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Abstract

:

Cirrus clouds are crucially important to weather, climate and earth energy balance studies. The distribution of cirrus reflectance with latitude and season is an interesting topic in atmospheric sciences. The monthly mean Level-3 MODIS cirrus reflectance is used to analyze the global distribution of cirrus clouds, which covers a period from 1 March 2000 to 28 February 2018. The latitude, from 90° S to 90° N, is divided into 36 latitude zones with 5° interval. Data in each latitude zone are analyzed. The research results show that the slopes of cirrus reflectance variation in the Northern and Southern Hemisphere are −1.253 × 10−4/year and –1.297 × 10−4/year, respectively. The yearly-average cirrus reflectance reveals strong negative correlation with time in the Northern Hemisphere, i.e., the correlation coefficient is −0.761. Then the statistical analysis of cirrus reflectance is performed in different seasons, the results show that cirrus reflectance varies obviously with seasonal change. Additionally, for the [30°, 90°] latitude regions, cirrus reflectance reaches the minimum in summer and the maximum in winter in the Southern and Northern Hemisphere.
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1. Introduction


Cirrus clouds are composed of various sizes and shapes of non-spherical ice crystal particles, distributed in a height range of 5–20 km. Cirrus clouds have attracted considerable interest because of their impact on the Earth’s radiation budget and weather changes [1,2,3,4]. On the one hand, cirrus clouds cool the atmosphere by scattering or reflecting solar radiation that reaches the surface and the atmosphere. On the other hand, cirrus clouds absorb long-wave radiation emitted from the surface and the atmosphere, heating the atmosphere [5,6]. However, their overall effect on earth atmospheric radiative energy budget is not yet fully quantified. The uncertainty of the overall effect arises mainly from the numerous interactions and feedbacks between dynamical, microphysical and radiative processes affecting cirrus clouds, which are poorly understood and poorly constrained by available data [7,8,9,10,11].



With the development of sensing technology, cirrus clouds are detectable not only from ground-based and space-shuttle-borne Lidar measurements, but also from satellite and aircraft measurements. Numerous measurements have been performed to survey the distribution of cirrus clouds in recent years. Ice cloud occurrence frequency varies depending not only on regions and seasons, but also on the types of ice clouds as defined by optical depth values [12]. CALIPSO data taken over 2 years is analyzed for the years 2008 and 2013, it shows that the occurrence frequency of these relatively thick cirrus clouds exhibits a strong seasonal dependence in the high latitudes, with the occurrence frequency during Arctic winter being at least twice that of any other season [13,14]. The maximum-occurrence frequency of top-layer cirrus clouds is up to 70% near the tropics over the 100°–180° E longitude band and the maximum of cirrus top-altitude occurrence frequency of approximately 11% is at 16 km in the tropics [15,16]. The global cirrus cloud radiative forcing distributions at the top of the atmosphere are calculated by using the cloud microphysical parameters derived from AVHRR nighttime data, indicates that cirrus clouds warm the atmosphere, and in particular produce a large warming effect in the tropics [17]. During 1998–2013, analyzing tropical cirrus clouds, observed using a ground-based lidar located at Gadanki (13.5° N, 79.2° E), India, finds that the geometrical thickness of cirrus clouds is higher during monsoon season, the top and base heights of cirrus clouds increased by 0.56 km and 0.41 km, respectively [18].



In the past decades, a number of investigations have focused on macrophysical and microphysical properties of cirrus clouds, including the distribution of the cirrus optical thickness and effective radius, the cirrus clouds top and base heights, the cirrus occurrence frequency. For example, seasonal properties of cirrus clouds in the United Arab Emirates and adjoining regions by geostationary satellite data are analyzed [19]. Cloud top heights are retrieved for the period from 1 January 2003 to 7 April 2012 using height-resolved limb spectra measured by the SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIAMACHY) on board ENVISAT (ENVIronmental SATellite) [20]. Cirrus reflectance and other parameters in MODerate Resolution Imaging Spectroradiometer (MODIS) level-3 data are used to compute the occurrence frequency and spatial distribution of optical thickness of tropical cirrus clouds for the entire two-year period and for the summer and winter seasons [21]. However, few researchers use more than ten-year database to research seasonal & latitudinal distribution of global cirrus reflectance.



Cirrus reflectance is very important for quantifying the effect of cirrus clouds on the earth’s radiation budget. In this paper, we use MODIS level-3 data to analysis global distribution of cirrus clouds from 2000 to 2018, in order to investigate the variation of cirrus reflectance. Section 2 describes the methodology of processing and analyzing cirrus clouds data. Section 3 shows variation of cirrus reflectance with latitude and time. The discussions and brief conclusions concluding remarks are given in Section 4 and Section 5.




2. Methodology


2.1. Data Source


The MODIS on the Terra and Aqua Earth Observing System (EOS) platforms is designed for studies of atmosphere, land, and ocean [22,23]. MODIS with 36 spectral bands (0.4–14.4 µm) provides the capability for globally retrieving cloud properties using passive solar reflectance and infrared techniques [24]. Cloud types, cloud-top properties, optical and microphysical properties are included in MODIS Level-2 and Level-3 cloud products. The Level-3 products are statistically derived from the four Level-2 data products, i.e., aerosol, water vapor, cloud, and atmospheric profile. The MODIS Level-3 products are aggregated to a 1°equal-angle grid, which means the MODIS Atmosphere L3 output grid is always 360 pixels in longitude and 180 pixels in latitude. The Level-3 grid cell indexed (1,1) in the SDS (Scientific Data Set) is located at the upper left corner of the map and corresponds to a grid box with boundaries of 89° to 90° N latitude and 179° to 180° W longitude.



In the MODIS inversion algorithm, ice cloud is determined by the bi-spectral IR method. Cloud phase is inferred from the brightness temperature difference (BTD) between the 8.5 and 11 µm brightness temperature (BTD [8.5–11]) as well as the 11 µm brightness temperature. For ocean, when BT [11] is less 238 K, or BTD [8.5–11] is larger than 0.5 K, cloud phase is ice; for land, when BT [11] is less 238 K, or BTD [8.5–11] is less 1.1 K, the cloud phase is ice. This paper mainly focuses on the statistical analysis of cirrus reflectance, based on the version 6 (V6) MODIS Level-3 monthly products from 1 March 2000 to 28 February 2018. The cirrus reflectance in MODIS is retrieved by using channels near 0.66 and 1.375 µm [25,26]. The atmosphere-earth system can be viewed as being composed of three layers: the water vapor layer above cirrus, cirrus, virtual surface layer which contains low-level water clouds, aerosols, water vapor and surface. Since the 1.375 µm is the strong absorption band of water vapor, and since a substantial amount of water vapor is within the virtual surface, the upwelling radiation reflected by the surface is essentially absorbed by water vapor below the cirrus clouds, no upwelling reflected radiance from the earth’s surface reaches the satellite. When the cirrus clouds present, the solar radiation scattered by these clouds can be received by the sensor [27].




2.2. The Methods of Data Processing


In the following analysis, we take 1 March 2000 to 28 February 2001 as 2000, 1 March 2001 to 28 February 2002 as 2001, etc., 1 March 2017 to 28 February 2018 as 2017. There are 360 × 180 × 12 × 18 grid points in the MODIS data, the annual-mean (seasonal and inter-annual) values during 2000–2017 are calculated by all available samples within each latitude zone. In order to investigate the seasonal trend of cirrus reflectance, we define four seasons based on mid-latitude region for Northern Hemisphere (or Southern Hemisphere) as: Spring (or Autumn for Southern Hemisphere) from March to May, Summer (or Winter for Southern Hemisphere) from June to August, Autumn (or Spring for Southern Hemisphere) from September to November, and Winter (or Summer for Southern Hemisphere) from December to February in next year.



We perform the quality control for the data following the flow chart shown in Figure 1. We read data from the MODIS Level-3 monthly products, as well as the corresponding valid range and scale factor, then remove the meaningless data based on the valid range and convert it to a meaningful cirrus reflectance. If the cirrus reflectance is in the range of 0~1, the value of month equals the month plus one and sum equals sum plus the data. Finally, we can get the average cirrus reflectance. According to Figure 1, cirrus reflectance corresponding to latitude, longitude, and time can be obtained for analyzing the distribution and variation of global cirrus clouds.



After quality control for cirrus clouds, the 12,784,191 effective samples are carried out. To eliminate the possible abnormal samples and increase the statistical significance, it is necessary to remove the possible abnormal values for the physical properties of cirrus clouds. The cloud top temperature is used as a final check, pixels with values less 267.5 K are set to ice. In our analysis, we use cloud top temperature in the MOD08 to get rid of the possible abnormal cirrus clouds samples.



In order to study the global distribution of cirrus clouds, analysis is conducted on the fixed latitude levels. The latitude ranges, from 90° S to 90° N, are divided into 36 latitudinal grids with 5° interval. The latitude ranges of 80° N~90° N and 80° S~90° S are treated as the polar regions. No winter data are present because of polar nights in the polar region. Therefore, only the data of three seasons, i.e., spring, summer and autumn, are counted in the polar region. In statistics, the Pearson correlation coefficient (PCC), also referred to as Pearson’s R, is also used which is a measure of the linear correlation between two variables X and Y. According to the Cauchy-Schwarz inequality, it has a value between +1 and –1, where ±1 is total positive/negative linear correlation, 0 is no linear correlation [28].





3. Global Cirrus Patterns


3.1. Global Distribution of Cirrus Reflectance


The global distribution of the 18-year average cirrus reflectance is shown in Figure 2. It can be seen that the 18-year average cirrus reflectance in the Northern and Southern Hemisphere is not completely symmetrical. Overall, cirrus reflectance decreases firstly and then increases from the equator to 70°latitude. But for the same latitude zone in each Hemisphere, the variation of cirrus reflectance with longitude is different. For the mid-latitude region, the 18-year average cirrus reflectance varies obviously with longitude in the Northern Hemisphere, but varies gently with longitude in the Southern Hemisphere. Perhaps this phenomenon has related to modulation of land-sea distribution, the continental plate is larger in the Northern Hemisphere than the Southern Hemisphere except the polar circle. In the Northern Hemisphere, the land and sea are staggered at the same latitude, which leads to different types of underlying surfaces. While the Southern Hemisphere is dominated by ocean, there are only one or two types of underlying surfaces. The formation of cirrus is related to the water vapor content in the atmosphere, the water vapor content varies greatly on different underlying surfaces and latitudes, which may lead to the different variations of the cirrus reflectance with longitude between two Hemispheres. For example, the cirrus reflectance over the Tibetan Plateau is larger than other at the [25° N, 40° N] latitude regions in Figure 2, which indicates that the cirrus reflectance may be also affected by the surface condition [29]. For the high latitude region, the cirrus reflectance in the Southern Hemisphere is obviously larger than the Northern Hemisphere, this phenomenon may be caused by the polar stratospheric clouds (see Section 5 for details). There is higher cirrus reflectance near the tropics over 80°–150° E longitude band, which may be associated with deep convective activities in the Intertropical Convergence Zone(ITCZ) [13]. Comparison with the frequency of clouds above 6km in Figure 3 [30], the cirrus reflectance is partially correlated with frequency of high cloud, but they are not linear. Because the cirrus reflectance is partly determined by cirrus optical thickness and effective particle size, and partly determined by the frequency of high cloud.



It can be seen from Figure 2 that the 18-year average cirrus reflectance varies more significantly with latitude. Thus, we perform statistical analysis on the variation of them with latitude. The latitude regions from 90 °S to 90 °N are divided into 36 latitude zones with the interval of 5°, negative values represent the Southern Hemisphere and positive values represent the Northern Hemisphere in this paper. Figure 3 shows the average values of cirrus reflectance from 2000 to 2017 at each latitude zone. The 18-year average cirrus reflectance decreases with latitude from the equator and the minimum is presented at around 20 °S region, then increases with latitude in the Southern Hemisphere until to the South Pole. For the Northern Hemisphere, two minimums of cirrus clouds reflectance are presented in the regions around 22.5 °N and the North Pole, respectively. The cirrus reflectance is smoother in the Northern Hemisphere than that in the Southern Hemisphere for the regions where the latitude is larger than 45°. Cirrus reflectance variation patterns in this figure is very different from a similar plot (Figure 6 of Liou paper) presented [31]. Different latitude grids divided lead to different latitudinal and seasonal variation of cirrus reflectance at the mid- and low-latitude regions.




3.2. The Temporal Variation of Cirrus Clouds from 2000 to 2017


The yearly-average cirrus reflectance is statistically analyzed based on the latitude change in Figure 4. The yearly-average cirrus reflectance varies small with time for the fixed latitude zone, especially for the mid-latitude and low-latitude zones. This phenomenon illustrates annual trend of cirrus reflectance is not obvious and difficult to discriminate from larger yearly differences, so the cooling effects of cirrus clouds vary small with different years. Figure 4 also shows that the yearly-average cirrus reflectance in the Southern Hemisphere varies rapidly with latitude, especially at the high latitude regions. For the regions where the latitude is greater than 50°, the yearly-average cirrus reflectance in the Southern Hemisphere is significantly larger than the Northern Hemisphere. For the mid-latitude and tropics, the yearly-average cirrus reflectance can be regarded as symmetrical about 5 °N, decreases firstly and then increases from the central axis to the sides.



In order to analyze the variation of the cirrus reflectance, statistical analysis based on the 18 years data for each Hemisphere is performed. In this paper, a linear fitting method is used to analyze the trend of cirrus reflectance over time. As shown in Figure 5, the yearly-average cirrus reflectance in the Southern Hemisphere is significantly larger than in the Northern Hemisphere. There is a slightly decreasing tendency for the yearly-average cirrus reflectance at each Hemisphere, the slopes of cirrus reflectance variation in the Northern and Southern Hemisphere are −1.253 × 10−4 and −1.297 × 10−4/year, or around −0.19% and −0.16%/year, respectively. The Pearson’s R of cirrus reflectance in the Northern Hemisphere is −0.761, which means the yearly-average cirrus reflectance has a negative correlation with time. However, Pearson’s R in the Southern Hemisphere is −0.551. Figure 5 implies that the global solar radiation reflected by cirrus clouds may have a decreasing trend. In order to confirm the trend, more research on long-term observation of cirrus clouds based on satellite data and lidar is needed in the future.




3.3. Seasonal Variation of Cirrus Clouds During 2000–2017


The seasonal variation of cirrus clouds is studied in this subsection. In order to analyze the variation of cirrus reflectance with the different seasons (Sprint, Summer, Autumn and Winter, see Section 2.2 for details). The variation of the average cirrus reflectance with latitude is analyzed in different seasons.



Figure 6 shows that the seasonal-average cirrus reflectance varies with latitude from 2000 to 2017. It can be seen from Figure 6a that the average cirrus reflectance from March to May can be regarded as symmetrical about 3 °N in the mid-latitude and low-latitude regions, decreases firstly and then increases from the central axis to the sides. The minimums occur near 20 °N in the Northern Hemisphere, and near 25 °S in the Southern Hemisphere, respectively, and the minimum value in the Northern Hemisphere is smaller than the Southern Hemisphere. However, at the high-latitude regions, the seasonal-average cirrus reflectance in the Southern Hemisphere increases gradually, but decreases in the Northern Hemisphere. In Figure 6, (c) is similar to (a), but for the average cirrus reflectance from September to November, the central axis in the mid-latitude and low-latitude regions is located at around 8 °N. There is no data for Figure 6b,d in the [80 °S, 90 °S], [80 °N, 90 °N] regions, respectively, because of the Polar nights or very short sunshine time. Figure 6b shows that the average cirrus reflectance varies with latitude from June to August. From 10 °N to 75 °S, the cirrus reflectance decreases firstly and then increases. The minimum value is near the 15 °S, but from 10 °N to 90 °N, the variation of seasonal-average cirrus reflectance is gentle, especially for the mid-latitude regions, the cirrus reflectance varies very slowly. Figure 6d describes that the average cirrus reflectance from December to February is symmetrical about 7.5 °S at the mid-latitude and tropical regions, and there is a tendency to decrease from the center to both sides. As shown in Figure 6, there is a large latitudinal movement of cirrus reflectance with the changing season, which is in agreement with previous [12,13]. For the mid- and high-latitude regions, the cirrus reflectance reaches the maximum in winter whether the Southern Hemisphere or the Northern Hemisphere, i.e., Southern Hemisphere: June–August, Northern Hemisphere: December–February, and varies with latitude larger in the Southern Hemisphere than in the Northern Hemisphere.



Figure 7 displays the seasonal distribution of the 18-year average cirrus reflectance with latitude. For the mid- and high-latitude regions in the Northern Hemisphere, the 18-year average cirrus reflectance reaches a maximum in December–February, and a minimum in June–August. In the Southern Hemisphere, the average cirrus reflectance reaches the maximum in June–August and reaches the minimum in December–February, that is, the 18-year average cirrus reflectance reaches its maximum in winter and reaches the minimum in summer. The results are strongly supported by the findings in Mitchell et al. [13,14]. It is related to the formation principle of cirrus that cirrus reflectance varies with the changing season. As well known, cirrus clouds are composed of ice crystals of different shapes, and the formation of ice crystals is greatly determined by temperature. In winter of the Northern Hemisphere, the lower atmospheric temperature is more conducive to the formation of ice crystals, which results in the cirrus reflectance and cirrus coverage reaching the maximum for the whole year. In the tropical region, the trend of cirrus reflectance is opposite with it in other regions.





4. Discussion


For the high latitude regions, the cirrus reflectance increases with latitude in Southern Hemisphere, while decreases with latitude in the Northern Hemisphere. It might be the present of Polar stratospheric clouds (PSCs) in the Antarctic. PSCs generally form at very low temperature, e.g., below −78 ℃, can be classified as different types according to their physical state and chemical composition [32]. As we know, temperature below -88 ℃ in the Antarctic, which frequently cause type II PSCs. But such low temperature are very rare in the Arctic, which result in Type II PSCs that are rare observed [33]. The higher reflectance in Southern Hemisphere may also result from the high reflectance and altitude of Antarctica (about 3 km). Water vapor mass in the atmospheric column over Antarctica and Greenland is minimal and may not be sufficient to completely absorb radiation at this wavelength. Moreover, these surfaces reflect sunlight very efficiently. Anyway, the cirrus reflectance difference between North and South Hemisphere is worthy of further investigations.




5. Conclusions


The cirrus reflectance can be used to calculate the attenuated solar radiation reflected by thin cirrus clouds, so the study distribution of cirrus reflectance has great impacts on improving estimating global energy budgets. In this paper, the MOD08 monthly data sets from March 2000 to February 2018, was used to analyze the distribution of the cirrus reflectance with the annual and seasonal variations. From the above analysis, major conclusions are made as follows:



The global distribution of the yearly-average cirrus reflectance is almost symmetrical at 5° N in the mid- and low latitude regions. From the central axis to ±60° latitude, the reflectance of cirrus clouds decreases firstly and then increases with latitude. The yearly-average cirrus reflectance varies with latitude more rapidly in the Southern hemisphere than that in the Northern Hemisphere, and the average cirrus reflectance near the Antarctic Circle is much larger than near the Arctic Circle.



The global yearly-average cirrus reflectance has a slightly decreasing tendency from 2000 to 2017, and the decrease rate is around −0.16%~ −0.19%. The yearly-average cirrus reflectance has a correlation with time, the correlated coefficient of Pearson’s R in the Northern Hemisphere is −0.761.



The cirrus reflectance also has a seasonal variation. For the mid- and high latitude regions, the average cirrus reflectance reaches the maximum in the winter and reach the minimum in the summer in both the Southern Hemisphere and the Northern Hemisphere. Cirrus reflectance varies more slowly with latitude in the Northern Hemisphere.



It should be point out that some effects will influence the reflectance at 1.38 μm channel, such as low water vapor effect, land altitude (affecting column water vapor amount), mixed phase clouds effects, variations of solar radiation etc. The quantitative analsyses of these effects to cirrus clouds reflectance are worthy of further investigations. Anyway, thoroughly investigating the difference in cirrus reflectance between the North Hemisphere and South Hemisphere is meaning and interesting.
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Figure 1. The flow chart of quality control for cirrus clouds data preprocesses: Obtain the effective samples. 
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Figure 2. The 18-year average cirrus reflectance vs. latitude and longitude. 
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Figure 3. The global average of cirrus reflectance. 
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Figure 4. The variations of the yearly-average cirrus reflectance vs. latitude from 2000 to 2017. 
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Figure 5. The hemispheric cirrus reflectance vs. year. 
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Figure 6. The seasonal-average cirrus reflectance vs. latitude from 2000 to 2017. (a) March-May, (b) June-August, (c) September-November, (d) December-February. Note that there are no data for (b) and (d) in the [80 °S, 90 °S], [80 °N, 90 °N] regions, respectively, due to the Polar nights or very short sunshine time. 
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Figure 7. The seasonal distribution of the 18-year average cirrus reflectance vs. latitude. Note that: due to the polar nights in the South and Arctic, data in the region [80°,90°] in winter and [−90°,−80°] in summer does not exist. 
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