, the radius of a 2600 K star. However, in reality, a star of 3700 K should have a radius three to four times of a 2600 K star. For example, the radius of TRAPPIST-1 with stellar temperature of 2,516 ± 41 K is about 0.12 solar radius (Van Grootel et al., 2018), and the radius of Gliese 667 C, whose stellar temperature is 3,700 ± 100 K (Anglada-Escudé et al., 2012), is 0.42 solar radius. Considering the increment of stellar radius, the relative transit depth of the slowly rotating planet would be decreased by 10–20 times, so it is even more impossible to detect the asymmetry on a slowly rotating planet.
We only include N2 and H2O in this study. The atmospheric composition is simple and the planet is under a fixed stellar flux. If other species, such as O3, which exists above the ice cloud deck, were considered in the simulations, the asymmetry might be even larger. If continents were included, the asymmetry may increase or decrease, depending on the location of the continents and the complex interactions among land, atmosphere, and clouds. In Zhang and Yang (2020), climatic states under different atmospheric pressures (from 0.5 to 4.0 bar) and stellar fluxes (from 1,200 to 1800 W m−2) had also been simulated. When using these climatic outputs to calculate the transmission spectra, we found that the magnitude of the asymmetry in all the experiments are between the rapidly rotating case and the slowly rotating case shown in section 3, and no clear trend of the transmission spectra as a function of the air pressure or stellar flux was found (figures not shown). We have also calculated the effect of oceanic heat transport on the magnitude of the asymmetry using the climatic outputs of coupled atmosphere–ocean general circulation experiments done in Yang et al. (2019a). We found that oceanic heat transport has a small effect (less than 3 ppm) on the asymmetry amplitude and the effect is negative under rapidly rotating orbits but positive under slowly rotating orbits (figures not shown).
Espinoza and Jones (2021) presented a semi-analytical framework to extract the transmission spectra of the morning terminator and the evening terminator directly from transit light curves and showed that current missions like the JWST and TESS are capable of detecting the asymmetry signal larger than 25 ppm. As shown in Figure 7 of their study, the method is effective for hot Jupiters. For terrestrial planets, it will be more difficult, since the planet-to-star radius ratio and the asymmetry signal of terrestrial planets are smaller than those of hot Jupiters. Future larger telescopes with higher precisions will be more likely to detect the asymmetry signals between morning and evening terminators of habitable terrestrial planets.
Finally, we mention that the transmission spectra highly depend on the ice clouds at and around the terminators, but both convection and clouds in these models are parameterized based on the understandings of Earth. Because the scale of clouds is always smaller than the model grid sizes of GCMs, cloud water path, and cloud fraction are parameterized. Different GCMs use different cloud parameterization schemes. Previous model intercomparisons for tidally locked habitable planets have shown that there are large differences in simulated cloud water path and cloud fraction between GCMs (Fauchez T. et al., 2019; Yang et al., 2019b). Many processes and parameters in the models can influence the simulation results. For example, the partition between liquid cloud and ice cloud is always parameterized based on air temperature in the microphysics modules. In ExoCAM, the fraction of cloud ice water in total condensate is set to be 100% when air temperature is lower than −40°C and to be 0% when the air temperature is higher than −10°C; between −40°C and −10°C, the fraction of cloud ice water is a linear function of the air temperature (Collins et al., 2004). In the model SAM, a similar linear function is used but the two temperature limits are set to be −20°C and 0°C (Khairoutdinov and Randall, 2003). For the latter, the cloud ice water path will be higher and the transmission thickness will be larger, if under the same condition. Another example is that the particle size of ice clouds is also parameterized in GCMs. In real world, the particle size as well as terminal velocity is determined by microphysical processes and should depend on air mass and planetary gravity (Loftus and Wordsworth, 2021), but this mechanism has not been included in present GCMs yet. In future studies, cloud-resolving experiments with explicit convection and clouds are required to provide more confident conclusions.
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