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Abstract

:

Taking the 2017 Mw6.5 Jiuzhaigou earthquake as a case study, ionospheric disturbances (i.e., total electron content and TEC) and thermal infrared (TIR) anomalies were simultaneously investigated. The characteristics of the temperature of brightness blackbody (TBB), medium-wave infrared brightness (MIB), and outgoing longwave radiation (OLR) were extracted and compared with the characteristics of ionospheric TEC. We observed different relationships among the three types of TIR radiation according to seismic or aseismic conditions. A wide range of positive TEC anomalies occurred southern to the epicenter. The area to the south of the Huarong mountain fracture, which contained the maximum TEC anomaly amplitudes, overlapped one of the regions with notable TIR anomalies. We observed three stages of increasing TIR radiation, with ionospheric TEC anomalies appearing after each stage, for the first time. There was also high spatial correspondence between both TIR and TEC anomalies and the regional geological structure. Together with the time series data, these results suggest that TEC anomaly genesis might be related to increasing TIR.
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1. Introduction


Electromagnetic signals can spread from the lithosphere to the atmosphere and ionosphere via electromagnetic, acoustic, and geochemical pathways, and models for “lithosphere—atmosphere—ionosphere” coupling (LAIC) during electromagnetic propagation have been experimentally derived [1,2,3,4]. Studies have shown that the thermal infrared anomalies related to earthquakes are a form of electromagnetic disturbance. In the late 1980s, Soviet scientists discovered preseismic infrared radiation anomalies when analyzing earthquake activity in the Middle East [5]; since then, many studies have investigated seismic infrared anomalies and found that during the process of energy accumulation and release (e.g., earthquakes), the crustal structure can be coupled with changes in ground thermal infrared radiation [6,7,8,9,10,11,12]: e.g., rock testing was made in laboratory, the observed enhanced mid-IR emission is believed to arise based on some physical mechanism; the complex analysis of TIR satellite data demonstrated that the transient TIR anomalies starts along the main tectonic fault zone and variations could be seen in a radius of approximately 100 km around the epicenter over the land and sea. From the analysis of bright temperature data, Xu [13] identified clear preseismic thermal infrared anomalies 2–22 days before earthquakes. Zhang [14] identified obvious thermal anomalies before large earthquakes (e.g., the 2008    M s   8.0 Wenchuan earthquake).



When earthquake electromagnetic signals propagate into the ionosphere, they can cause a disturbance of related ionospheric parameters [15,16,17,18,19,20,21,22], and satellite can observe those seismic electromagnetic effects. Since the ionospheric disturbance phenomenon was first observed over the epicenter of the 1960 M9.2 Alaska earthquake, a large number of statistical analyses have shown corresponding disturbance phenomena in the atmosphere and ionosphere above epicentral zones in the days to hours before earthquakes [23,24,25,26,27,28,29,30,31]. When describing ionospheric disturbances, the total electron content (TEC) is an important parameter. Le et al. [32] used Global Positioning System (GPS) TEC data to analyze 736 global    M s    ≥ 6.0 earthquakes from 2002 to 2010; they found that the GPS TEC changed with earthquake magnitude, depth, and occurrence time. Liu and Wan [33] used GPS TEC to analyze    M s    ≥ 6 earthquakes in China from 1998 to 2010 and found that abnormal disturbances occurred in multiple directions around epicenters in the 3–5 days before an earthquake. He et al. [34] studied the changes in electron density before and after 7000 global    M s    ≥ 5 earthquakes from 2006 to 2009 using DEMETER (Detection of Electro-Magnetic Emission Transmitted from Earthquakes) data; they found that preseismic anomalies were always concentrated near epicenters. Li and Parrot [35] used the statistical analysis of earthquake-related ion density recorded by DEMETER over a 6-year period to show that ion-density anomalies increase with increasing earthquake magnitudes, the largest ion-density anomalies occurred on earthquake days.



To investigate preseismic thermal infrared and ionospheric disturbances, various studies have developed anomaly extraction methods, performed thermodynamic tests, and suggested LAIC mechanisms and propagation models [36,37,38]. The simultaneous study of pre- and postseismic TIR and TEC anomalies would allow us more objectively understand the propagation of seismic electromagnetic radiation in LAIC.



The    M w   6.5 earthquake occurred in Jiuzhaigou county, Sichuan province (China), at 13:19:49 on 8 August 2017 (UTC). The epicenter was located at 33.193° N and 103.855° E, and the earthquake had a depth of ~9 km (USGS). Based on the dominant orientation of the long axis of seismic intensity, the concentrated zones of seismic collapse and landslip, the repositioning of a dense band of aftershocks, and the main earthquake source, the event was a left strike slip earthquake with a steep dip angle. The generating fault was the northern section of NNW-trending Huya fault [39].



Zhang [40] calculated blackbody brightness temperatures for the 2017    M w   6.5 Jiuzhaigou earthquake using static meteorological satellite data with wavelet transform and power spectrum analysis. The results showed that preseismic thermal infrared radiation increased in a belt located along the Longmenshan fault zone on the edge of the Sichuan basin, likely reflecting a basin effect. Zhang [41] used global ionosphere grid data provided by the International Ground Station (IGS) network to analyze pre- and postseismic ionosphere TEC time series using the interquartile range method (IQR); the results showed obvious ionospheric anomalies on the 13th day before the earthquake and on the day of the earthquake. Zhai [42] used Global Navigation Satellite System (GNSS) data for reference stations of a land-based network to compare and analyze ionospheric TEC anomalies of the Songpan station (Sichuan province) using an IQR method and the Prophet model; the results showed three positive anomalies (the 7th day before the earthquake and the 1st day and the 7th day after the earthquake) and three negative anomalies (the 10th day, 2nd day before the earthquake, and the 6th day after the earthquake).



In this study, we made more deep investigation simultaneously to ionospheric disturbances and thermal infrared anomalies of the 2017    M w   6.5 Jiuzhaigou earthquake. We used the power spectrum method to extract thermal infrared anomaly features from the data products of the Fēngyún (FY) stationary satellite. The perturbation characteristics of TEC before and after the earthquake were extracted from GNSS data of a land-based network reference station using the IQR method. Combined with the geological structure and solar and geomagnetic activity indices, seismic ionospheric disturbances and thermal infrared anomalies were contrastively analyzed from multiple perspectives.



In most studies of seismic thermal anomalies, satellite remote sensing data products are used to analyze infrared anomaly information in different wavelengths, including temperature of brightness blackbody (TBB), medium-wave infrared brightness (MIB), and outgoing longwave radiation (OLR). However, till date, there has been no comparative study of these three infrared data types related to earthquake. As different satellites have different orbits, attitudes, and radiometer parameters, comparative analysis of data from different satellites is hampered by systematic interference. Therefore, in this study, infrared data of different wavebands observed by the same satellite at the same time were compared so as to objectively understand earthquake-related thermal infrared anomalies.




2. Data and Calculation Methods


2.1. Infrared Data and Methods


We used TBB, OLR, and MIB data observed by the Chinese stationary meteorological satellites FY-2E and FY-2G. FY-2E was launched on 15 June 2008, whereas FY-2G, a substitute satellite for FY-2E, was launched on 31 December 2014. They are both located at a fixed point of more than 35,000 km above the equator at 105° E and have an effective observation range of 45°–165° E and 60° S–60° N.



The main FY-2E and FY-2G payloads are visible light and infrared self-spin scan radiators; detailed parameters of the infrared channels are shown in Table 1. TBB is obtained by quantifying radiation values after observing underlying surface objects using the scanning radiometer; it reflects the temperatures of brightness of different underlying surfaces and its value is obtained by comparing the value observed by satellite thermal infrared channel 1 (the gray value) with a corresponding temperature lookup table. Satellite OLR products are mainly generated by calculating the gray image data of infrared channel 1, infrared channel 2, and the water vapor channel. MIB was studied using data from infrared channel 4.



For the three types of satellite data, the power spectrum method was used to extract anomalies. In past studies, to avoid the impact of solar radiation on the land surface temperature, a mean value for data collected from 1:00 a.m. to 5:00 a.m. (local premorning) has been used to investigate thermal infrared anomalies. However, using mean values can smooth the data; therefore, data were used that were collected at 5:00 a.m. (local premorning) from 1 January 2014 to 30 September 2017. The main steps for extracting anomalies from power spectra were as follows [14].



(1) Wavelet transform was applied to the three kinds of satellite data using the db8 wavelet basis in the Daubechies (dbN) wavelet system. Continuous infrared data information includes the basic temperature field of the Earth (dc part), the annual temperature field, the daily temperature field, temperature changes caused by rain clouds and by cold or hot air streams, and minor temperature changes caused by other factors (including earthquakes).



Original record of TBB (Figure 1a) was taken as an introduction case. Rain clouds and cold or hot airflows caused by temperature change generally occur over short timescales (hours to days) and can be removed by wavelet transform, i.e., removal of some of the second step wavelet detail (high frequency information) (Figure 1c). The application of a wavelet transform can also remove the basic temperature field of the Earth and the annual temperature field; e.g., removal of some of the seventh step wavelet scale with significant annual change information (low-frequency information) (Figure 1d). With the second step wavelet scale (Figure 1b) minus the seventh step wavelet scale, the information of the intermediate frequency band can be retained and the information of high frequency and low frequency is omitted; this step is equivalent to a bandpass filtering. After above steps, each pixel in the time domain had a waveform data that showed relative changes between positive and negative anomalies (Figure 1e).



(2) Power spectrum estimation was used to analyze a massive volume of data over their full temporal and spatial scales. Fourier transform was performed using a n = 64 day window length and m = 1 day slide window length. We then calculated the power spectra; the time series data of every pixel was used to obtain each power spectrum, with the time set by the start time of the window data. In this way, time-frequency space data were obtained. The frequency and amplitude were used to analyze the similarities and differences in thermal power spectra between aseismic and seismic periods.



(3) To better compare thermal power spectra from before and after the earthquake, all power spectrum frequencies for each pixel were processed with relative amplitudes in order to generate spatial data with a time-frequency relative change using Equations (1) and (2):


    A  i k     =  1 l   ∑  j = 1  l   W  i j k   , ( i = 1 , 2 , … , n ;   k = 1 , 2 , … , m )   



(1)






    R  i j k     =    W  i j k      A  i k     , ( i = 1 , 2 , … , n ;   j = 1 , 2 , … , l ;   k = 1 , 2 , … , m )   



(2)




where n is the total number of pixels, m is the number of frequency points, l is the total number of time series data, and    W  i j k     is power spectrum amplitude of the ith pixel on the jth day in the kth frequency. The    A  i k     is the average power spectrum amplitude within statistical time (length l) in the kth frequency of the ith pixel. The relative power spectrum amplitude of the kth frequency on the jth day of the ith pixel is calculated using Equation (2). This mathematical calculation method is mature, and the calculation process is simple. The time-frequency spatial data obtained were used to scan the whole space-time range and all of frequency bands in order to identify frequencies (i.e., the characteristic period) corresponding to large changes in amplitude.




2.2. TEC Data and Methods


The TEC data used in this study were retrieved from the GNSS data of a land-based network of base stations. This network consists of three parts: a base network, a regional network, and a data system. The base network is composed of 260 continuously observing base stations distributed in and around the Chinese mainland. In this study, the GNSS TEC data of 103 stations located in eight provinces and regions (Gansu, Qinghai, Shaanxi, Ningxia, Sichuan, Yunnan, Guizhou, and Xizang) around the epicenter were used (Figure 2).



In this study, the IQR method was used for TEC anomaly detection. In statistics, after a group of data is arranged from small to large and equally divided into four parts, the values at the three segmentation points are the quartiles. The difference of the 75 percentile and the 25 percentile is the interquartile range (IQR). Using the IQR method, a dynamic background reference value M was derived from several days of data before the earthquake. The median M and IQR were used to set an upper boundary on L1 and lower boundary on L2, where L1 and L2 are defined by Equation (3) and Equation (4), respectively:


L1 = M + 1.5 × IQR



(3)






L2 = M − 1.5 × IQR



(4)







A positive anomaly occurs when a data point is larger than the upper boundary, whereas a negative anomaly occurs when a data point is smaller than the lower boundary.



Here, the ratio of the quartile distance to the standard deviation(σ) is 1.34 according to Gaussian distribution, so we define M + 1.5 × IQR or M − 1.5 × IQR is abnormal boundary. This threshold range is close to 2σ, and under this condition, the confidence of the anomaly detection method is 95%.





3. Results and Discussion


3.1. Spatial Evolution of Infrared Anomalies


According to the power spectra, infrared anomalies were generally distributed southeast of the epicenter (Figure 3). The first anomaly appeared along the southern Yingxiu-Beichuan fault; it gradually strengthened and then began to appear along the Huarong mountain fault. After the earthquake, anomalies located along the Huarong mountain fault began to disappear; the anomaly on the southern Yingxiu-Beichuan fault disappeared last. TBB and MIB anomalies were apparent first (8 July), followed by OLR anomalies (14 July). All three anomaly types had disappeared completely by mid-September.



The spatial distributions of MIB, TBB, and OLR anomalies were all in the same seismogenic fault region, suggesting that all three were potentially related to the earthquake. The MIB data contained significant noise away from the anomaly area, which made identification of the anomaly area more difficult. In contrast, even weak amplitude OLR anomalies were clearly identifiable by the end of July. However, the results suggest that power spectrum analysis using TBB is best for identifying earthquake-related infrared anomalies.




3.2. Time Series of Infrared Power Spectra Anomalies


Time series of full frequency power spectra for TBB, OLR, and MIB were extracted for the epicentral region (33°–33.5° N, 103.5°104° E) and two regions with elevated thermal infrared radiation (Figure 4): (1) the Yingxiu-Beichuan fault region (Region 1; 31°–31.5° N, 104°–104.5° E, ~220 km from the epicenter) and (2) the Huarong mountain fault region (Region 2; 29°–29.5° N, 105°–105.5° E, ~470 km from the epicenter).



During a period of low seismic activity (January 2014 to June 2017), the power spectra values of full frequency bands for TBB, OLR, and MIB were generally low (fluctuating below ~5; Figure 5). After July 2017, power spectra in the seventh frequency band of TBB, OLR, and MIB increased significantly in regions 1 and 2, with a maximum of more than 20 times the background level. In contrast, power spectra in other frequency bands showed no obvious changes related to the Jiuzhaigou    M w   6.5 earthquake. In the epicentral region, no anomalous increases (nearly fluctuating below ~5) in the three infrared power spectra were observed in the seventh frequency band; because of a prominently high ratio before the earthquake, the seventh thermal infrared frequency band was the characteristic frequency band of the earthquake.




3.3. Comparison of Anomalous Infrared Power Spectra


We compared the power spectra of the seventh frequency bands of TBB, OLR, and MIB. Before and after the Jiuzhaigou    M w   6.5 earthquake, which occurred on 8 August, anomaly variation trends and peaks in the power spectra of TBB and MIB overlapped significantly, while those in the OLR power spectra were lower. In regions 1 and 2 (i.e., the areas with the most intense anomalies), the highest values for all three power spectra appeared on 14 August, before quickly returning to normal (Figure 6a,b).



However, during the aseismic summer of 2015, regions 1 and 2 contained no anomalies (ratio fluctuating below ~5); similarly, the epicenter region contained no anomalous radiation related to seismicity during the summer of 2017. The change trends and values of the TBB and OLR power spectra overlapped significantly, while those of MIB differed (Figure 6c–e).



Our results show that the infrared radiation characteristics of an earthquake differ from those observed during aseismic periods and from those caused by other factors (e.g., high summertime solar radiation). While this phenomenon requires further analysis using data from additional earthquakes and aseismic periods, our results suggest that particular characteristics of thermal infrared radiation could be used to predict earthquake activity.




3.4. Extraction of Ionospheric TEC Anomalies


The TEC data of nearly 60 stations within the study area showed abnormal fluctuations before and after the Jiuzhaigou earthquake (Figure 7a). Values above the background level occurred on 28 July, 8 August, 11 August, and 15 August. Among them, on the morning of 28 July, the TEC increased at numerous stations, reaching up to 10 TEC. On the morning of 8 August, increased TEC continued for several hours, with a maximum of 15 TEC. The maximum value of the TEC anomaly on 11 August was 5 TEC and that on 15 August was 7 TEC. From the Kp index, DST index (Disturbance Storm Time Index), and F10.7, there was no interreference from electromagnetic activity during these four periods of increased ionospheric TEC. The Kp index exceeded 4 on 26 July and 4 August, the lowest Dst index also was closed to −30 nT (when −50 nT< Dst ≤ −30 nT, there is a small magnetic storm) (Figure 7b). Therefore, the TEC anomalies on 26 July and 4 August can be attributed to interference from electromagnetic activity.




3.5. Comparative Analysis of Thermal Radiation and Ionospheric TEC Anomalies


The spatial distribution of GNSS TEC anomalies processed by interpolation (taking points according to orientation; Figure 8) shows that on the morning of the earthquake (8 August 2017), a large range of positive ionospheric TEC anomalies occurred in the southern epicentral area and on southern side of the Huarong mountain fault, with the latter exhibiting a larger amplitude anomaly. The infrared anomaly distribution was situated on the northern edge of this ionospheric TEC anomaly area. Region 2, which had a significant infrared anomaly, almost completely overlapped the largest TEC anomaly region (i.e., the LUZH, SCJU, and GZGY stations). The distributions of both anomaly types had good correspondence with the geological structure of the area, which could have been caused by the same tectonic activity.



For Region 2, the power spectra in the seventh frequency band of TBB, OLR, and MIB were averaged to represent the variation trend of infrared anomalies before and after the earthquake; this was then compared with the ionospheric disturbances. The increase in infrared radiation related to the Jiuzhaigou    M w  6.5   earthquake can be divided into three phases (Figure 9): (1) 3–24 July (22 days), when thermal radiation gradually increased; (2) 30 July–9 August (10 days), when thermal radiation significantly increased; and (3) 11–14 August (5 days), when thermal radiation increased dramatically. Increasing infrared during at each stage was followed by increasing TEC (e.g., on 28 July, 8 August, 11 August, and 15 August); subsequently, infrared radiation decreased rapidly and there was no increase in TEC again. In summary, the ground thermal radiations and the subsequent ionospheric TEC anomalies had good correspondence.





4. Conclusions


In this study, we investigated thermal infrared (i.e., TBB, OLR, and MIB) and ionospheric TEC anomalies of the 2017    M w  6.5   Jiuzhaigou earthquake using data from the FY-2E and FY-2G satellites. Thermal infrared anomalies were identified using the power spectrum method, while ionospheric TEC anomalies were extracted using the IQR method. Our conclusions are as follows:



(1) Thermal infrared anomalies were observed for all data types (TBB, OLR, and MIB). Anomalies were mainly distributed in the fault region. The seventh frequency band was the characteristic frequency band for anomaly extraction. Among the types of infrared, TBB was best for identifying infrared anomalies. The anomaly trends and peak values of the TBB and MIB power spectra overlapped significantly during the period of seismic activity; in contrast, the TBB and OLR power spectra overlapped significantly for aseismic periods or regions with no anomalies. By analyzing three different types of infrared radiation, we conclude that the infrared radiation characteristics of an earthquake (TBB more overlaps MIB) differ from those during aseismic periods (TBB more overlaps OLR) or those caused by other factors (e.g., high solar radiation during the summer); as such, the joint analysis of TBB, OLR, and MIB data is necessary for more accurate prediction of earthquake activity.



(2) We found that ionospheric TEC increased four times in total before and after the earthquake. The area with the largest TEC anomaly amplitude overlapped significantly with one of the infrared anomaly regions (Region 2). After improved selection of data, we can observe obvious three stages of increasing TIR radiation. In regions with significant infrared anomalies, increasing infrared radiation was followed by increasing TEC, and increasing TEC stopped when infrared radiation decreased.



(3) In addition to temporal correlations, we found that thermal radiation and TEC anomalies both had high spatial correspondence with the same geological structures. These observations suggest that ground thermal radiation related to earthquakes might have some physical relationship with subsequent increases in ionosphere TEC.



Here, two faults (Yingxiu-Beichuan fault and Huarong mountain fault) with significant thermal infrared anomalies are located at the edge of basin area (Sichuan Basin, China). According to previous studies [40,43,44,45], basins are often rich in geothermal resources; they are more sensitive to the change of stress before the earthquakes, i.e., when the stress accumulates to a certain degree, peripheral active tectonic zone and microcracks of basins can become gas upwelling channels, as a result, the radiation warming effect is obvious owing to methane, carbon dioxide, and other greenhouse gases spilled from the surface. So, the ability, here, to extract relatively obvious thermal infrared anomalies might also be attributed by this basin effect.



In LAIC mode, electromagnetic radiations concentratively produced by the deep-seated source spread upward in short phase before earthquake. They are thought to spread from the lithosphere to the atmosphere and the ionosphere by the electromagnetic approach (the response to electromagnetic field change and vertical current increasement between the ground and ionosphere), causing the ionospheric disturbance observed by satellite [1,46]. Our finding of the 2017    M w  6.5   Jiuzhaigou earthquake may be another good evidence for these theories.



Past studies have often identified TIR anomalies, but it is difficult to predict whether they will precede an earthquake. However, the temporal and spatial correspondence of TIR and TEC anomalies observed in this study suggest that TIR and TEC can be combined for earthquake warning, and we will investigate more earthquakes to find this kind of phenomenon. Specifically, increasing TBB that is highly consistent with MIB could be an earthquake precursor. In future work, we will consider the relationships among TBB, MIB, and OLR under different conditions (e.g., solar storms, quiet periods, etc.) and also study the temporal evolution of TIR anomalies for several hours before sun rises and not only at 5 o’clock.
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Figure 1. Results of wavelet transformation of the temperature of brightness blackbody (TBB). (a) Original record of brightness temperature; (b) result with second-order scale analysis; (c) details of the second-order wavelet; (d) results with seventh-order scale analysis; and (e) difference between second-order scale analysis and seventh-order scale analysis. 
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Figure 2. Distribution of Global Navigation Satellite System (GNSS) base stations in the eight provinces around the 2017    M w   6.5 Jiuzhaigou earthquake. Black triangles show the locations of GNSS base stations, and the red star shows the epicenter location. 
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Figure 3. Evolution of (a) medium-wave infrared brightness (MIB), (b) temperature of brightness blackbody (TBB), and (c) outgoing longwave radiation (OLR) anomalies from 8 July to 6 September 2017. The black star shows the epicenter location. 
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Figure 4. Temperature of brightness blackbody (TBB) anomaly on 7 August 2017 (Region 1: Yingxiu-Beichuan fault and Region 2: Huarong mountain fault). 
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Figure 5. Power spectra time series for full frequency bands in the study region from 1 January 2014 to 30 September 2017. Power spectra of (a) temperature of brightness blackbody (TBB), (b) outgoing longwave radiation (OLR), and (c) medium-wave infrared brightness (MIB) in Region 1; power spectra of (d) TBB, (e) OLR, and (f) MIB in Region 2; power spectra of (g) TBB, (h) OLR, and (i) MIB in the epicentral region. 
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Figure 6. Power spectra time series of temperature of brightness blackbody (TBB; blue lines), outgoing longwave radiation (OLR; green lines), and medium-wave infrared brightness (MIB; orange lines) showing thermal radiation anomalies in (a) Region 1 and (b) Region 2 and showing periods with no thermal radiation anomalies in (c) Region 1, (d) Region 2, and (e) the epicenter region. Red arrows denote the day of the 2017    M w   6.5 Jiuzhaigou earthquake. 
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Figure 7. Total electron content (TEC) anomalies through sliding quarterback standard deviation of (a) seismic anomalies at the GZGY, SCJU, and LUZH stations and (b) aseismic anomalies at the NXYC, GSJY, and QHGC stations. Red thick lines denote observation data, blue lines show the mean curve, purple lines denote the threshold range of 2σ, and red fine lines denote TEC anomalies. 
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Figure 8. Spatial distribution of total electron content (TEC) anomalies on 8 August 2017. Black triangles show the locations of Global Navigation Satellite System (GNSS) base stations, and the red five-pointed star shows the epicenter location of the 2017    M w   6.5 Jiuzhaigou earthquake. 
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Figure 9. Increasing trends of thermal radiation (mean power spectrum of temperature of brightness blackbody (TBB), outgoing longwave radiation (OLR), and medium-wave infrared brightness (MIB)) and total electron content (TEC). Red arrows denote phases of increasing thermal radiation; purple arrows denote TEC disturbances. 
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Table 1. Satellite radiometer parameters.






Table 1. Satellite radiometer parameters.





	Channel
	Band (μm)
	Pixel Ground Resolution (KM)
	Usage





	Infrared 1
	10.3–11.3
	5
	Day and night clouds, temperature of underlying surface, distinguishing cloud and snow



	Infrared 2
	11.5–12.5
	5
	Day and night clouds



	Infrared 3
	6.3–7.6
	5
	Top temperature of translucent cirrus clouds, middle and upper level water vapor



	Infrared 4
	3.5–4.0
	5
	Day and night clouds, high temperature targets
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