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Abstract

We analyze the evolution of atmospheric and surface physical properties over the region of
the Earth observed by the Meteosat Second Generation (MSG) satellites during the period
2005-2024. Long-term changes are detected in the observed radiances, with a decrease in the
solar domain (—1.3%) and an increase in the thermal infrared domain (+0.4%), consistent
with trends reported by independent broadband radiometers such as CERES. The outgoing
solar radiance (OSR) exhibits a marked decline, which we associate with a reduction
in low-level cloud cover within the nominal Meteosat field of view (MFoV) centered at
0° longitude. Changes in atmospheric CO, concentration also contribute to the observed
radiative imbalance at the top of the atmosphere (TOA). Instrument calibration stability and
inter-satellite homogenization across the MSG series are explicitly addressed, enabling the
detection of robust interdecadal signals. By subdividing the MFoV into 60 regional sectors,
we characterize spatial variations in cloud amount at low and high atmospheric levels
and relate these changes to regional TOA radiative imbalances and concurrent variations
in Atlantic sea surface temperature (SSTs). The spectral information provided by SEVIRI
allows a more detailed attribution of radiative changes than broadband observations alone
from other instruments. In particular, radiances measured in the atmospheric split-window
region near 11 pm are shown to be sensitive to variations in low-tropospheric humidity,
which exhibits a widespread decadal-scale increase. The results indicate a close coupling
between cloud-cover changes, radiative fluxes, and SST evolution on the recent interdecadal
time scale. The observed decrease in low-level total cloud cover is independently in line
with ECMWF ERADJ reanalysis data. These findings highlight the value of long, stable
geostationary observations for investigating atmosphere—ocean interactions and their role
in regional climate variability.
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Perturbations to the radiative balance, arising from both natural climate variability
and anthropogenic forcing, manifest as surface warming with a pronounced regional
structure. Satellite observations from low-Earth orbit [2] and geostationary platforms [3,4]
are routinely used to derive components of the Earth’s Radiation Budget (ERB) at the top
of the atmosphere (TOA), which is recognized as an Essential Climate Variable [5]. The
Meteosat Second Generation (MSG) geostationary satellite series has provided continuous
measurements since 2004, with a temporal sampling of 15 min, enabling the characterization
of diurnal to interdecadal variations in TOA radiative fluxes [6-8].

The use of MSG data for climate-scale analyses requires a careful assessment of in-
strument calibration stability and inter-satellite consistency. SEVIRI radiances have been
inter-calibrated against the MODIS instrument aboard the Aqua satellite using collocated
near-nadir observations, accounting for differences in spectral response functions [9]. Pre-
vious studies have demonstrated that the operational SEVIRI calibration is stable and
robust across a range of viewing and illumination geometries, with brightness temperature
differences typically in the order of 0.1 K for most thermal infrared channels, and larger
deviations confined primarily to the CO, absorption band near 13.4 um, which is inter-
mittently affected by ice contamination [10]. Hewison outlines the methods employed to
achieve data homogeneity across the Meteosat series, incorporating multiple satellites and
sensors, including corrections for sensor degradation [10]. The consistency of MSG-based
trends with independent estimates from CERES and ERA5 provides an additional basis for
assessing the robustness of the derived radiative signals [11].

Recent reviews have emphasized the value of spectrally resolved satellite radiance
measurements for evaluating climate variability and for constraining climate model be-
havior beyond what is accessible from broadband fluxes alone [12]. In this context, the
long-term evolution of outgoing longwave radiation (OLR) inferred from Meteosat obser-
vations merits particular attention. While surface warming is expected to lead to increased
thermal emission according to the Stefan-Boltzmann relationship, the aggregate non-solar
SEVIRI radiances exhibit only a weak positive trend over the study period. This behavior
suggests that compensating processes, including cloud and water-vapor changes, play
a significant role in modulating the ToA radiative response, and that changes in the re-
flected solar component may contribute substantially to the observed increasing imbalance
between incoming solar radiation and energy re-emitted to space [13].

Building on previous work by the authors [14], the present study investigates the
regional structure of TOA radiative imbalance and its relationship with sea surface temper-
ature (SST) variability in the Atlantic and western Indian Oceans, using SEVIRI radiance
measurements acquired between 2005 and 2024. By subdividing the Meteosat field of view
into multiple regional sectors, we examine spatial variations in low- and high-level cloud
cover and assess their contribution to observed radiative trends.

Cloud feedback remains one of the largest sources of uncertainty in climate projections.
As noted in the IPCC Fifth Assessment Report (AR5), low clouds tend to contribute positive
feedback in most climate models, yet the underlying mechanisms and their representation
remain incompletely understood [15,16]. Although satellite observations face inherent chal-
lenges in separating cloud layers, the high temporal sampling and long-term consistency of
geostationary measurements allow for a regionally resolved analysis that can help elucidate
the role of low-level cloud variability in recent climate trends. The results presented here
provide observational constraints on cloud-radiation-SST coupling derived exclusively
from satellite measurements.
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2. Data and Methods

The method used in this study is described in a previous work [14], and is here
upgraded and applied to a longer time period. The use of a longer data series is more
representative of the recent climate, and has reduced the uncertainty of the results by
45% as a consequence of a wider database (from 12 to 20 years) and 4 X 4 pixel grouping.
Each complete set of measurements of the whole Meteosat Field of View (MFoV) on an
operational cycle of 15 min is considered a ‘slot’. We compare slot and channel average
radiances for an initial period of time (“ancient’, from January 2005 to December 2014) with
radiances for a final period (‘recent’, from January 2015 to December 2024), to determine
data trends over ten years (See Table 1).

The SEVIRI radiometer (EUMETSAT, Darmstadt, Germany) on board MSG scans the
MFQV at eleven different wavelengths, with sub-satellite point horizontal resolution of
3 km x 3 km. The achieved data resolution is better than 0.1 K for brightness tempera-
tures, as a result of data grouping in 4 x 4 pixel boxes.

Data differences are built with a lag of 522 weeks, approximately ten years. For
example, 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, and so on for subsequent pairs of slots. Based on all pairs separated by
approximately ten years, we build a good estimate of the change in slot-averaged radiances
in the eleven Meteosat SEVIRI channels (see Table 2). We choose a constant weekday for
all the slot comparisons to avoid possible minor changes in the images due to different
human activities on different weekdays. This weekly choice, rather than a more frequent
data sampling, proves robust, since a week is a typical decoupling time for satellite images,
as far as the autocorrelation function is concerned (Pearson correlation ~0.48). Pearson
coefficients in this paper are calculated on the original trend in the series.

We define the terms radiance and flux in this paper as follows. Radiance is measured
in units mW-m~2-sr~1-(cm~1)~!, where mW stands for milliwatt, m for meter and sr for
steradian, the solid angle unit. We refer to that radiance unit in the figures as SRU, the
standard radiance unit. Radiance is the power per surface unit, per steradian and per
wavenumber unit. Flux (in W-m~2 units), also named integrated radiance or irradiance, is
the result of integrating in the spectral domain, and in solid angle (by using the factor ),
the radiance measured by the satellite.

As an example, Figure 1 shows the slot-averaged radiance around 0.6 pm measured
by Meteosat. Radiance values oscillate between 3.2 SRU around June—July, the least cloudy
period in the year, and 4.6 SRU around the equinoxes. Dots with the differences in ten
years (Figure 1a) form a cluster biased to a negative value around —0.1 SRU, indicating a
decrease in reflected radiation, plausibly corresponding to a significant decrease in cloud
cover for all seasons. In the scatter plot in Figure 1a, the months of June and July present
the lowest average reflectivity in the year. Cloud loss in a decade is, however, similar for
all times in the year. The scatter plot in Figure 1b relates average reflectivity to the contrast
(standard deviation) in the satellite image, higher in the presence of abundant cloud, as is
the case around equinoxes.

The time series (in Figure 1c,d, before and after de-seasonalizing) shows a clear
statistical trend (Mann—Kendall, Z = —5.00, p < 0.001), and all values in Figure 1d in
the decade 2015-2024 for 0.6 um radiances are below those ten years before. This result
coincides with the results for CERES [11].
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Figure 1. Evolution of average radiance values measured on Meteosat channel 0.6 um, in SRU units,
explained in the main text. (a) Scatter plot of differences in the slot averages (horizontal axis) for slots
separated by precisely 10 years +2 days, compared with the ‘recent’ slot average (vertical axis) of
that difference, showing a significant radiance reduction in a decade (black dot is the distribution
center of mass). (b) Scatter plot for the connection between ‘recent’ slot average values (vertical) and
standard deviation inside the slot (horizontal, a measure of pixel radiance uniformity and a proxy
for cloud amount in the scene). Dot colors for (a,b) indicate month of the year, with highest values
showing around the equinoxes. (c¢) Comparison of reflected radiance values at 0.6 um for a time lapse
of ten years: brown line for ‘recent” and blue line for ‘ancient” radiance, with the ‘recent’ typically
higher in value. The yearly cycle of radiance shows two high peaks around the equinoxes in the
MFoV. (d) The same as in (c), after deseasonalizing the series, to mark the most critical moments in
the evolution of solar radiance around 0.6 um.

For confirmation that this is not linked to calibration artifacts, we found in the ERA-5
database of atmospheric reanalysis a parallel evolution of the total cloud cover (‘TCC’) aver-
aged for the area between geographical latitudes = (—50°, 50°) and longitudes = (—70°, 70°),
with a Pearson correlation before detrending between the two series of 0.71, which indicates
a reassuring agreement with an external reference (Figure 2). Recent trend discrepancies
remain unexplained, but will hopefully be clarified when fresh data from 2025 and 2026 are
added to the study.
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Figure 2. Temporal comparison of integrated solar reflected radiances in the MFoV, and the ERA-5
total cloud cover for the area latitude = (—50°, 50°) and longitude = (—70°, 70°). The series were
de-seasonalized. Expected discrepancies due to cloud type and phase do not blur the time downward
trend in both magnitudes, with a Pearson correlation of 0.71. Radiances (in blue) are expressed in
Wm 2. Their time series allows a direct comparison with the total cloud-cover fraction from ERA-5.

A 24 h period between images shows typical Pearson correlation coefficients of
0.95 £+ 0.02, but 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 averaged year is very similar to the next averaged year. And for
longer averages, the 0.6 um solar correlation between 10-year averages of 0.6 pm solar
images reaches 0.994.

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

Meteosat Dataset  Points  Periodicity Start Date End Date
ancient 522 weekly 31 December 2004 26 December 2014
recent 522 weekly 2 January 2015 27 December 2024

On an initial (ancient) and a final (recent) period, each one ten years long (3647 days
or 521 weeks) consisting of 522 slots, we attain statistical significance for most channels.

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 3. (b) Local change in pixel
averages for all pixels, shown in Figure 4, for two of the channels. (c) Pixel sampling for
inter-channel comparisons in Figure 5.

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 cali-
brated and rectified (level 1.5) radiances from December 2004 to December 2024 at 12 UTC
in 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 spectral
radiance units (SRUs) 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 the Greenwich meridian. The trends estimated
in this study (defined here as the change between the final and initial measurements) are
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the differences in slot-average values measured with a 10-year interval on the 11 different
channels of SEVIRI (see Table 2).

M RadianceWm-2 [l Changein 10 years

50.00 0.40
40.00 0.20
30.00 . — = 0.00
20.00 -0.20
10.00 I I -0.40
0.00 . -0.60
0.6 0.8 1.6 39 6.2 13 8.7 9.7 10.8 12 13.4 pm
-1.1Wm™= +0.1 Wm™=? +0.8 Wm™? —0.6 Wm™~?
Solar Water vapor Thermal IR CO,

—2.5% —1.0% —0.3% 0.2% 1.3% —0.2% 0.6% 0.4% 0.5% 0.2% —1.3% +0.3%

Figure 3. Decadal radiance average (in blue) and change (in red) in the period 2005 to 2024 for the
eleven MSG channels on the horizontal axis, as defined in Table 2, in Wm 2. Blue bars indicate the
integrated radiance around the central wavelength. Red bars show the decadal change. The x-axis
shows the central wavelength of 11 SEVIRI channels. Labels directly underneath are sums of the
10-year variation in Wm~2 for the solar, water vapor, infrared and CO, absorption spectral regions, as
also presented in Table 2, last column. Variation percentages (variation divided by average radiance)
for each channel in ten years, shown in the bottom line, are marked in red for statistically significant

channel changes above 1% of relative fluctuation.

Figure 4. Decadal trend in percentage according to the color scale. (Left, for channel 0.6 um), orange
hues indicate a decrease in radiance to space and 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 um), orange hues mean an increase in the outgoing longwave radiation (OLR) and green
hues a decrease, with average pixel intensity indicating brightness temperature, from 275 K, in yellow,
to 300 K, in black.
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-15% +15%

Figure 5. Geographic diagrams of the cloud change. Each scatter plot refers to the square satellite-
projected region around the thick brown mark in its center. Dots (in shades blue to red) are read according
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to the diagram in the lower right-hand corner of the three graphs in this figure. In all three images,
pixels are represented by dots in a gradual reflectivity scale in the lower left-hand corner from
3% (blue dots, for locations with low solar reflectance) to 60% (red dots, high reflectance). (Top): for
each of the 60 square regions in which we divided the MFoV, the graph relates average brightness
temperature at 10.8 um in ten years at 12 UTC (vertical axis) with decadal relative change in 0.6 pm
reflectivity (horizontal axis); in other words, a heat- versus light-change. (See the inset in the lower
right-hand corner for the precise limits.) For instance, for Mauritania, most pixels are very reflective
and warm, and tend to lose 0.6 um radiance in the ‘recent’ decade. (Middle): the regional graph dots
again connect the pixel warming or cooling (vertical axis) with the relative variation in reflectivity
at 0.6 pm (horizontal); e.g., a vertical value of +1% means a net decadal increase in the imbalance
equivalent to 1% of the solar constant. (Bottom): correspondence of (vertical) change in the split-
window brightness temperature difference (channel 10.8-12.0 um) with (horizontal) difference value
in the pixel (horizontal). Graph backgrounds are only provided for geographic reference.

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 3), which
requires the integration of the measurements in solid angle. In the Lambertian hypothesis
for radiative emission from a surface, channels get divided by a correction constant 7t to
compensate for 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). That error estimate results from a Monte-Carlo
approach on different choices of boundary values between the individual channels.

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

Spectral 10-Year
Meteosat Central Channel Radiance Integrated Chanee b Change by
Domain Ch 1 Wavelength Boundaries (in SPU) Radiance Ch 8 ly Domain
anne ~ . _ anne -
um um 103 Wm—2 Wm~—2 Wm-2 Wm—2
—1 ~1)-1 m
sr~1 (cm™1)
solar 1 0.64 0.56-0.71 391 22.7 —0.56
solar 2 0.81 0.74-0.88 4.99 411 —0.42 sum solar = —1.07
solar 3 1.64 1.50-1.78 4.01 335 —0.10 (channels 1-4)
solar + infrared 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 51.72 454 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
CO; absorption 11 13.4 12.40-14.40 80.37 45.2 —0.58 CO, = —0.58 (11)

We integrate the spectral domain and angular domain to obtain radiances (in units
Wm2) through the following formula:

Radiance variation = Const X Spectral radiance variation x Channel spacing 1)

with Const = 1 for solar channels (numbers 1 to 4) and Const = 7t for infrared channels (from
5 to 11). The value (Const = 1) produces a 24 h average out of the measured day data at
12 UTC, assuming a typical cycle of 12 night hours and 12 h of day illuminations described
by a positive sine function. Channel spacing is the width assigned to each channel in order to
cover up the infrared spectral region while minimizing the inter-decadal channel variations.
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The climate is driven by (a) 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), plus (b) the heat absorbed or emitted by the deep
oceans and, to a lesser extent, by the subsoil [17]. The former two quantities, RSW and OLR,
can be respectively assessed from Meteosat solar channels (1 to 4) and infrared channels
(5to 11). The solar incoming radiation (SIR) varies with the Earth-Sun distance in the
course of the year. (See [18] for details.)

As an equation for the climate imbalance (we call it CI here, but it is also often referred
to as Earth Energy Imbalance, EEI) we use

CI = SIR — RSW — OLR )

This imbalance is the difference between incoming and exiting radiation at the top of
the atmosphere. It translates into the Earth surface-temperature change, with a growing
trend in recent decades [19], plus the heat storage in the ocean and inner land layers. From
the satellite perspective in Formula (2), any reduction in the satellite measured radiances
(exiting the planet) means an increase in the imbalance, CI. We admit a limitation in the
accuracy of the method beyond 14 um, since no Meteosat channel covers that spectral
region. We use a simple extrapolation for it, based on the values from SEVIRI channel 11
(Table 2). Given the problems around the strong Q branch for CO, absorption in the IASI
OLR product [20], we dropped any external reference for the current imbalance at the ToA.

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

Table 3. Qualitative evaluation of the data and methods used in the study:.

Aspect

Strength

Limitation

Source radiance data (SEVIRI)

High radiance accuracy after
calibration and inter-calibration

Only for Meteosat field of view, not
to be generalized to planet’s surface

Spectral integration

More accuracy gained
through averaging

Poor representation of SEVIRI
channels in parts of the spectrum,
e.g., above 15 um

Radiation transfer simulation

Calibration based on CO,
concentrations from other
reliable sources

Disregards cross-absorption effects
by several gases, and CO, impact
beyond 14 um. It can be corrected by
comparison with IASI or AIRS.

Temporal data sampling

Large weekly independence,
ENSO-Nifio neutral on averages of
two periods

Potentially exposed to multi-year
anomalies in the large MFoV region.
No consideration of night slots or
conditions affecting emission

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 based on a wider
spectral basis than in other studies
(e.g., Loeb [11])

Discrepancies in the cloud evolution
and fluctuation compared with
other studies

Aerosol and cloud

Both atmosphere components are
treated through a common
reflectivity variable

Aerosol quantitatively disregarded in
comparison with cloud changes

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
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3. Results
3.1. MFoV Global Trend Analysis

Figure 3 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 ‘ancient’ 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
at7.3 pm and at 12 um, 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 CO, channel (SEVIRI
channel at 13.4 um) a negative radiance trend is observed. The radiances can be grouped in
four regions by wavelength, as seen in Figure 3, and are labeled solar, water vapor, thermal
infrared and CO, 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 um. These results were already analyzed and
commented on in [14], and they highlight the primary role of cloud in the flux balance at
the ToA. The OLR around 0.2 Wm™? for a decadal recent warming around 0.2 K is short
compared with the hypothesis of linearity for the OLR on the surface temperature [21]:
“The longwave clear-sky (LWCS) feedback has diverse spatial patterns in CMIP5 models,
yet the global-mean feedback is robustly 1.9 W/ m?2/K”.

The outgoing radiance decrease in the CO, absorption region appears to be the conse-
quence of the continuously increasing gas level, currently at a rate of about 6% per decade.
The radiance decrease at channel 13.4 um can be explained by that increase compounded
with an increase in air temperature of (0.34 4= 0.08) K/decade. A similar air warming could
also explain the measured increase at channel 5 around 6.2 uym. However, de-icing around
the water vapor and CO, sensors in SEVIRI could also affect this channel accuracy. Water
vapor channels have a limited impact, anyway, on the radiance balance, since they monitor
a spectral region with low OLR. (See Figure 3 for a comparison with other regions.) The
atmosphere specific humidity likely changed in ways we try to ascertain from channels
at 10.8 pm and 12 pm [22], whose difference grows in every sub-region of the MFoV. (See
Figure 5 (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 [23].

In fact, the Sahel Chad basin has lately received increased precipitation, similar
to the precipitation during the high phase of the inter-decadal hydrological cycle in
1950-1960 [24,25]. 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 global MFoV, but
an average reduction is clearly the trend.

Several studies [15,16] 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” [26]. We have not pursued
this thesis here, because the weight of cloud in solar optical paths is 30-150 times stronger
than the weight of aerosol [15], so it is easier to accept any recent reduction in cloud than a
hundred times the same relative reduction in aerosol.

The relative variation for channel 10.8 um (Figure 4, right) is not as high as for 0.6 um,
but firmly correlates with the solar decadal variation (Figure 4, left). A Pearson correlation
coefficient of 0.71 is noted for the decadal variation in radiances at 0.6 um and 10.8 um,
where a decrease in reflectance at 0.6 um tends to match an increase in outgoing longwave
radiation (OLR) at 10.8 um. Even the 60 regions we distinguish in Figure 5 show, on
average, that same pattern on the more local scale. Physically, a cloud reduction allows an
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easier escape for heat from the ground. Above the Sahara, which is mostly cloud-free, there
is no noticeable change in those two channels.

Figure 5 shows areas of geographical variation in the channel 0.6 pm reflectivity
and combinations of radiance values in the infrared or their variation over the decade,
namely 10.8 pym and 12.0 pum. A random selection of pixels in each regional square area
is represented by colored 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 increased
their cloud cover, as is also apparent above the warm Agulhas current [27].

3.2. Strong Regional Variability

Areas with less cloud in the final period than in the initial provide an easier escape
route to space for the outgoing longwave radiation. The anomaly correlation for the
regional changes in channels 0.6 um and 10.8 um is —0.46, and therefore significant, and
also shows an intuitive result: with less cloud the Earth is able to release more heat into
space, although reducing cloud leads to warming. Areas of increased outgoing longwave
radiation (OLR) roughly correlate with areas of decreased reflected shortwave radiation
(RSW), but with abundant exceptions. For example, the decrease in low-level cumulus cells
hardly affects the OLR, since sea and low cloud have similar emission temperatures.

Desert regions like the Sahara, with scarce cloudiness and marginal land-cover trans-
formation, show minimal changes in RSW but considerable variation in OLR over the
20 years. This can be explained by soil temperature increases, but this does not exclude
aerosol (dust) changes. The Mediterranean area (Figure 5, top) shows a clear decrease
in solar reflected radiation for those pixels with lowest reflectivity (sea pixels, blue dots),
but little reduction for the land pixels (red dots). Maritime regions like the South Atlantic
show high negative correlation between RSW and OLR. In such areas, with low presence
of human-related aerosols, the registered change must be in the cloud amount. A decrease
in the cloud cover optimally explains the fact that less solar radiation is reflected into space
(negative RSW) and that more heat from the surface can reach space (positive OLR).

To identify high cloud, we counted pixels with particular thresholds in reflectivity and
brightness temperatures as follows: reflectivity at 1.6 pm < 25% (as typical of ice cloud), at
0.8 um > 90% (bright cloud), brightness temperature (BT) at 10.8 pm < 220 K (cold cloud)
and difference BT 10.8 um — BT 12 um < 3 K (thick cloud). The number of pixels fulfilling
all four conditions is not significantly different in the two decades considered. In this work,
we disregard the night conditions. 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.

The decadal increase in brightness temperature around 10.8 um (+0.32 K) and 12.0 pm
(+0.20 K) is affected by changes in humidity, air temperature, or cloud cover. The difference
between these two channels, which has increased by 0.12 K over the decade, is compatible
with a (6 £ 2)% rise in specific humidity in the lower atmosphere or with an increase of
(0.8 £ 0.2) Kin 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.

Our analysis of small regions, mainly depicted in Figure 5, shows a high variability
among the 60 square regions distinguished within the MFoV in satellite projection, which
can be interpreted individually. Red dots in the scattergrams indicate the most reflective
pixels in the MFoV in the multi-year average. Blue dots stand for the darkest, and are
usually linked to clear ocean surfaces.
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The top image in Figure 5, 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 0.6 pm radiation on the horizontal. 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, and
typically dense fog in convective cells as a result of warm desert air sweeping above
the cold Benguela current [28].

The middle image in Figure 5 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 which are losing more reflectivity and
contributing more to the positive climate imbalance (CI) at the top of the atmosphere.
Note that a few values outside of the given boundaries for the horizontal are projected
on the vertical axes.

The bottom image in Figure 5 shows regional changes for the difference in kelvin
between channels at 10.8 um and at 12.0 um (‘split-window difference’), which is
globally a growth around 0.2 K in a decade. This increase might well be 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 general increase in high
cloud or thin cirrus after exploring and counting pixels above particular thresholds
defining that cloud. For instance, for the check on thick high cloud (HC), we used
two periods of four years (2004-2008 and 2019-2023) and counted pixels fulfilling four
criteria simultaneously (Figure 6):

(a) Reflectivity at 1.6 um < 25% (characteristic of ice-topped cloud)

(b) Reflectivity at 0.8 um > 90% (bright cloud)

(c) Brightness temperature (BT) at 10.8 pm < 220 K (high thick cloud)

(d) BT 10.8 um — BT 12 pum < 3 K (thick cloud).

The resulting values of the fraction of pixels (around 6.0 X 10~*) did not show a

difference for the two periods, not even geographically (graph not shown). Pixels occur
mainly in the equatorial region, around the Gulf of Guinea.

Fraction of HC pixels=(6.08+0.09)-10*

12

— —m
—e—
=
=
-
—
6

6

0 2
Fraction of pixels in slot (:104)

Fraction of HC pixels=(6.12+0.09)-10

Figure 6. Pixel counts in two separate 4-year periods of Meteosat observations, showing no significant
change in the fraction of thick high cloud (HC) over the MFoV for the evolution in two shorter periods
(most remote and most recent in MSG records) of five years.
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4. Opver the Sahara, we notice a strong variation in the split-window difference, pre-
sumably not due to humidity changes, but perhaps to an increase in low-level air
temperatures or vegetation in the Sahel region. An increase in greenness over large
areas of the Sahel has been measured since the mid-1980s [29,30], in correspondence
with an increase in cloud in our study (Figure 4, left).

3.3. Radiance Connection to Sea Surface Temperature (SST)

Using solely Meteosat radiances, we estimate sea surface temperature for every water
pixel in the MFoV. Figure 7 provides the overall results for the average and decadal
change in SST. The Mediterranean, Black Sea, around Madagascar, and the south Seas near
Antarctica show the sharpest SST increases. North-west Atlantic and the Caribbean sea

show SST cooling.

Figure 7. For sea or lake pixels, (left) shows the average value in the last decade of the sea surface
temperature (SST) at 12 UTC. Equatorial regions show values approaching 30 °C, whereas mid-
latitudes are closer to 15 °C for the annual average. (Right) shows the change in SST at 12 UTC in a
decade, showing a variegated pattern of warmings and coolings, with a preponderance of the former.
Polar pixels are frequently excluded from the estimate, due to almost permanent cloud.

3.4. SST Response to Climate Imbalance

Figure 8 should not be construed as showing absolute or confirmed values. In other
words, the vertical axis can be shifted, in reality. Since imbalance is a weak indicator of
the surface temperature rate, we have chosen the zero reference that best explains the
accelerating heating in the last few years. The graph’s worth lies in showing the imbalance
in evolution over time, not the imbalance of actual values.

There is a strong connection between the climate imbalance (CI) and the SST change on
the monthly time scale (Figure 8A). On the MFoV scale, SST warming occurs approximately
between October and February, and cooling during the remaining months. What happens
when we eliminate the seasonal variations with a 12-month filter of the imbalance and SST
data? Then (Figure 8B) their correlation drops to +0.42, and we observe growth periods
in one variable coinciding with level periods in the other. Both variables show a positive
trend over 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. Surface
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measurements, and float studies on relatively few points, are vastly insufficient for a good

comprehension [31].

mbalance (Wm-2) == SST (kelvin mm SST (ke == |mbalance m-2
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Figure 8. Left, letter (A): evolution of the climate imbalance (2006-2011) in blue, compared with
the SST in the MFoV in red, showing the precise correspondence between the positive phases of
the imbalance (from October to February) and the SST growth period, similar for all years. The
imbalance leads by ten weeks the average-SST graph in the short term, with Pearson coefficient
+0.71 between the two variables. Right, letter (B): on a longer time scale (2005-2024) with yearly
running-averaged data, the two series display, however, a weak correlation (+0.42), pointing to ocean
dynamics influence. Note: on the horizontal axes, the location of the year numeral marks the first
week of that year.

We do not exclude some influence of El Nifio cycles in the Atlantic SST variability.
However, both decadal periods under consideration show a similar frequency for those
anomalies [32].

The low cloud reduction, together with the increase in surface and atmosphere tem-
peratures, explains the thermal infrared radiance increase. This result is very similar to
the most recent data from CERES [33], which, however, shows a smaller change in the
absorbed solar radiation. The reason is, perhaps, that CERES does not cover the last few
hot years 2023-2025. Their OLR increase estimate matches ours.

Figure 9 offers a comparison of Meteosat SEVIRI and CERES short- and longwave
measurements. This is a compelling proof of the lack of spurious trends in Meteosat, given
the striking similarity of the series. The averaging of the CERES radiances was chosen
with different weights, taking cosine (latitude) as a factor, both latitude and longitude,
or no consideration for angles (as in our Meteosat slot averages). The differences in the
CERES resulting series varied by less than 2%, and did not significantly affect the Pearson
correlation coefficients.

The average imbalance during the sea surface warming seasons and the SST variation
allows an estimate of the mixed-layer depth in ca. (35 & 10) m, which is the layer of
turbulence near the sea surface with homogeneous temperature and salinity. This depth is
an average of north and south Atlantic conditions, and is close to typical values for tropical
ocean waters.

Figure 10 shows the sea surface temperature evolution from January 2020 to June 2025
for different geographic subareas in the MFoV, illustrating a differential warming between
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 [34].
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Figure 9. Comparison of measurements by CERES and SEVIRI (MSG) instruments, both in Wm~2, on
the two basic spectral bands, shortwave (solar, upper panel) and longwave (thermal infrared, middle
panel), plus the net incoming radiance into the Earth system (lower panel). Pearson correlations
between CERES and SEVIRI are strong, and around 0.74 & 0.07.
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Figure 10. Deseasonalized evolution from July 2020 to February 2025 of the average SST anomaly (in
kelvin on the vertical axis) for separate regions within the MFoV, and for the whole Atlantic as seen
by Meteosat at 0 degrees (‘Average’). The last 12 months” development in the curves shows warming
in the high North latitudes and cooling of the tropical waters.
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4. Discussion and Conclusions

This study analyzes two decades (2005-2024) of SEVIRI radiance measurements from
the Meteosat Second Generation (MSG) satellites, to investigate interdecadal changes in
top-of-atmosphere (TOA) radiation and cloud properties, and their relationship with sea
surface temperature (SST) variability within the Meteosat field of view (MFoV). The results
reveal coherent long-term changes in both the solar and thermal-infrared domains, with
pronounced regional structure. The magnitude of these changes substantially exceeds that
associated with variations in total solar irradiance over the same period [35], indicating
that atmospheric and surface processes dominate the observed radiative evolution.

A persistent reduction in low-level cloud cover is identified across much of the MFoV,
contributing to a decrease in reflected solar radiation and a positive TOA radiative im-
balance. This finding is consistent with independent estimates from CERES observations
and ERADS reanalysis [21,33], and supports the role of low-level cloud variability as an
important modulator of recent regional warming over both land and ocean surfaces.

The temporal evolution of the Meteosat-derived TOA imbalance closely resembles that
inferred from CERES net incoming radiation for the same geographical domain, including
comparable partitioning between solar and infrared components. Quantitatively, the
decadal change in outgoing longwave radiation (—0.30 Wm~2 decade ') agrees well with
previously reported values (—0.27 Wm~2 decade!), while somewhat larger differences
are found in the absorbed solar component. The similarity between MFoV-based and
near-global CERES estimates suggests that large-scale oceanic regions exhibit synchronized
radiative variability on synoptic-to-interannual time scales.

Despite the clear radiative trends, the SST response exhibits distinct behavior on
different time scales. On seasonal time scales, SST variations follow changes in the TOA
radiative fluxes, whereas on interannual-to-decadal scales, SST evolution shows only weak
correlation with the radiative imbalance (Pearson correlation before detrending of +0.35 to
+0.41, depending on averaging type). No consistent time lag is identified that improves
this coefficient. Over the last decade, Atlantic SSTs increased by (+0.17 & 0.05) K, while
the corresponding decadal TOA imbalance amounts to (+0.79 + 0.15) Wm 2, implying an
effective heat-uptake depth of approximately 170 m, the zone reached by sunlight. This
value is considerably deeper than the above estimate of 35 m for the mixed layer, suggesting
that a substantial fraction of excess energy is redistributed below the immediate surface by
other processes like diffusion, subduction, ocean currents, or eddies.

These results indicate that while TOA radiative imbalance governs short-term SST
variability, long-term SST evolution is strongly influenced by heat exchange with deeper
ocean layers. The observations support the view that SST alone provides an incomplete
measure of ocean heat uptake, in agreement with previous studies estimating that the
majority of excess energy is stored in the ocean interior [34]. The mechanisms controlling the
partitioning of heat between surface and deeper layers remain incompletely characterized,
and warrant further investigation.

Radiative imbalance estimates derived here are interpreted primarily in terms of
their temporal evolution, rather than their absolute magnitude. Known uncertainties in
spectrally resolved CO; absorption, particularly affecting some external OLR products,
motivate this focus on relative changes. The robustness of the inferred trends is supported
by their consistency across independent datasets and spectral domains.

The analysis further highlights a complex and regionally dependent relationship
between cloud cover, SST, and TOA radiation. In several regions, similar reductions in
cloudiness coincide with opposite SST tendencies, and no strong regional correlation
between cloud changes and radiative imbalance is identified. These findings under-
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score the importance of regional atmospheric and oceanic dynamics in shaping surface
temperature responses.

Overall, this study provides observational evidence that low-level cloud variability has
played a significant role in recent radiative changes over the Meteosat domain, while also
demonstrating that ocean heat uptake and redistribution critically modulate the surface tem-
perature response on decadal time scales. Long, stable geostationary satellite records such
as those from Meteosat offer a valuable perspective on atmosphere—ocean coupling, and
complement existing broadband and reanalysis-based assessments of climate variability.
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