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Abstract

:

The evolution of atmospheric and Earth surface physical properties over a period of 15 years (based on data from the longer period from 2004 to 2022) is analyzed through the radiance fluxes measured by the Meteosat second generation (MSG) satellite series. The results show significant changes in the solar (−2.6% to −1.2%) and infrared (+0.4% to +1.0%) domains, with −3.9% for the CO2 absorption band (near 13.4 µm), all variations consistent with results from similar studies of radiation fluxes. Whereas the variation at 13.4 μm radiation is explained by the increase in the CO2 concentration in the atmosphere, the flux increase towards the satellite in the remainder of the infrared spectra measured by MSG corresponds to surface warming (as documented in external sources like the IPCC, the Intergovernmental Panel on Climate Change). The solar outgoing flux decrease exposes a recent reduction in the Earth’s cloud cover under the nominal field of view of Meteosat at 0 degrees longitude (MFOV). Radiance evolution at 6.2 µm and 7.3 µm, a spectral region of intense absorption by water vapor, is interpreted in terms of sensitivity to the humidity content in the middle and upper troposphere by means of a simple radiation transfer model.
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1. Introduction


Satellite measurements are used as a primary source of information about radiation reflected and emitted by the Earth. The measurements also depict Earth-surface and atmospheric physical properties (for instance, cloudiness, concentrations of absorbing gases, ocean and land surface temperatures), which modify the radiative balance of the Earth system [1].



The radiation budget of the Earth surface, which consists of downward and upward fluxes in the shortwave and longwave spectra, describes the energy exchanges between the atmosphere and the Earth surface. Changes in the Earth’s radiation balance, due to natural climate variability or human activity, result in the earth surface warming or cooling. For studying the recent trends in climate change, various products and dataset based on satellite measurements from low-Earth orbit [2] and geostationary [3,4] satellites are being used to derive the components of Earth’s radiation budget (ERB) at the top of the atmosphere (TOA), recognized as one of the essential climate variables [5]. Meteosat Second Generation (MSG), the European geostationary satellite system, has provided excellent temporal samples to capture information at 15-min intervals about the diurnal cycles of the radiation reaching the TOA since 2003. MSG satellites contain a Spinning Enhanced Visible and InfraRed Imager (SEVIRI) radiometer in 12 spectral channels at a resolution of 3 km (or 1 km in one visible channel) over the sub-satellite point [6] and the broadband geostationary Earth radiation budget (GERB) instrument [7].



GERB is the only geostationary broadband radiometer providing TOA shortwave and longwave fluxes with nominal spatial resolution at a nadir of 50 km and a full scan time of 6 min (see [8]). Such broadband spectrally integrated measurements of the reflected solar radiation and outgoing longwave radiation emitted by the Earth have also been made by other satellite sensors for over four decades and used in a wide variety of environmental and climate studies (see [9]). However, they integrate all the energy in the shortwave or longwave into two values. Climate processes affecting a narrow spectral region, like variations in atmospheric humidity observed in the water vapor absorption region around 6 µm, get masked by larger changes in other spectral regions as a consequence of atmospheric absorbers or thermal anomalies. Also, the cloud remains a strong absorber of the infrared (IR) radiation emitted by the ground and reduces the outgoing longwave radiation (OLR) to space. The transparent spectral region around 900 cm−1 (11 µm wavelength) is more influential in the radiative balance of the Earth than the absorption region around 1600 cm−1 (6 µm). The relevance of the CO2 absorption region (around 14 µm or 700 cm−1) is moderate because it is closer to the peak in the blackbody emission by the Earth surface (further explained in Section 2.2), but with strong absorption.



Spectrally resolved measurements of the outgoing radiation make it possible to identify and monitor the effects of many different processes relating to the response of clouds, water vapor, and temperature. The review paper [10] summarizes the advances in the utilization of hyperspectral radiation measurements, including the direct use of spectral observations to evaluate climate models.



Now, the aim of the current study is to report the results of analyses of the averaged radiances based on MSG spectral measurements within the period 2004–2022. We make use of statistical analyses and a simplified numerical transfer model to demonstrate significant aspects of “long term” (15 years) variations in the key parameters of the Earth’s climate system, measured through its spectral albedo and thermal emission. Indirect keys are global cloudiness and water vapor, strong absorbers of the IR radiation from the ground, which reduce in the troposphere the OLR to space. Also, the CO2 concentration and the land surface temperature are key variables.



SEVIRI channels’ bandwidths often overlap with each other and do not completely cover the visible and infrared domains, but we are convinced that long-term average radiance groups (water vapor, infrared, and CO2) of spectrally resolved MSG measurements demonstrate significant changes in the solar and infrared domains, in line with those reported in previous studies of radiation fluxes.



Additional recent work points to a decrease in the Earth’s shortwave albedo in the course of the period 1998–2017, as measured from the earthshine on the Moon by using photometric techniques [11], corresponding to a net climate forcing in the solar domain of about 0.5 Wm−2, uncorrelated to solar radiative oscillations. Based on satellite data from instruments like the cloud and Earth’s radiant energy system (CERES) for a more recent period, Dübal and Vahrenholt [12] conclude a decrease of 1.4 Wm−2 in shortwave radiation (<4 µm) exiting the Earth for the period 2001–2020, somewhat different from the earthshine study.



An analysis by Feng et al. [13] shows a trend of increase in surface downward longwave radiation (4–100 µm) of 1.8 Wm−2 per decade in the period 2003–2018, calculated by using atmospheric parameters like air temperature 2 m above the surface, relative humidity at the 1000 hPa level, total water vapor content, surface downward shortwave radiation, and altitude. Satellite data is used for the long-term, high-spatial-resolution assessment of outgoing surface longwave radiation [14]. The evaluation of the radiative energy flux variations by using CERES data in the period 2001–2020 [12] shows increasing longwave upwelling fluxes (or outgoing longwave radiation, OLR) in the “cloudy” (1.34 Wm−2) and the “clear sky” areas (0.93 Wm−2). The heat uptake for the period July 2000–June 2014 reported in [15] is roughly 0.39 Wm−2.



The present study expands and partially confirms, at the high spectral resolution of SEVIRI, the conclusions from other instruments and interprets the evolution of shortwave and thermal emissions in the light of variability in cloud, tropospheric humidity, CO2 concentration, and surface temperature. Finally, we present estimates of flux changes and forcings as climate change indicators.




2. Materials and Methods


2.1. MSG Data


The primary MSG satellites located near 0 degrees longitude, which performed the measurements during the studied periods of the analyzed dataset, are shown in Figure 1. Meteosat second-generation satellites have measured operationally since 2003 shortwave and longwave radiation from the Earth and its atmosphere in 11 regular channels with a time frequency of 15 min. Each new set of measurements of the Meteosat field of view (MFOV), or operational cycle of 15 min, is considered a slot.



The methodology used in this study is designed to evaluate the trends of the measured radiation for each MSG channel in the course of 15 years embedded in the period 2004–2022, by comparing average radiances measured over the MFOV for an initial, remote period of time (‘data0’, as indicated in Figure 1) and a final, recent period data2’.



We used for trend analysis pairs of MSG satellite data; each pair lagged in time precisely 15 years ± 3 days. For instance, we compare the MFOV average data from Meteosat captured at the nominal date and time of Thursday 1 July 2004, at 12 00 UTC with the data 15 years and 3 days later, on Thursday 4 July 2019, at 12 00 UTC. Data from 28 June 2007 are paired with those on 30 June 2022, as shown in Table 1. Similarly for intermediate times. We chose a constant weekday for all the sampled data to avoid possible (though improbable) changes in the images due to different human activities on different weekdays. Other tested choices for a weekday, or pairing with the previous Thursday in the recent data, did not significantly alter the analysis presented here.



The choice of a 3 year basis for the trend calculation and not a longer or shorter basis results from the need for an intermediate reference (the one provided by data1a+data1b in the central 12 years) to help confirm the existence of a trend in values by discarding cycles shorter than 15 years. Had we chosen for an initial (remote) and final (recent) period a duration of, say, 9 years, we would be left with just two reference times for establishing a variation, which could also due to differential phasing in a longer cycle. On the other hand, a 3-year span grants a low error average, describing the climate in a particular time period and mitigating exceptional years anomalies.



The weekly choice, rather than a more frequent data sampling, proves robust since a week is a typical decoupling time for satellite imagery on a global scale. A weekly data frequency renders sufficient statistical significance with a moderate computational effort. As a measure of similarity, images separated by 24 h for a channel show typical Pearson correlation coefficients of 0.95. They show only 0.48 if the two images are separated by one week, but around 0.71 if we compare monthly image averages for consecutive months, where the rapid movement of clouds is averaged out. For example, the 0.6 µm solar correlation between the 3-year averages around January 2006 and January 2021 is 0.992.



Taking Tuesday’s data instead of Thursday’s for the 12 UTC slot representing a week affects the radiance average difference by less than 0.4% at each solar channel and less than 0.2% at each infrared channel. The database consists of 157 weekly slots for each of the two periods of three years, labeled data0 and data2 in Table 1, where the duration and interval of the dataset used are presented.



On an initial (remote) and a final (recent) base, ‘data0’ and ‘data2’, respectively, each three years long and consisting of 157 slots, we attain statistical significance for the results of the comparison, not improved by choices of longer periods to define them. Such a data choice of 3 + 3 years throws light on the physical processes responsible for changes in shortwave and longwave radiation at the TOA, as reported in studies by other authors mentioned in the Section 1.



The dataset also contains 144 monthly slots for trend analyses for the intermediate period. A monthly frequency for the intermediate period provided sufficient statistical significance.



The SEVIRI radiometer on board MSG scans the MFOV at eleven different wavelengths, with a subsatellite-point horizontal resolution of 3 km × 3 km. The achieved data resolution is better than ±0.1 K for brightness temperatures as a result of data grouping in 4 × 4 pixel boxes.




2.2. Data Utilization


A summary of the method used for the comparisons in the plots is contained in Figure 2 and Table 2.



We use the 157 pairs of data in three ways: (a) MFOV averages for each pair and channel used for the statistical trend analyses are shown in the initial part of Section 3. (b) Local change of pixel averages, shown in Section 3.5, for two channels. (c) Pixel sampling for interchannel comparisons for the analyses in Section 3.2 and Section 3.5. Ways (a) and (b) provide precise conclusions for the central wavelengths of SEVIRI channels. Conclusions for spectral regions are more vague and affected by larger errors due to the problem of the representativeness of the channels in the spectral domain, discussed below.



The intervening period of 12 years (July 2007 to July 2019) was analyzed for trend control, considering 72 pairs of monthly slots (periods of data acquisition for a full scan representing the month). Slots were always taken at 12 UTC to keep the solar illumination conditions constant, apart from the yearly seasonal oscillation. The results are presented graphically in the initial part of Section 3.



The characteristics of the SEVIRI channels are shown in the first four columns of Table 3. The information from Meteosat is available at the EUMETSAT data portal https://eoportal.eumetsat.int, (accessed on 22 August 2023), free registration is required to access data at https://data.eumetsat.int/extended?query=seviri) (accessed on 22 August 2023). We extracted calibrated and rectified (level 1.5) radiance series from July 2004 to June 2022 at 12 UTC over the MFOV from the satellites at 0° longitude. The Meteosat data are served as files with a count value for each pixel and the nominal time of the slot. The count value is converted into radiation units (10−3 Wm−2 sr−1 (cm−1)−1) with the help of two calibration coefficients specific for the particular slot and the data scan of the MFOV every 15 min. In this study, we just use the slot labeled 12 UTC, which contains MFOV data captured between 1200 UTC and 1212 UTC, acquired from south to north. The trends estimated in this study (defined here as the change between the final and initial measurements) do not require any regression model and are taken directly as the differences in measured values in the 15 year period on the 11 different channels of SEVIRI (see Table 3, first four columns).



For the interpretation of the evolution, we group Meteosat SEVIRI channels in four spectral categories (last column in Table 3), which requires the integration of the measurements in solid angle (in the Lambertian hypothesis for radiation emission from a surface, it is a multiplication by the number π), plus integration in wavenumber, assuming that the channel wavelength intervals (Table 3) extend to cover the full solar-infrared spectrum. Here we confront a limitation of channel representativeness in the spectral domain. As seen in the 4th column of Table 3, the bandwidths in SEVIRI channels partially overlap with each other and do not completely cover the infrared domain or the solar domain. The channel grouping therefore introduces considerable errors in the estimates of variation in Wm−2 for a spectral region, which do not affect this work’s conclusions since the error only affects the magnitude of the climate balance and our main conclusions are divided by spectral region. We used a Monte-Carlo approach on a collection of random choices for nominal boundaries separating the central channel wavenumbers and integrated between two consecutive boundaries in wavenumber the precise variation for the chosen bandwidth. For instance, the limit between channel 7 (centered at 8.7 µm or 1150 cm−1) and channel 8 (at 9.66 µm or 1035 cm−1) (Table 3) could also be chosen at, say, 1070 cm−1 or 1100 cm−1, or at any other intermediate value. The Monte-Carlo choices allow an estimate of errors of ±0.15 Wm−2 for each group of integrated radiances (last column in Table 3) except ‘WV’, which looks large in comparison with the grouped differences. The errors in differences by channel are much smaller, in the order of ±0.03 Wm−2, and are mainly due to the filter function in SEVIRI channels, which favors a portion of the channel bandwidth. Those channel differences offer a coherent result when compared within each region—for instance, a constant sign—and are the main anchor of our analysis of other physical variables.



The satellite renders spectral radiances (in units of 10−3 Wm−2 sr−1 (cm−1)−1), which we integrate in the spectral domain and angular domain to result in radiances (in units Wm−2) through the simple integration formula:


Radiance variation = Const × Spectral radiance variation × Channel spacing



(1)







with Const = 1 for solar channels (1 to 4) and Const = π for infrared channels (5 to 11). The first value (Const = 1) averages day and night out of the measured day data at 12 UTC, assuming a typical cycle of 12 h of night and 12 h of day and describing the illumination evolution as a positive sine function.



The climate is driven by the net amount of radiation entering and leaving the Earth’s atmosphere system, which is essentially made up of the Earth’s reflected shortwave (RSW) and the outgoing longwave radiation (OLR), since the sun’s incident radiation is taken for a constant in this work. These two quantities, RSW and OLR, can be respectively assessed from Meteosat solar (numbered 1 to 4 in Table 3) and infrared channels (5 to 11). See [16] for details.



SEVIRI spectral channels measure outgoing longwave radiation (OLR) in the range of 700 to 1870 cm−1 in wavenumber, or 5 to 14 µm in wavelength. Wien’s radiation law connects the wavelength of maximum radiation from a black body with its temperature. (Figure 3). Assuming an approximate black body behavior of the Earth surface at 288 kelvin (K), the maximum radiation is near 600 cm−1 in spatial frequency units (or 16.5 µm in wavelength units). Proximity to this maximum and also absorption by atmospheric gases determine the relevance of the contribution of a spectral region to the energy balance. Water vapor is a strong radiation absorber in the region around 6 and 7 µm (1600 to 1400 cm−1), preventing much radiation from escaping to space. Even in the absence of vapor, the water vapor spectral region is a minor portion of the ground radiation escaping to space, dominated by radiation around 600 cm−1. The almost transparent infrared (IR) thermal regions show a strong signal near that peak. Additionally, poor absorption by gases in that transparency region increases its weight in the climate balance at the top of the atmosphere (TOA). The climate balance is the difference between the solar incoming radiation (SIR) at TOA and the Earth’s reflected shortwave radiation (RSW) plus infrared emission (OLR) to space by the Earth-atmosphere system. As an equation for the climate balance (CB), we have:


CB = SIR − RSW − OLR



(2)







That balance translates into Earth surface temperature changes, which have been mostly positive in recent decades [17]. From the satellite perspective of this paper, we consider positive changes in measured radiances to correspond to a reduction of the CB (an increase of energy leaving towards space) and negative changes to correspond to an increase of the CB.



To calculate daily averages in the solar channels, we estimate the average radiance in the illumination curve in 24 h, including 12 h in darkness, as the maximum value for the MFOV (at 12 UTC) divided by the number π. We divide solar values by π to account for the fact that we used only images at 12 UTC, hence maximum MFOV illumination, instead of a combination of night and day images, missing the actual day-night variation, replaced by a sinusoidal cycle of 12 h plus a null night period.




2.3. Data Interpretation


For the interpretation of radiance values for the channels at 6.2 and 7.3 µm, we have built a simple numerical transfer model on a calculation sheet (called ‘our model’ from now on), with twelve temperature levels based on an international standard atmosphere plus humidity at 50% of the saturation values. The basic atmospheric state of the model is adjusted to render brightness temperatures at the satellite equal to those measured by MSG for those channels, namely 233 K and 246 K, corresponding to scene average radiances via the Planck function. An additional assumption is made to obtain the theoretical expectations for the two water vapor channels, i.e., an atmospheric warming at any level is followed by an adjustment of moisture contents to re-establish the nominal 50% humidity. This simple model is implemented on a standard calculation sheet, taking into account at each level the radiation coming from lower levels plus the radiation generated upwards by the level layer emissivity, a function of its water vapor content.



To help the interpretation of radiance values at the carbon dioxide absorption channel 11 (centered at 13.4 µm), a similar numerical model is used with a standard atmosphere model covering the whole troposphere. To connect the modifications in radiance at the TOA with physical atmospheric changes, the model uses 12 levels of temperature between 200 K and 288 K with humidity at 50% of its saturation level, where each level absorbs part of the upwelling radiation (dependent on humidity content or CO2 concentration) and supplies additional radiance emitted at the level temperature as a gray body. The body emissivity is proportional to humidity or CO2 concentration, depending on the main absorption characteristics of the channel.



The statistical results are interpreted in terms of the evolution of atmospheric and Earth surface physical properties. A synthesis of the physical properties of the Earth system, which can be studied by using data from the measurements by the SEVIRI instrument of MSG, is shown in Table 4.



The data samples and their channel grouping, as shown in Table 3, throw further light on the physical processes responsible for changes in shortwave and longwave radiation at the TOA. The MSG satellite sensors are designed to observe first of all atmospheric properties, which are critical for operational weather forecasting purposes, but these parameters are significant for surface, climate, and climate change studies as well. Observing atmospheric CO2 was not a priority in the MSG motivation; however, the important greenhouse effect of CO2 on global warming and the significant change in its concentrations in the last two decades enhance its weight among the MSG observations.




2.4. Strengths and Limitations


A summary of strengths and limitations addressed in our study is presented in Table 5.





3. Results


The resulting average radiances measured in the spectral domain of the SEVIRI channels, plus estimates of flux variations according to channel, are shown in columns 5 and 6 of Table 3.



Figure 4 summarizes the 15-year spectrally integrated variation in Wm−2 for the eleven MSG channels. The radiances can be grouped in four regions by wavelength, as seen in Table 3, labeled: solar, water vapor, infrared, and CO2 spectral domains. The radiance changes in Wm−2 for the four groups, with uncertainties of ±0.15 Wm−2, are also indicated.



Excepting the channel centered at 7.3 µm, all others show significant changes in the (spectral) radiance per unit of wavenumber (usually cm−1). For the solar channels (SEVIRI channels 1 to 4) and for the CO2 channel (SEVIRI channel 11 at 13.4 µm), a negative trend is observed in measured radiances at the satellite, which we interpret as due mainly to the reduction of cloudiness and to surface heating through the CO2 absorption of outgoing thermal radiation, respectively.



For statistical analysis of the changes in radiances measured by MSG, we show the results in panels for six of the eleven SEVIRI channels (Figure 5). The other channels are omitted since they show similar results to some of those. They are available from the authors. Each panel shows three graphs and, at the top right-hand side, the channel number plus three statistical parameters:




	
The average radiance values over all 157 weekly slots in the initial reference period 2004–2006 (data0 in Figure 1) in units of 10–3 W.m−2 sr−1 (cm−1)−1;



	
The actual variation in the 15 years (from 2006 to 2021) radiance difference (preceded by ‘+’ or ‘−’, positive or negative), expressed in the same units;



	
The standard deviation of the average (preceded by ‘±’) as a measure of uncertainty due to the limitation in the number of processed slots, expressed in the same units.








The upper right dot diagram in each panel shows as a dot the average (X-axis) and standard deviation (Y-axis) inside each channel slot of the 157 sample images, colored according to the month. The standard deviation (SD) is a proxy for contrast inside the image, almost linearly growing with the average radiance of the image but modulated by the sun’s incidence angle on highly reflective surfaces like the Saharan area and by the cloud cycle at high latitudes.



In the infrared channels, such as channel 9 at 10.8 µm (Figure 5e), the radiated heat from the Earth decays from the time of the northern hemisphere winter solstice to the summer equinox and vice versa, resulting in a growth of contrast from January to July. The least and most scattered diagrams are obtained for channels 5 (6.2 μm) and 9 (10.8 μm), respectively, the least and most sensitive infrared channels to thermal radiation emitted by the Earth surface. In the MFOV, the higher contribution to the intra-image contrast comes from the Northern Hemisphere because of the larger area covered by land compared with the Southern Hemisphere and the higher amplitude of the thermal intra-annual variation. Another interesting result seen in Figure 5 is the highly scattered diagram of SD for 1.6 µm radiance. In the northern hemisphere winter months, the abundance of frozen cloud tops reduces the global reflectivity at channel 3 (1.6 µm). The result is a decrease in the standard deviation on the right upper graph of Figure 5b. A much higher deviation corresponds to a reflective cloud, as happens in the summer months for liquid tops (magenta dots). However, for other solar channels, e.g., channel 1 (0.6 µm) in Figure 5a, frozen cloud has the same weight in the radiance deviation axis as droplet-top cloud since icing of the tops has a low impact on reflectivity. The summer months then show less overall cloudiness.



The upper left dot diagram compares the same radiance average (X-axis) with the 15-year increase in that average (Y-axis), always in units 10−3 W.m−2 sr−1 (cm−1)−1. On the Y-axis, the minus sign for visible channels indicates less exiting solar radiation or planet heating due to increased absorbed solar radiation. A plus sign in the infrared channels shows cooling contributions through outgoing thermal radiation. In June-July, the lowest radiances in solar channels (magenta dots) occur as a result of the predominant cloud-free conditions. This is a period of highest radiance in the infrared channels due to high land surface temperatures (LST), usually above the ocean surface temperature.



The lower two-line graph shows the weekly evolution in the initial (around 2006) and recent (around 2021) three-year periods, the basis of the comparison. Its X-axis is labeled in weeks starting from 1 July 2004 (cyan line) and from 1 July 2019 (brown line). The Y-axis shows once again the channel’s radiance. The radiances vary seasonally, and the radiance oscillations vary from year to year. For the IR window channel (Figure 5e bottom panel), the maximum radiance appears in July due to the highest LST around the summer solstices in the Northern Hemisphere and a stronger oscillation in OLR than for the Southern Hemisphere, with much more sea surface inside the MFOV. The effect of the Sahara Desert must also be an important factor in the dominant thermal infrared contribution of the Northern Hemisphere. For the absorption channels (Figure 5c and Figure 3d,f, bottom panels), the summer maxima result from increased emitter temperatures, the ground, or the absorbing gases favoring the Northern Hemisphere. The solar channel radiance (Figure 5a, bottom panel) is bimodal in time and exhibits two yearly minima (around the solstices) and two yearly maxima (around the equinoxes), a composite effect of the yearly cloud cycle and the tilting of highly reflective surfaces like the Sahara.



Figure 6 shows average radiances measured in the eleven SEVIRI channels at the initial 3-year period (2004–2007, in blue), at the intermediate years (2007–2019, red), and at the final period (2019–2022, ochre). Here we show the values in the 7th column of Table 3 after Lambert’s angular integration and wavenumber integration, taking the central wavenumbers of the MSG channels as a basis for the width of the channel intervals. Notice the sharp decrease on channel 11 (13.4 µm) due to the increase in the CO2 atmospheric concentration over the period 2004–2022.



We also considered the intermediate period of 12 years, 2007–2019 (effective length of 6 years after averaging in two time spans) for an estimate of the trend constancy (red columns in Figure 6). The results indicate, though with a higher error margin, a trend acceleration in the infrared channels, except for 13.4 µm. For the 13.4 µm channel, the decrease is slowing down if we look at the 2007–2019 value (red bar).



Results from the trend analysis for each group of wavelength ranges as defined in Table 3 are presented in Section 3.1, Section 3.2, Section 3.3 and Section 3.4. They point to atmospheric and Earth surface physical properties.



3.1. Evolution of Radiances in the Solar SPECTRAL Regions


Four MSG channels are centered in the solar spectrum (under 4 µm). As seen in Figure 6, variations in the range −2.6% to −1.2% are obtained. This is a significant modification in the outgoing shortwave radiation, which is interpreted as a reduction of cloud in the course of the 15 years of the study. Alternative reasons based on less reflective aerosol [19] cannot be excluded, but based on Meteosat data, we are not able to draw a conclusion for such changes due to aerosol.



The −2.6% variation on channel 4 (3.9 µm) is higher than for the other solar channels, as seen in Figure 6. This is in agreement with the fact that this channel is sensitive to thermal radiation affected by CO2 absorption lines, which reduce atmospheric transparency as the CO2 concentration grows.




3.2. Evolution of Radiances in the Spectral Region with Strong Water Vapor Absorption


The thermal radiation from the water vapor (WV) absorption channels at 6.2 µm and 7.3 µm originates at humidity layers high in the troposphere. Water vapor in concentrations typically high in the troposphere is semi-transparent to radiation; significant amounts of radiation originate below and pass unaffected through these layers. The complication due to the layered moisture is a significant factor in WV imagery interpretation that is discussed in Georgiev et al. (2016) [20] and Weldon and Holmes (1991) [21]. In the case of moist air at the height of around 220 K and comparatively dry air lower in the troposphere (240 K), the result is a warmer brightness temperature (more radiation reaching the satellite) than for moist air around the level of 240 K air temperature. This result is called the cross-over effect [20,21] and expresses that high-level tropospheric humidity appears to be more transparent to these wavelengths than humidity at a low level. See also Donny et al. 2003 [22] for a discussion of these physical aspects.



The channel centered at 6.2 µm shows a significant increase of 1.20 ± 0.3% in 15 years (Figure 5c) in response to humidity changes above 500 hPa in the atmosphere or even to the cloud changes suggested above in Section 3.1. This relative increase is stronger than in the window channels of the infrared domain (Section 3.3 below), in the range from 8 to 13 µm, where radiation from the surface supplies the main contribution to the satellite signal and has grown only by about 0.4%. The 6.2 µm channel is mostly insensitive to moisture below 500 hPa. The warming of the upper layer of humidity in the atmosphere, seen at 6.2 µm, is either due to a small drying of the upper troposphere (500 to 300 hPa) or alternatively to an air warming at that layer.



Figure 7 shows the averaging kernels describing the different sensitivity to temperature of the satellite readings at channels 6.2 µm (blue) and 7.3 µm (brown) according to the calculations by our model described in Section 2. The model also illustrates that the two ‘water vapor’ (WV) channels are sensitive to water vapor at different levels in the troposphere. A hypothetical temperature jump of 1 K at the layer of about 250 K ± 5 K, while allowing for more humidity there to re-establish 50% relative humidity (RH), will increase by 0.4% the radiance signal at the satellite for both water vapor channels. Also, a 1 K warming in the layer at (223 ± 5 K) would result in a 0.5% reduction in the 6.2 µm radiance measured by Meteosat and a 0.25% reduction at 7.3 µm.



Overall, the channel at 7.3 µm (responding to water vapor mainly in the middle and upper troposphere) shows no significant change (0.0 ± 0.3%) in the radiances measured by Meteosat for the last 15 years. This result contrasts with the clear increase at 6.2 µm. An explanation of the discrepancy between the two channels in the H2O absorption region is the additional absorption by CH4 between 7 µm and 8 µm (van Wijngaarden et al. [23]), since this gas has also increased its atmospheric concentration by 6% in the period of the study. This absorption region strongly overlaps with the 7.3 µm channel bandwidth.



For the interpretation of radiance changes in the water vapor absorption channel 6.2 µm (channel 5), including temperature and humidity changes in cloudy scenes, we compared water vapor data with radiances measured in the solar 0.6 µm (channel 1). Results are shown in the graphs in Figure 8 as a dot for each randomly chosen location in MFOV, considering average radiance values in the initial (data0) and final (data2) three-year periods at the indicated channels and BT differences.



The scatter plot in Figure 8a (left panel) suggests that a majority of pixels with high 0.6 µm reflectivity (and so more cloudy, marked in red) have suffered an albedo decrease in the past 15 years (values <0 on the horizontal axis). At the same time, the change in 6.2 µm radiance covers relative increases around 2% (Y-axis), mainly in the interval [0%, 5%], pointing to a variety of regions with no definite pattern of humidity loss. However, cloudy pixels (in red) show a higher percentage of increased 6.2 µm radiance (above zero in Figure 8a, Y-axis), which means a reduction of cloud height globally or just a radiative consequence of the cloud reduction in those pixels.



The 6.2 µm channel provides an observation of the upper troposphere’s moisture, and the 7.3 µm is sensitive to moisture content in a wider layer around the tropospheric mid-level. Thus, the brightness temperature (BT) difference between the two Meteosat water vapor channels (BT5-BT6 = 6.2 μm–7.3 μm BT) can be used as a parameter summarizing the troposphere conditions on the vertical dimension. Figure 8a (right plot) shows a scatter plot of BT5-BT6 changes versus the recent value of BT5-BT6, where the pixels with radiance under the median for 6.2 µm radiances (in red) and those with radiance above the median (in green) are disaggregated. The plot scattering of the colder (red dots) and warmer (green dots) pixels can be interpreted under the perspective provided by differential images of the two Meteosat WV channels as the following:




	
BT5-BT6 differences above −14 K are associated only with radiances under the median for 6.2 µm radiances (red dots), so only cloudy or very moist air masses in the middle/upper troposphere appear with these values;



	
The range between −14 K and −16 K, where the pixels in red and green are equally present, is representative of pixels with radiances around the median that indicate moderate moisture content in the upper troposphere and mid-level moist or low-level cloudy conditions;



	
BT5-BT6 differences under −16 K represent upper-level dry air and potential instability in the case of moist air in the middle/lower troposphere seen as colder BT. A great part of the pixels falling under the range −16 K to −18 K with warmer-than-the-median 6.2 µm radiance (in green) show an increase in the 15 recent years (values > 0 on the vertical axis). The colder-than-the-median 6.2 µm radiance (in red) suffered a decrease;



	
Only pixels warmer than the median (green, which corresponds to upper-level dry air) are associated with BT5-BT6 colder than −18 K, and an increasing trend has been observed in the past 15 years;



	
Due to the absence of a significant increase in BT6 in our results, the growth of the BT5-BT6 absolute difference warmer than −16 K suggests overall drying of upper-level air and increased potential instability in the convective environment prior to thunderstorm developments (see [20]).









3.3. Evolution of Radiances in the Infrared Windows and Ozone Absorption Spectral Regions


Three Meteosat infrared window channels from 8 µm to 12 µm plus channel 9.7 µm with ozone absorption show an increasing trend in measured radiance (+0.4% to +1.0%, see Figure 6). This is probably a result of a higher surface temperature and the reduction of cloud, which opens passages to the OLR (Section 3.5), as confirmed by other instruments, ground-based as well as from remote sensing [23,24]. The trend is less pronounced for the radiance in ozone channel 9.7 µm, since the stratospheric ozone layer acts as a filter for radiation from below and reduces the magnitude of the change.




3.4. Evolution of Radiances in the Carbon Dioxide Absorption Spectral Channel


The carbon dioxide absorption region (roughly from 13 to 17 µm) is only represented at SEVIRI by one channel, centered at 13.4 µm, namely at 750 ± 50 cm−1 in the wavenumber domain. Here, the decrease in the radiation reaching the satellite is −3.9 ± 0.4% (Figure 5e). Our transfer model suggests an expected decrease of −4.0 ± 0.9%. The CO2 channel radiation warming is numerically compensated with the cooling by increased outgoing longwave radiation of the infrared spectrum from 4 µm to 13 µm.



The evolution in 13.4 µm radiance seems not to be uniform (it shows during the intervening period a deceleration for its decreasing values), as seen in Figure 5f’s lower two-line graph. The periods labeled data1a and data1b in Table 1 show a decrease of −2.3 ± 0.2% in the two 6-year periods. However, it “jumps” back within the transition between periods (see Figure 5f around the weeks 35, 85, and 120), as if some rapid effect could have reduced the CO2 concentration in the atmosphere. We do not observe a similar jump for window channels like 10.8 µm.



CO2 absorption lines around 14 µm constitute the main contribution to the radiation greenhouse in the atmosphere [23]. Based on doubling rates of CO2 in the infrared domain [23], an upper limit for the change of 9%, or equivalently 0.3 Wm−2 is calculated for the spectral subregion from 12.5 µm to 17.5 µm, excluding the effect of changes in the surface temperature. Meteosat measurements refer to the narrower subregion from 12.4 µm to 14.4 µm, known as channel 11 at 13.4 µm [25]. Using CO2 absorptivity values typical of that channel bandwidth, we simulate in our model an expected value of −4.2% in radiance, very close to the measured −3.9%, and even closer after considering the surface warming in the period, as proxied by the +0.4% change in channel 9 at 10.8 µm.




3.5. Estimating Flux Change and Climate Balance


The evolution of the radiation flux in the period of the study is based on accurate data for the eleven central wavenumbers of the channels, but their representativity in the spectral domain is limited, and we cannot consider the SEVIRI channel measurements to describe changes outside of their bandwidth, as given in Table 3. Even if not essential to the conclusions of this paper, rough estimates of flux change in the 15-year period have been obtained for four spectral regions. Based on wavenumber distances between the eleven channel central wavenumbers, the result is a variation of −0.90 ± 0.23 Wm−2 (planet warming) for the spectral range between 0.4 µm and 14 µm in the 15 years, which includes −0.62 ± 0. Wm−2 change in the solar domain (described by the four channels centered at 0.6, 0.8, 1.6, and 3.9 µm). The absence in the Meteosat SEVIRI radiometer of a channel for the thermal region above 15 µm, with an important greenhouse reduction by water vapor of the outgoing longwave radiation, introduces an uncertainty around ±0.30 Wm−2 for a grand total estimate. Window channels and water vapor channels together change their values by +0.48 ± 0.25 Wm−2, the plus sign indicating a loss of energy in the Earth-atmosphere system for that spectral region, which results from a warming surface.



Regional or local variations in the reflected shortwave radiation (RSW) and the outgoing longwave radiation (OLR), as depicted in Figure 9, show a statistically higher amplitude than the global average for the MFOV and can reach up to 20 K for pixel-sized regions (~10 km2) in the 12.0 µm OLR flux. The OLR flux is not changing uniformly over the MFOV and sometimes shows drastic regional variations, for instance around Madagascar or Tunisia, around 8% in RSW and in excess of 15% in OLR (Figure 9a,b). This kind of result was expected since areas with less cloud in the final period than in the initial period will allow an easier escape route to space for the outgoing longwave radiation. The anomaly correlation for the regional changes in the two channels (0.6 µm and 10.8 µm) is −0.46, which is therefore significant and also turns into an intuitive result: with less cloud, the Earth is able to release more heat into space as infrared radiation.



The actual flux changes in 15 years are illustrated in Figure 9, considering the regional variations in visible and infrared radiation measured over the Meteosat field of view. Areas of increased outgoing longwave radiation (OLR) correlate with areas of decreased reflected shortwave radiation (RSW).



Desert regions like the Sahara, with scarce cloudiness throughout the year and marginal land use transformation, show minimal changes in RSW but considerable changes in OLR in the past 15 years. The authors conjecture that the modifications in radiance can be explained by soil temperature increases, not excluding aerosol (dust) changes. Maritime regions like the South Atlantic show a high correlation between RSW and OLR changes, mostly for less reflected and more emitted radiation. In an area with a very low presence of human-related aerosols, we think that most of the change is in the cloud amount. In fact, a decrease in cloud cover optimally explains that less solar radiation is reflected into space (negative RSW) and that more heat from the surface can reach space (positive OLR). Further studies could address a proper analysis of correlated changes in the different variables mentioned above, beyond the scope of the current work.



To estimate land surface albedo, thermal emissivity, and associated land-atmosphere interaction, we compare changes in pixels of the Meteosat solar channel 1 and the window channel 10.8 µm (channel 9), as well as temperature differences between the two window channels 10.8 µm and 12.0 µm, considering the initial and final averages of the radiances (Figure 10).



The left panel of Figure 10 shows the local variations in 15 years at 0.6 µm (vertical) and at 10.8 µm (horizontal) for a large collection of pixels under the MFOV. The negative correlation of −0.46 seen in Figure 10a between shortwave and longwave variation is considerable (more OLR is linked with less RSW) and suggests a reaction mechanism to the Earth’s warming through reduced cloudiness or aerosol. For a decision on low-cloud evolution, we use the brightness temperature difference BT10.8–BT12 in Figure 10b, which shows a negative bias in BT10.8–BT12 for a majority of pixels with difference values under 2.5 K, in particular for those pixels with lower heat emission (in red). For differences bigger than 2.5 K, more to the right-hand side of the plot (Figure 10b), the bias is positive, suggesting either a thinner or higher cloud in a majority of regions, an ambiguity not resolved by this choice of a diagram by itself. Again, new studies involving more variables will help to break this ambiguity.





4. Discussion and Conclusions


Radiances measured by MSG satellites (over the period from 2004 to 2022) reflect the climate evolution of atmospheric and Earth-surface physical properties such as: (i) global cloudiness and water vapor in the troposphere; (ii) carbon dioxide concentration; (iii) land surface temperature and albedo; (iv) thermal emissivity; and (v) land-atmosphere interaction.



Our results show a negative trend in the evolution of the radiance in the solar spectrum (under 4 µm) measured by Meteosat (around −0.62 Wm−2) over its MFOV. They are in line with the finding of Dübal et al. [12] that declining outgoing shortwave radiation is the most important contributor to a positive TOA (top of the atmosphere) net flux of 0.8 Wm−2 globally over a slightly longer period of 2001–2020.



This change in reflected shortwave radiation (RSW) can be interpreted as (a) a reduction of cloud, (b) a reduction of aerosol on a global scale, (c) a change in land use, which reduces the soil albedo, (d) a reduction of ice or snow surfaces, or (e) others, like a reduction of sulfate pollution, the impact of volcano eruptions, or solar cycles. We believe that soil and ice are not responsible for the negative long-term trend of albedo at the TOA, given the limited fraction of pixels affected. However, changes in attenuation of the global solar irradiance in the atmosphere due to absorbing and scattering substances [26] can also play a minor role.



As a verification point, we also focused on the South Atlantic area, known for very slight pollution (from air traffic or ships) and outside of the paths of African dust. There, the RSW changes in 15 years show a much smaller connection to OLR changes than in the global MFOV, as is typical of low-level reflectors. Since aerosol changes in the area plausibly only affect the high levels of the atmosphere, we believe that the area suffers a marked decrease in low-level cloudiness, which is the first driver of the albedo reduction seen in Figure 4 and Figure 6 for the complete MFOV.



An increase in longwave upwelling fluxes is shown in Section 3 over the MFOV, consistent with studies by other authors for clear sky areas [12] and considered a result of the higher surface temperatures [14]. As reported in the study by Liu et al. [24], the annual average land surface temperature (LST) obtained by two satellite instruments (AIRS and MODIS) and one re-analysis (ERA5-Land) showed an increasing global trend in the period 2003–2017.



The result of the net flux accumulation of 0.9 Wm−2 (climate forcing) over the Meteosat area obtained in a 15-year period in the current study almost doubles that reported in [15] of 0.38 Wm−2 obtained in a comparable but shorter period. Supplementary data from interferometry, such as those from IASI or AIRS sensors on board meteorological/environmental satellites, will supply additional insight.



An increase in surface temperatures is not necessarily enforcing a similar temperature increase in the atmosphere. For the 6.2 µm WV channel, the radiance relative increase in 15 years is higher than the increase in the window IR channels (in the range from 8.0 to 12.0 µm), where radiation from the surface is the main contribution. The 6.2 µm channel is generally not sensitive to moisture below the level of 500 hPa, so a hypothetical decrease in the moisture content in the upper troposphere provides an explanation of the measurements. The trend in the CH4 concentration increase, cloud changes, water vapor redistribution, and temperature scenarios can explain in different ways the disparity in the changes at 6.2 µm and 7.3 µm, respectively 1.8 ± 0.3% and 0.0 ±0.3%. We do not draw here a conclusion on the real cause of these two divergent values for the water vapor absorption channels.



For the CO2 absorption channel (at 13.4 µm), a variation of −3.9% ± 0.4% is estimated for the span of 15 years. This change is mainly a consequence of the increasing CO2 concentrations in the atmosphere following an increase in human-made carbon emissions.



The cloud feedback in the IPCC report, version AR5 [19], sets the effect of the amount of cloud at around −0.46 ± 0.3 Wm−2K−1, at least two times smaller than our estimate of −0.62 Wm−2 for the roughly +0.25 K ground temperature increase in the period 2006–2021 [23], equivalent to −2.5 ± 0.8 Wm−2K−1. We conclude that the climate forcing must also be due to a cloud cover reduction not yet completely reproduced by IPCC model studies. There is no evidence that it could result from a major change in aerosol concentrations.



As a conclusion from Figure 10, cloudiness correlates weakly with OLR (Pearson correlation of −0.46). The fact that cloudy pixels (in red) show high infrared increases with small decreases in solar albedo suggests a reduction of high-level cloudiness, which modifies OLR more than low-level cloud variations. But we do not discard an additional loss of low-level cloudiness, in particular in the South Atlantic.



The split window difference between 10.8 µm and 12 µm, BT10.8–BT12 (sensitive to the presence of high cirrus, ground moisture, and air humidity at low levels) shows a prevailing negative evolution for differences under 2.5 K (Figure 10b), interpreted as either a change in the low-level cloud or a reduction of humidity near the ground, which decreases the brightness temperature (BT) difference. Also, an increase in vegetation would work in the same direction through a stronger ground emissivity at 12 µm. The difference seems globally neutral, with high regional variability, for instance, between the Sahara and the South Atlantic (regional comparisons are not detailed in this paper).



The magnitudes of flux changes shown in Section 3.5 (−0.62 ± 0.13 Wm−2 change in the solar domain and 0.48 ± 0.25 Wm−2 change for the window channels and water vapor channels together) are consistent with the findings of other authors. The result of Dübal and Vahrenholt [12] (based on satellite data from the CERES project from 2001 to 2020 and supported by surface flux data) shows a decrease in cloudiness.This decline in the outgoing shortwave radiation (or RSW) at the TOA has a planet warming effect, only partially compensated by an increased outgoing longwave radiation (OLR).



We have confirmed a trend towards less cloudiness under Meteosat (MFOV). Taking into account global studies like the moon’s earthshine, this trend is probably global. Such a cloud comes probably together with a drier mid-level atmosphere.



The current study will be followed by analyses of different geographical regions where confusing factors like temperature and humidity can be resolved, for instance the Saharan region, with a noticeable absence of clouds, or the South Atlantic, least affected by the increasing air traffic. So we expect to confirm the connection between the negative variation of outgoing shortwave radiation and the reduction in cloudiness. Also, an extension of the main conclusions above to the globe using data from interferometers like IASI with a higher spectral resolution is a suggested project.
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Figure 1. Primary Meteosat second generation satellites period of activity along with the periods of the dataset used for this study. 
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Figure 2. Summary of the data processing used in the paper: Time sequence of the Meteosat observations. 
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Figure 3. Curve for a blackbody emission by a surface with a temperature of 288 kelvin (K), which can be assimilated to the Earth surface, versus wavenumber (horizontal axis). Lower bar (in ocher) represents the infrared domain from 0 to 2500 cm−1 (or inversely from 4 µm to infinite), with dark magenta bars for the SEVIRI infrared channels’ bandwidths, labeled from 5 to 11 and described in Table 3. 
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Figure 4. Relative radiance change for the MSG channels 1–11, as defined in Table 3, from 2006 to 2021. Labels give the sums of the 15-year variation within 2004–2022 period in Wm−2 for the solar, water vapor, infrared and CO2 absorption spectral regions. 
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Figure 5. Statistical characterization of radiances and their variations for SEVIRI channels at (a) 0.6 μm; (b) 1.6 μm; (c) 6.2 μm; (d) 7.3 μm; (e) 10.8 μm; (f) 13.4 μm. Upper left scatter plot: SEVIRI radiance increase (+) or decrease (−) in the 15-year pair of weekly observations versus radiance average for every pair. The black dot is the average of all weekly values. Upper right scatter plot: standard deviation of radiance for every dot representing a week versus radiance average for every dot. Lower scatter plot: Radiance every week versus week number for the initial (in cyan) and final (in brown) periods of three years. 
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Figure 6. Meteosat channels from channels 1 through 11 left to right on the X-axis. Color legend: (blue) Initial period (2004–2007) radiance averages (ochre) Final period (2019–2022); (red) Average based on one image a month for the intervening period as a trend control. Vertical units of Wm−2 after integration in the wavenumber associated with the spectral band. 
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Figure 7. Average values of radiance changes in channels 6.2 µm (blue) and 7.3 µm (brown) for atmospheric height levels, indicated in the Y-axis by their temperature, after a warming of one degree kelvin (1 K) at the level while adjusting humidity to re-establish 50% RH. 
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Figure 8. Scatter plots of changes in the radiance ratios of the averages on randomly chosen pixels at the beginning and the end of the studied period (data0 and data2 in Table 1). (a) Logarithm of data2/data0 in channel 5 (vertical) vs. logarithm of data2/data0 in channel 1 (horizontal). (b) Vertical: BT5-BT6 (in data2)/BT5-BT6 (in data0) vs. horizontal: BT5-BT6 (in data2). Red dots are for image pixels with values over the median for 0.6 µm reflected radiance or under the median for 6.2 µm radiance, typically the cloudier half. Green dots for the rest. 
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Figure 9. Comparison between the regional net variations of solar and infrared radiation over the MFOV. (a) Solar channel 0.6 µm, with units of solar albedo after comparison of the radiance with the solar constant. In red, areas of reduction in 15 years in the reflected shortwave radiation (RSW) corresponding to the channel, and in blue increases. (b) Infrared thermal channel at 10.8 µm, in units of kelvin (K), after conversion of the radiance through the Planck function into a brightness temperature. In red, areas of increase in 15 years of the outgoing longwave radiation (OLR) associated with the channel and, in blue, areas of reduction of OLR. 
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Figure 10. Scatter plots of changes in the radiance ratios of pixel averages at the beginning and the end of the studied period (data0 and data2 in Table 1). (a) Vertical: logarithm of data2/data0 in channel 9 vs. horizontal: logarithm of data2/data0 in channel 1. (b) Vertical: BT9-BT10 (in data2)—BT9-BT10 (in data0) vs. horizontal: BT9-BT10 (in data2). Red dots are for image pixels with values above the median at 0.6 µm reflected radiance or under the median for 10.8 µm radiances, typically the cloudier half. Green dots for the other pixels. 
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Table 1. Dataset composition.






Table 1. Dataset composition.





	Meteosat Dataset
	Points
	Periodicity
	Span in Days
	Start Date
	Central Date
	End Date





	data0
	157
	weekly
	1092
	1 July 2004
	29 December 2005
	28 June 2007



	data1a
	72
	monthly
	2162
	7 July 2007
	22 June 2010
	7 June 2013



	data1b
	72
	monthly
	2162
	7 July 2013
	22 June 2016
	8 June 2019



	data2
	157
	weekly
	1092
	4 July 2019
	31 December 2020
	30 June 2022










 





Table 2. Summary of the data integrations used in the paper for different comparisons: The integration over pixels in the MFOV at the same time slot is indicated with <X>. The integration of different slots over time with <T>. The comparison of different channels with Ck versus Ck’.
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	Integration Variable
	Integration Applied to RADIANCE (Time[T], Pixel[X], Channel[C])
	Comparison
	Graphic Results in





	All pixels in the MFOV
	ΣX RADIANCE (Ti, <X>, Ck)
	Pairs apart by 15 years, same channel
	Section 3



	Time in remote or recent

3-year period
	ΣT RADIANCE (<T>, Xj, Ck)
	Variations of the averages (Remote—Recent) for each pixel, same channel
	Section 3.5



	Time in remote or recent 3-year, comparing channels
	ΣT RADIANCE (<T>, Xj, Ck versus Ck’)
	Changes of the averages (Remote—Recent) for a large sample of pixels, with inter-channel comparison
	Section 3.2 and Section 3.5










 





Table 3. Characteristics of Meteosat SEVIRI channels (labeled from 1 to 11) and estimates of average values of the spectral radiance (5th column) and radiance average of pair differences in 15 years (spectral values for the average difference of the observations’ pairs in the 6th column and integrated spectral values within the channel interval in the 7th column). The 8th (last) column groups the integrated variations from the 7th column in spectral regions for separate analysis.
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Domain

	
Meteosat Channel

	
Central Wavelength, µm

	
Channel

Interval, µm

	
Spectral

Radiance

	
15-Year Average Difference

	
Difference by Channel,

Wm−2

	
Final-Initial Difference by Domain, Wm−2




	
10−3 Wm−2 sr−1 (cm−1)−1






	
solar

	
1

	
0.64

	
0.56–0.71

	
2.62

	
−0.059

	
−0.20

	




	
solar

	
2

	
0.81

	
0.74–0.88

	
3.32

	
−0.040

	
−0.19

	
Channels 1–4




	
solar

	
3

	
1.64

	
1.50–1.78

	
2.67

	
−0.039

	
−0.19

	
sum solar = −0.62




	
solar+infrared

	
4

	
3.92

	
3.48–4.36

	
0.56

	
−0.015

	
−0.03

	




	
water vapor

	
5

	
6.25

	
5.35–7.15

	
2.35

	
0.043

	
0.08

	
Channels 5–6




	
water vapor

	
6

	
7.35

	
6.85–7.85

	
10.11

	
−0.004

	
0.00

	
sum WV = 0.08




	
infrared window

	
7

	
8.7

	
8.30–9.10

	
36.75

	
0.378

	
0.19

	




	
infrared ozone

	
8

	
9.66

	
9.38–9.94

	
31.28

	
0.127

	
0.04

	
Channels 7–10




	
infrared window

	
9

	
10.8

	
9.80–11.80

	
61.76

	
0.297

	
0.09

	
sum IR = 0.40




	
infrared window

	
10

	
12.0

	
11.00–13.00

	
70.14

	
0.250

	
0.07

	




	
CO2 absorption

	
11

	
13.4

	
12.40–14.40

	
58.12

	
−2.310

	
−0.76

	
sum CO2 = −0.76











 





Table 4. Physical properties of the Earth system that can be retrieved from Meteosat second generation satellites (adapted from [18]).
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	Property
	Level
	Main Domain
	Weight
	Further

Dependencies
	Radiation Effects





	Temperature
	Surface
	Infrared
	High
	Insolation
	Surface is a primary source of infrared radiation, eventually reaching space



	Atmospheric humidity
	Low level
	Infrared
	Low
	Atmospheric temperature
	Humidity reduces solar incoming and heat outgoing radiation



	Atmospheric humidity
	High/Mid

level
	6–7 µm spectral region
	High
	Atmospheric temperature
	Molecular absorption blocks surface radiation around 6 µm



	Emissivity
	Surface
	Infrared
	High
	Soil humidity and composition
	Dry ground has a lower infrared emissivity than humid



	Albedo
	Surface
	Solar
	High
	Snow and vegetation cover
	Vegetated areas show lower reflectivity than dry or desert areas



	Cloudiness
	Low level
	Solar
	High
	Atmospheric humidity
	Cloud reduces absorption by the Earth-atmosphere



	Cloudiness
	High level
	Solar and

Infrared
	High
	Upper-level dynamics
	High cloud prevents radiative heat from escaping the Earth-atmosphere



	Atmospheric

CO2
	Mostly low level
	Infrared
	Moderate
	Human activity
	An increase in CO2 levels traps heat in the low atmosphere










 





Table 5. Evaluation of the data and methods used in the study.
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	Strength
	Limitation





	Source data (SEVIRI)
	High accuracy after calibration and

intercalibration
	Only for Meteosat field of view, not whole world surface



	Spectral integration
	Accuracy obtained through averaging
	Limited representativity of SEVIRI channels for integrated radiances



	Radiation Transfer model
	Good calibration through CO2 concentrations from other reliable sources
	Disregards cross absorption effects



	Temporal data sampling
	Largely independent from neighbors, ENSO-Niño independent
	Exposed to rarely extended multi-year anomalies



	Connection to climate
	Immediate connection of satellite radiances to climate variables
	Slightly short period (15 years) for sound climate conclusions



	Contribution to similar studies
	Conclusions on a wider data basis than in other studies
	Discrepancies on the role of cloud and its oscillations



	Future analyses
	Easy transition to invaluable trends in regional surface properties
	Lack of globe coverage, requiring use of polar satellites (LEO) for optimal spectral view
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