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Abstract 

We analyze the evolution of a few atmospheric and surface physical properties on Earth over a period 

of 20 years (period from 2005 to 2024) through the radiance fluxes measured by the Meteosat Second 

Generation (MSG) satellites. The results show significant changes in time in the solar (–1.3%) and 

infrared domains (+0.4%), consistent with data from similar radiometers on other satellite platforms. 

We conclude that the outgoing solar radiation flux (OSR) decreases as a result mainly of low-level 

cloud reduction under the nominal Meteosat field of view (MFoV) at 0-degrees longitude in the 

geostationary orbit. We relate regional changes in 60 subareas to the cloud distribution high and low 

in the atmosphere, and show the connection between the imbalance at the top of the atmosphere and 

the observed variation in sea surface temperature (SST) in the Atlantic. We also discard a significant 

cirrus variation in the 20 years of the study, in spite of aviation forcing at high levels. 

Keywords: satellite observations; radiance; absorption of thermal radiation; radiation flux; long-term 

series 

 

1. Introduction 

Satellite measurements sample the spectrum of the radiation reflected or emitted by the Earth. 

Key variables are cloudiness and the concentration of absorbing gases plus aerosol. Those variables 

determine the surface temperature and steer the Earth radiative balance [1]. 

Changes in the radiation balance, due to natural climate variability and human activity, translate 

to surface warming and adopt diverse regional patterns. Products and datasets from low-Earth-orbit 

[2] and geostationary [3,4] satellites are being used to derive the components of the Earth Radiation 

Budget (ERB) at the top of the atmosphere (ToA), recognized as one of the Essential Climate Variables 

[5]. Meteosat Second Generation (MSG), a European geostationary satellite system now largely 

improved by a third generation, provides temporal samples to capture information at 15-minute 

intervals about the diurnal cycles of the radiation reaching the ToA since 2004 [6–8]. 

A review paper [9] summarizing the advances in the utilization of radiation measurements 

explores the direct use of spectral observations to evaluate climate models. 

As an extension of a previous work by the authors [10] we explore now the regional variability 

in the ToA imbalance and its impact on the sea surface temperature (SST) in the Atlantic and west 

Indian oceans, based on radiance fluxes measured by Meteosat within the period 2005–2024. 

2. Methods 

The method used in this study is described in a previous work [10], here upgraded and applied 

to a longer time period, while reducing the uncertainty of the results by 70%. Each set of 

measurements of the Meteosat Field of View (MFOV) on an operational cycle of 15 minutes is 
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considered a slot. We compare slot and channel average radiances for an initial period of time 

(‘remote’, from January 2005 to December 2014) and a final period (‘recent’, from January 2005 to 

December 2014), to determine trends in the data. See Table 1. 

Table 1. Data set composition (European dates format). 

Meteosat 

dataset 
points periodicity start date 

end date 

remote 522 weekly 31.12.2004 26.12.2014 

recent 522 weekly 02.01.2015 27.12.2024 

Data averages are built with a lag of 522 weeks, approximately ten years. We compare the MFOV 

average data in the Meteosat slot at the nominal date and time Friday 7 January 2005 at 12 00 UTC 

with the slot on Friday 9 January 2015 at 12 00 UTC. We choose a constant weekday for all the sampled 

data. to avoid possible minor changes in the images due to different human activities at different 

weekdays. The weekly choice, rather than a more frequent data sampling, proves robust, since a week 

is a typical decoupling time for satellite imagery in the synoptic scale. 

As an example (Figure 1), the slot-average radiance around 0.6 µm measured by Meteosat 

oscillates in time between 3.2 mW·m–2·sr–1·cm around June-July (the less cloudy period in the year) 

and 4.6 mW·m–2·sr–1·cm around the equinoxes. The cluster of dots with the differences in ten years (a) 

is biased to a negative value around –0.1, indicating a decrease of reflected radiation, explainable by 

a significant decrease in cloud cover for all seasons. From the scatter plot (a), the months of June and 

July present the lowest reflectivities in the year. Cloud loss is however similar for all times in the year. 

Kendall’s tau for the channel 0.6 µm time series (c) is –0.07 (p-value of 0.0005) indicating a clear trend. 

 

Figure 1. Evolution of radiance flux on channel 0.6 µm. (a) Scatter plot of differences (horizontal axis) for slots 

separated by 10 years ±2 days, compared with the ‘recent’ value (vertical axis), showing a significant radiance 

reduction (black dot is the distribution center of mass). (b) Scatter plot for the connection between ‘recent’ values 

(vertical) and standard deviation inside the slot (horizontal). Dot color for (a) and (b) indicates month of the year, 

with highest values around the equinoxes. (c) Superposition of reflected radiance values at 0.6µm for a time 

lapse of ten years: orange line for ‘recent’ and blue line for ‘remote’ data, the latter typically higher in values. 

The yearly cycle of radiances shows two high peaks around the equinoxes in the MFoV. 

A note on image similarity: slots separated 24 hours show typical Pearson correlation coefficients 

of 0.95 ± 0.02, and only 0.48 ± 0.05 if the two images are separated by one week. If we compare 

monthly image averages for consecutive months, where the rapid movement of cloud is averaged 

out, the correlation grows to 0.71 ± 0.03. Longer period averages increase the correlation, i.e., an 
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averaged year is similar to the next averaged year. And for longer averages, the 0.6 µm solar 

correlation between 10-year averages of 0.6µm solar images reaches 0.994. 

On an initial (remote) and a final (recent) period, each ten years long (3647 days or 521 weeks) 

and consisting of 522 slots, we attain statistical significance for most channels. The SEVIRI radiometer 

on board of MSG scans the MFOV at eleven different wavelengths, with sub-satellite 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. 

MSG data 

We use the 522 pairs of slots for three kinds of statistical analyses: (a) MFOV pixel average for 

each channel used to estimate trends, in Figure 2. (b) Local change of pixel averages for all pixels, 

shown in Figure 3 for two of the channels. (c) Pixel sampling for inter-channel comparisons in Figure 

4. 

 

Figure 2. Relative radiance change from 2005 to 2024 for the eleven MSG channels, as defined in Table 2. Blue 

bars indicate the integrated radiance around the central wavelength. Red bars show the decadal change, 

augmented by a factor 50. Labels under the diagram are sums of the 10-year variation in Wm-2 for the solar, 

water vapor, infrared and CO2 absorption spectral regions. Percentages in the bottom line are marked in red for 

channel changes above 1%. 

Table 2. Characteristics of Meteosat SEVIRI channels (labeled from 1 to 11) in columns 1st to 4th. Estimates of 

average values of the spectral radiance (5th column) per channel. Wavenumber-integrated values (in Wm-2) 

within the channel interval in the 6th column). Integrated radiance variation in 10 years (spectral values for the 

average difference of the observed pairs, in the 7th column. The 8th (last) column groups the integrated 

variations by spectral region, from the 7th column. 

Domain 

Meteosa

t 

Channel 

Central 

Wavelengt

h µm 

Channel  

boundarie

s µm  

 

Spectra

l 

radianc

e 

10-3 

Wm-2 sr-

1 (cm-1)-1 

 

Integrate

d 

radiance 

Wm-2 

 

10-year 

change 

by 

channe

l 

Wm-2 

Change 

by  

domain  

Wm-2 

 

solar 1 0.64 0.56—0.71 3.91 22.7 –0.56  
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solar 2 0.81 0.74—0.88 4.99 41.1 –0.42 

sum 

solar = –

1.07 

solar 3 1.64 1.50—1.78 4.01 33.5 –0.10 
(channel

s 1-4) 

solar+infrare

d 
4 3.92 3.48—4.36 0.83 3.2 0.01 

 

water vapor 5 6.25 5.35—7.15 3.29 10.6 0.14 
sum WV 

= 0.11 

water vapor 6 7.35 6.85—7.85 14.32 17.4 –0.03 (5-6) 

infrared 

window 
7 8.7 8.30—9.10 51.72 45.4 0.30 

 

infrared 

ozone 
8 9.66 9.38—9.94 43.82 26.5 0.11 

sum IR = 

0.76 

infrared 

window 
9 10.8 

9.80—

11.80 
86.80 47.3 0.25 

(7-10) 

infrared 

window 
10 12.0 

11.00—

13.00 
98.46 47.8 0.10 

 

CO2 

absorption  
11 13.4 

12.40—

14.40 
80.37 45.2 –0.58 

CO2 = –

0.58 (11) 

 

Figure 3. Decadal trend in percentage according to the color scale. (Left, for channel 0.6 mm) Orange hues 

indicate a decrease in radiance to space, cyan hues an increase. Pixel color intensity indicates the average pixel 

reflectivity, from the error margin 0.02 (deep blue) to 0.50 (yellow). (Right, for channel 10.8 µm) Orange hues 

mean an increase in the outgoing longwave radiation (OLR), green hues a decrease, with average pixel intensity 

indicating 10.8 µm brightness temperature. From 275 K, in yellow to 300 K in black. 
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Figure 4. Geographic diagrams of the cloud change. In all three images pixels are represented by dots in a 

reflectivity scale from 3% (blue dots) to 60% (red dots). (Top) For each of the 60 square regions in which we 

divided the MFoV, the graph relates average brightness temperature at 10.8 µm in ten years (vertical axis) with 

decadal relative change in 0.6 µm reflectivity. See the inset lower-right for the limits. For instance, for Mauritania 

most pixels are very reflective and warm, and tend to lose 0.6 µm radiance in the ‘recent’ decade. (Middle) The 

regional graph dots connect the pixel warming or cooling (vertical axis) with the relative variation in reflectivity 

at 0.6 µm (horizontal). E.g., a vertical value of +1% implies a net decadal increase in the imbalance equivalent to 

1% of the solar constant. (Bottom) Connection of change in the split window (channel 10.8 µm – channel 12.0 

µm) brightness temperature difference (vertical) with its average value in the pixel (horizontal). Further 

explanation in the text. 

The characteristics of the SEVIRI channels are shown in the first four columns of Table 2. The 

information from Meteosat is available at the EUMETSAT data portal https://user.eumetsat.int (free 

registration is required to access data). We extracted calibrated and rectified (level 1.5) radiances from 

December 2004 to December 2024 at 12 UTC over the MFOV from the satellite at 0° longitude. Data 

are retrieved as files with a count value for each pixel, channel and nominal time. The count value is 

converted into radiation units (10-3 Wm-2 sr-1 (cm-1)-1) with the help of the slot calibration coefficients 

in each retrieved file. In this study, we restrict ourselves to the slot labeled 12 UTC, which contains 

MFOV data captured between 1200 UTC and 1212 UTC, acquired from south to north, roughly 

corresponding to midday conditions at Greenwich meridian. The trends estimated in this study 

(defined here as the change between the final and initial measurements) are the differences in slot-

average values measured with a 10 year interval on the 11 different channels of SEVIRI (see Table 2). 

For the interpretation of the atmospheric and ground evolution, we group Meteosat SEVIRI 

channels in four spectral categories (last column in Table 2 and Figure 2), which requires the 

integration of the measurements in solid angle. In the Lambertian hypothesis for radiation emission 

from a surface, solar channels get divided by a correction constant π to compensate null values in the 

night. We encounter a limitation in how well the channels represent the spectral domain. As seen in 

the 4th column of Table 2, the bandwidths in SEVIRI channels partially overlap and do not completely 

cover the infrared or solar domain. The channel grouping therefore introduces errors of ±0.15 Wm-2 

for each group of integrated radiances (last column in Table 2). 

We integrate in the spectral domain and angular domain to result in radiances (in units Wm-2) 

through the formula: 

Radiance variation = Const * Spectral radiance variation * Channel spacing

 

(1) 

with Const = 1 for solar channels (numbered 1 to 4) and Const = π for infrared channels (from 5 to 

11). The first value (Const=1) produces a 24-hour average out of the measured day data at 12 UTC, 

assuming a typical cycle of 12 hours of night and 12 hours for describing the illumination evolution 

as a positive sine function. 

The climate is driven by the net amount of radiation entering and leaving the Earth-atmosphere 

at its top, consisting of the Earth’s reflected shortwave radiation (RSW) and the Outgoing Longwave 

Radiation (OLR). These two quantities can be respectively assessed from Meteosat solar channels (1 

to 4) and infrared channels (5 to 11). The solar incoming radiation (SIR) varies with the Earth-Sun 

distance in the course of the year. See [11] for details. 

As an equation for the climate imbalance (we call it CI here, but commonly it is referred as Earth 

Energy Imbalance or EEI) we use: 

CI = SIR – RSW – OLR (2) 

This imbalance translates into the Earth surface temperature change, with a growing trend in 

recent decades [12], plus the heat storage in the ocean and inner land layers. From the satellite 

perspective in formula (2), a reduction in the satellite measured radiances (exiting the planet) means 

an increase of the imbalance, CI. 
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Finally, we use a calculation sheet containing a 20 vertical-level model of the standard 

atmosphere (called ‘our model’ in this paper) to evaluate the approximate change in radiance fluxes 

in response to atmospheric physical variables like greenhouse gas concentration, water vapor amount 

and high or low cloud. It was calibrated against the measured radiances. 

A summary of strengths and limitations in this study is presented in Table 3. 

Table 3. Evaluation of the data and methods used in the study. 

 Strength Limitation 

Source radiance data 

(SEVIRI) 

High radiance accuracy after 

calibration and inter-

calibration 

Only for Meteosat field of view, 

not whole world surface 

Spectral integration More accuracy gained 

through averaging 

Poor representation of SEVIRI 

channels in parts of the spectrum, 

e.g., above 15 µm 

Radiation Transfer 

simulation 

Calibration based in CO2 

concentrations from other 

reliable sources 

Disregards cross absorption effects 

by several gases 

Temporal data sampling Large weekly independence, 

ENSO-Niño neutral on 

averages of two periods 

Potentially exposed to multi-year 

anomalies in the large MFoV 

region 

Connection to climate Immediate connection of 

satellite radiances to climate 

variables, cloud and gas 

Too short a period (20 years) for 

sound climate conclusions or 

sustained trends 

Contribution to similar 

studies 

Conclusions on a wider 

spectral basis than in other 

studies (e.g., Loeb [13]) 

Discrepancies on the cloud 

evolution and fluctuation 

compared with other studies 

Future analyses Easy translation to sub-

regional trends in brightness 

temperatures 

Geographical coverage limited to 

MFoV, requiring extra use of polar 

satellites (LEO) for a global 

analysis 

3. Results 

We focus in four basic Meteosat data analysis that we performed. 

3.1 Global analysis 

3.2 Regional analysis 

3.3 Imbalance evolution at the top of the atmosphere (ToA). 

3.4 Sea surface temperature in connection with the imbalance. 

3.1. Global Analysis 

Figure 2 summarizes the spectrally integrated per-decade variation (in Wm-2) for the eleven MSG 

channels, by comparing the recent 10-year period (2015–2024, in blue) with the ‘remote’ period 2005-

2014. 

We take the central wavenumbers of the MSG channels as the basis for the channel interval 

width estimation, and integrate in stereo angle and wavenumber. Excepting those at 7.3 µm and at 

12 µm, the channels show statistically significant variations in the radiance per unit of wavenumber 

(usually expressed in cm-1). 

For the solar channels (SEVIRI channels 1 to 4) and for the CO2 channel (SEVIRI channel at 13.4 

µm) a negative radiance trend is observed. The radiances can be grouped in four regions by 

wavelength as seen in Figure 2, labeled: solar, water vapor, thermal 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. Most outstanding variations occur for channels centered at 0.6, 0.8, 6.2 and 13.4 µm. 
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These results were already analyzed and commented in [10] and highlight the primary role of cloud 

in the flux balance at the ToA. 

The outgoing radiance decrease in the CO2 absorption region appears to be the consequence of 

the continuously increasing gas level, currently at a rate of about 5% per decade. The radiance 

decrease at channel 13.4 µm shows in our model an equivalent increase of 4.5% per decade in the 

CO2 atmospheric concentration, compounded with an increase in air temperature of (0.34 ± 0.08) K. 

A similar air warming of (0.31 ± 0.11) K would also explain the measured increase at channel 5 around 

6.2 µm. The atmosphere specific humidity likely changed in ways we try to ascertain from channels 

at 10.8 µm and 12 µm, whose difference grows in every sub-region of the MFoV. See Figure 4 (bottom 

image). 

The given values for air heating are confirmed by estimates from other data sources, which point 

to the recent record-low planetary albedo as the primary warming factor [14]. 

The low cloud reduction together with the increase in surface and atmosphere temperatures 

explains the thermal infrared radiance increase. This result is very similar to the most recent data 

from Ceres [15], which however shows a smaller change in the absorbed solar radiation. The reason 

is perhaps because it does not cover the last few hot years 2023-2025, or because it refers to the whole 

world, as opposed to the Atlantic hemisphere we deal with in this paper. Their OLR increase estimate 

matches ours. 

In fact the Sahel Chad basin receives lately more precipitation, similar to the precipitation during 

the high phase of the inter-decadal hydrological cycle in 1950-1960.[16,17]. This tallies in our study 

with the cyan hues in that region. We do not observe a clear pattern in the creation or destruction of 

cloud in the MFoV, but an average reduction is clearly the trend. 

Several studies [18] point out the prevalence of aerosol trends over greenhouse gas trends in 

climate warming: “Aerosol reductions significantly contribute to climate warming and increase the 

frequency and intensity of extreme weathers”[19]. We have not pursued this thesis here. 

The relative variation for channel 10.8 µm (Figure 3, right) is not as high as for 0.6 µm, but firmly 

correlates with the solar decadal variation (Figure 3, left). A Pearson correlation coefficient of 0.71 is 

noted for the decadal variation in radiances at 0.6µm and 10.8 µm, where a decrease in reflectance at 

0.6 µm tends to match an increase in outgoing longwave radiation (OLR) at 10.8 µm. Even the 60 

regions we distinguish in Figure 4 show on average that pattern at the more local scale. Physically a 

cloud reduction allows an easier escape for heat from the ground. Above the Sahara, mostly cloud 

free, there is no noticeable change in those two channels. 

Figure 4 shows areas of geographical variation in the channel 0.6 µm reflectivity and 

combinations of radiance values in the infrared or their variation in the decade, namely 10.8 µm and 

12.0 µm. A random selection of pixels in each regional square area is represented by color dots 

indicating their average reflectivity from 3% (in blue) to 60% (in red). We observe there the areas most 

affected by a decrease in RSW, namely the north Atlantic, eastern Europe, north-east Brazil and off 

the western coast of southern Africa. On the other hand, the Sahel, central Brazil and areas of the 

south Atlantic increase their cloud cover. Also above the warm Agulhas current [20]. 

3.2. Regional Evolution 

Areas with less cloud in the final period than in the initial allow an easier escape route to space 

for the outgoing longwave radiation. The anomaly correlation for the regional changes in channels 

0.6 µm and 10.8 µm is -0.46, and therefore significant, which also turns into an intuitive result: with 

less cloud the Earth is able to release more heat into space as infrared radiation. Areas of increased 

outgoing longwave radiation (OLR) correlate with areas of decreased reflected shortwave radiation 

(RSW). 

Desert regions like the Sahara, with scarce cloudiness along the year and marginal land use 

transformation, show minimal changes in RSW but considerable changes in OLR in the 20 years, 

which can be explained by soil temperature increases, not excluding aerosol (dust) changes. Maritime 

regions like the South Atlantic show high correlation between RSW and OLR changes, mostly for less 
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reflected and more emitted radiation. In an area with very low presence of human-related aerosols 

most of the change must be in the cloud amount. A decrease in the cloud cover optimally explains 

that less solar radiation is reflected to space (negative RSW), and that more heat from the surface can 

reach space (positive OLR). 

The cloud cover decrease concerns mainly the low-level cloud. Warm cloud has a cooling effect 

on the planet, whereas high-level cloud is typically warming the surroundings, or occasionally 

having a neutral effect. We have not observed a variation in high-level cloud. In this work we 

disregard the night conditions, which imposes a limitation in the results. 

The decadal increase in brightness temperature around 10.8 µm (+0.32 K) and 12.0 µm (+0.20 K) 

may reflect changes in humidity, air temperature, or cloud cover. The difference between these two 

channels, which has increased by 0.12 K over the decade, corresponds, according to our simulations 

with our model either to a (6 ± 2)% rise in specific humidity in the lower atmosphere or to an increase 

of (0.8 ± 0.2) K in low-level air temperature. A hypothetical decrease of about 6% in high-level cloud 

cover could also produce a similar differential warming of 0.12 K. However, our test for variations in 

high cloud shows no significant decadal change. 

To identify high cloud we counted pixels with particular thresholds in reflectivity and brightness 

temperatures as follows: Reflectivity at 1.6µm < 25% (ice cloud), at 0.8µm > 90% (bright cloud), 

brightness temperature (BT) at 10.8µm < 220K (cold cloud) and BT10.8µm – BT12µm < 3K (thick 

cloud). The number of pixels fulfilling all four conditions is not significantly different in the two 

decades considered. 

Our regional analysis, mainly depicted in Figure 4, concludes on a high variability among the 60 

square regions distinguished within the MFoV in satellite projection, which can be interpreted 

individually. Red dots in the scatterograms indicate the most reflective pixels in the MFoV on the 

multi-year average. Blue dots stand for the darkest and usually linked to clear ocean surfaces. 

1. The top image in Figure 4 with inset diagrams shows the pixel connection between the infrared 

(IR) value of the pixel in kelvin (K) on the vertical axis, and its relative change in 0.6µm radiation 

on the abscissa. That allows an identification of the temperature of the pixel most affected by the 

cloud reduction by just looking at the shift to the left hand side in the dot distribution. For 

instance, in the north Atlantic west of the Iberian peninsula, it is the warmer pixels suffering 

dissipation (shift to the left). Off the coast of Namibia, there is a uniform reduction in low level 

cloud, the typical dense fog in convective cells as a result of warm desert air sweeping above the 

cold Benguela current.[21] 

2. The middle image in Figure 4 shows pixel estimates by region for the warming due to the 

decadal change in short and long wave radiation. Blue shades in the scatter plots reveal which 

cloud level is more influential in the regional warming or cooling. In most regions, it is the most 

reflecting pixels losing more reflectivity and contributing more to the positive climate imbalance 

(CI) at the top of the atmosphere. 

3. The bottom image in Figure 4 shows regional changes for the difference in kelvin between 

channels at 10.8 µm and at 12.0 µm (‘split window difference’), which is generally a growth 

around 0.2 K in a decade. We think this increase is mainly due to the higher specific humidity in 

the low levels of the troposphere, as a result of the increase in ocean and land temperatures. We 

did not find evidence of a global increase in high cloud or thin cirrus after exploring and 

counting pixels above particular thresholds defining that cloud. Over the Sahara we notice a 

strong variation in the difference, presumably not due to humidity changes, but rather to an 

increase in low-level air temperatures. 

3.3. Sea Surface Temperature (SST) 

Using our own algorithm solely based on Meteosat radiances we estimate sea surface 

temperatures at every water pixel under the MFoV. Figure 5 provides the overall results for the 

average and decadal change in SST. The Mediterranean, Black Sea, around Madagascar and the south 
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Seas near Antarctica show the sharpest SST increases. North-west Atlantic and the Caribbean sea 

show SST cooling. 

 

Figure 5. For sea or lake pixels, (left) average value in the last decade of the sea surface temperature (SST). 

(Right) Change in SST in a decade. 

3.4. Connection of SST to Climate Imbalance 

There is a strong connection between the climate imbalance (CI) and the SST change in the 

monthly time scale (Figure 6 A). At the MFoV scale SST warming occurs approximately between 

October and February, and cooling the remaining months. What happens when we eliminate the 

seasonal variations with a 12-month filter of the imbalance and SST data? Then (Figure 6 B) their 

correlation drops to +0.6 and we observe growth periods in one variable coinciding with level periods 

in the other. Both variables show a positive trend in the course of the 20 years. The lack of agreement 

is not surprising, given the complexities of the ocean internal dynamics, which we barely understand 

through its surface and float studies on a reduced number of points [22]. 

 

Figure 6. (Left, A) Evolution of the climate imbalance (2006-2011) in blue, compared with the SST under the 

MFoV in red, showing the precise correspondence between the positive phases of the imbalance (from October 

to February) and the SST increase, and similarly for other years. (Right, B) On a longer time scale (2006-2024), 

with one-year running-averaged data, displaying the modest correlation between SST and imbalance. At the 

horizontal axes, the location of the year numeral marks the start of that year. 

The average imbalance during the sea surface warming seasons and the SST variation allow to 

estimate the mixed layer depth in ca. (35 ± 10) m. That is the layer of turbulence near the sea surface 

with homogeneous temperature and salinity. This value is an average of north and south Atlantic 

conditions typically with opposed cycles, therefore smaller than the local yearly amplitudes. 

For the climate imbalance series (one data per week) there is a significant trend (Kendall’s 

tau=0.045, p-value=0.031) and the weekly increments appear random (runs test z-score=0.66, p-
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value=0.51), an indication of strong variability in the infrared and solar fluxes at the ToA, and weak 

elasticity in the climate system [23]. 

Figure 7 shows the sea surface temperature evolution from January 2020 to June 2025 for 

different geographic subareas of the MFoV, illustrating a differential warming in the northern 

hemisphere (NH) and the southern hemisphere (SH) ocean portions. Other recent studies point to 

this same probable fact, which we have not yet studied in depth or quantified [24]. 

 

Figure 7. Evolution from 2020 to mid 2025 of the average SST for separate regions within the MFoV, and for the 

whole region (‘total’). 

4. Discussion and Conclusions 

1. In response to atmospheric changes in gas and cloud amounts, Meteosat radiances 

significantly changed in the last decades, with marked regional differences, both in the solar and the 

infrared domains. 

2. A low-level cloud decrease affected the Meteosat field of view in the last decades, contributing 

a large part of the current climate warming, both on land and ocean temperatures. 

3. The results on the connection between SST and ToA imbalance (Figure 6 B) for the Meteosat 

FoV are close to those of Loeb from Ceres [15] in both variables during the overlap in the analyzed 

periods. Even more reassuring is that our graphs based on the Atlantic compare well in dips and 

bumps with those by Loeb referring to an all-oceans average, as if the Atlantic were synchronized 

with other oceans, mainly the Pacific, for the synoptic scale variations. The ocean surface then 

responds more quickly to changes in the atmosphere than the deep ocean. Other estimates are similar 

to ours, e.g., the change per decade in OLR (–0.27 theirs, –0.30 Wm-2 ours), with some divergence in 

the change of absorbed solar radiation (+0.73 Wm-2 theirs, +1.1 Wm-2 in our study). 

4. For the period from July 2023 to July 2024 (the most recent year in the moving-averaged data 

of this study), we observe a significant imbalance reduction, driven mainly by the solar flux (–3.1 ± 

0.5 W m−2), accompanied by an increase in SST (Figure 6 B). This concurrence suggests a largely 

unknown heat exchange between the boundary layer and the deeper ocean. Some authors [26] 

estimate that 93% of the imbalance energy ends up in the ocean as heat content (OHC), most 

noticeable near the surface. We conclude that the SST is an incomplete indicator of ocean heating. 

5. We use no external reference for the current imbalance at the ToA, so that its graph lines in 

Figure 6 should not be construed as absolute or confirmed. Since the imbalance is a weak indicator 

of the surface temperature rate, we have chosen the zero reference for imbalance that best explains 

the accelerating heating of the last few years. The graph’s worth lies in showing the imbalance 

evolution in time, not the imbalance current value. 

6. The flux imbalance at the top of the atmosphere explains the seasonal cycle changes in the sea 

surface temperature on the short term. However there is no response to changes in the ToA imbalance 

on the sea surface temperatures on the one-year moving averaged series, with poor correlation about 
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+0.35 between SST and imbalance. Mauritzen’s suggestion that SST yearly averages are “the result of 

the energy accumulated in earlier years, combined with any rapid change in forcing (e.g., aerosol 

emissions, volcanic eruptions or solar forcing)” [15] does not get confirmed by our work either. We 

do not find a time lag which improves the correlation between SST and imbalance. We estimate an 

Atlantic SST increase of (+0.17 ± 0.05) K in the last ten years, in line with other major sources of climate 

monitoring [25]. The decadal imbalance growth is at (+0.79 ± 0.15) Wm–2, the sum of all spectral terms 

in Table 2, according to Meteosat data. These two values match a spread of the imbalance heat in the 

upper 170 m, which is close to a common estimate of the oceans boundary layer depth. 

7. The imbalance flux guides the short term evolution of the SST, but not in the long term, with 

time for part of its power warming deeper layers of the ocean in unpredictable ways. 

8. Several researchers trace the albedo reduction back to a loss of cloud (and ice or snow in areas 

outside the MFoV) and to aerosol legal limitations as causes of warming [27]. They mention a 

“possibly emerging low-cloud feedback”, which affects the climate projections. Our work makes clear 

that low-cloud is not only affecting the climate warming, but also appears to have been its main driver 

in the last decade, not precluding any different future influence. 

9. Figures 4 and 5 show the lack of connection between the two climate variables cloudiness and 

SST. Whereas the region north of Venezuelan coast shows SST cooling and cloud loss at all levels, the 

portion of Indian Ocean included in the MFoV shows an increase of SST with similar cloud losses. 

We did not find strong correlation of cloud change and imbalance on any region. Only a weak 

correlation between the MFoV total SST and ToA imbalance (Pearson = +0.41). These negative results 

also extend to the globally averaged radiances at 10.8 µm and imbalance. [28] 

10. We conclude that the deep ocean dynamics need additional studies to ascertain its role in 

changes on SST, which cannot be explained by the imbalance alone. 
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