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Abstract. Clouds are a controlling factor determining the planetary albedo and thus strongly contribute to establishing the
radiation balance at the top of the atmosphere as well as the energy balance at the surface. Terrestrial warming rates, divergent
to oceans, have accelerated substantially since around 1980, along with significant changes in humidity and cloud cover. We
analyse spatiotemporal changes in warming rates compared to changes in Earth’s radiation and humidity, considering land
globally for the period 1979-2023, using reanalysis and satellite data. We find statistically significant increases in top of the
atmosphere net solar radiation and surface net terrestrial radiation, causing a net warming, together with decreasing cloud
cover. These changes coincide with drier land surface conditions and are associated with the humidity paradox: insufficient
supply of water vapour causing a decrease in relative humidity. Reduced evaporative cooling of the land surface is an additional
positive feedback and has likely contributed to the ocean-land warming contrast. The oceans have, on the other hand,
effectively unlimited water to evaporate and can therefore cool in a warming climate by evaporating more and more water.
Inhibited cloud formation over land and an increase in solar radiation provide an amplifying feedback loop for the observed
rapid terrestrial warming in recent decades due to a CO-driven humidity deficit. A decrease in precipitation over land
regionally is a strong indication of perturbed surface water balance that is driven by increases in absorbed infrared and solar

radiation.

1 Introduction

The Earth’s climate system is highly perturbed by anthropogenic activities (IPCC, 2021), with global surface mean temperature
being 1.09°C (0.95-1.20°C) higher in 2011-2020 than in 1850-1900. Evidence of a significant acceleration of global warming
since 2015, after removing estimate of the influence of three natural variability factors and excluding outlier years in 2023 and
2024, is presented in the study by Foster and Rahmstorf (2026). The warming is however substantially larger over land (1.59°C
[1.34-1.83] °C) than over the oceans (0.88°C [0.68-1.01] °C) and the difference has substantially increased since around 1980
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(Figure 2.11c in Chapter 2.3.1.1.2 in IPCC, 2021). The overall global warming is mainly due to an enhanced greenhouse effect,
with more infrared radiation trapped by anthropogenic greenhouse gases (IPCC, 2014, 2021). The specific heat capacity is
fairly insensitive to the presence of increasing radiative forcing and can therefore not explain amplified land warming relative
to ocean in a changing climate (Manabe et al., 1991; Sutton et al., 2007). An increase in globally integrated ocean heat content
of the layer 0-2000m (Ishii et al., 2017) has however contributed to an increase in the ratio between land and ocean warming.
About 93% of the extra heat at present has ended up as increased ocean heat content (Trenberth and Cheng, 2024). Wong and
Minnett (2018) hypothesize that changes in the temperature gradient within the thermal skin layer, which is a direct effect of
enhanced absorption of infrared radiation, modulate the amount of heat loss from the air-sea surface. Their analysis provides
an explanation for the indirect increases in the ocean heat content through retention of heat from the absorption of solar
radiation within the bulk of the ocean. The warming contrast is as well confirmed by the lapse rate (Sherwood et al., 2020;
Brogli et al., 2021): land experiences a greater decrease in lapse rate, meaning less temperature decrease with height, than
ocean. Moist air over the oceans has a higher heat capacity and resists changes in temperature more than dryer air over land.
As the climate warms, a weaker decrease in lapse rate over land implies a larger increase in land surface temperature relative

to the ocean.

While the radiative forcing by GHGs is global, long-term and short-term warming trends differ in space and time and may also
vary depending on the season. In addition to internal variability, regional changes are forced by more heterogeneous
perturbations, such as anthropogenic aerosols that temporarily mask greenhouse warming (Glantz et al., 2022; IPCC, 2021;
Quaas et al., 2022). Europe has warmed at a rate of +0.5°C per decade since 1980s, more than twice the global average, making
it the fastest warming of the continents (WMO, 2022). This is also the region where anthropogenic aerosol’s largest negative
mean radiative forcing reduction occurred during the last four decades (Glantz et al., 2022; IPCC, 2021). Robust evidence for
a decreasing trend in aerosol climate forcing was also found globally between 2000 and 2019, and it is associated with high-
quality satellite retrievals (Quaas et al., 2022). Furthermore, every month since June 2023 to so far August 2024 was the
warmest globally in the European Centre for Medium-range Weather Forecasts (ECMWF) ERAS5 data record, going back to
1940 (Copernicus, 2023). September 2023 exhibited the largest temperature anomaly among these months, +0.93°C above the
1991-2020 average, while June 2024 is the warmest measured since 1850. The global annual mean temperature in 2023 is
1.48 °C higher than the reference period 1850-1900. The magnitude of the warming jump in 2023 was unexpected and
exceeded levels seen in previous El Nifio years, with models currently being unable to explain the warming (Schmidt 2024)..
Based on reliable simulations from three well-established climate model ensembles of both climate variability, such as El
Nifio-Southern Oscillation, and the forced response to GHG forcing, Rantanen & Laaksonen (2024) found that internal climate
variability alone is unlikely to explain the unusually rapid warming that occurred in September 2023. Considering regional
changes and other time frames, previous studies have nevertheless found changes in atmospheric circulation relevant for
warming trends (Blanc et al., 2022; Rudeva et al., 2023; Sfica et al., 2020; Simmons, 2022).
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While the oceans on Earth contain an essentially inexhaustible supply of water to be evaporated this does not hold for land,
while a large amount is recycled (Wang et al., 2023; Trenberth et al., 2007). The moist air is advected through atmospheric
circulation, and some amount is removed as precipitation over land. In the study by Wang et al. (2023) a significant increase
in annual net water inflow from ocean to land of 1.48 x 10'° kg yr!' decade ™' was found with respect to the period 1980 —
2018. Based on observations and Atmospheric Model Intercomparison Project 5 (AMIP5) simulations, the air could generally
take up about 7% more moisture for a temperature rise of 1 °C in the lower atmosphere when averaged globally, in line with
the Clausius-Clapeyron equation (Allan et al., 2014, 2020). This is close to the finding by Wan et al. (2023), who find a
somewhat higher rate of 9.5% per 1 °C globally over the period 1993-2021, based on reanalysis datasets. Even so, changes in
relative humidity over the oceans under a warming climate, based on theoretical and model-based analysis, are considered
insignificant or slightly positive (Byrne & O’Gorman, 2013, 2016, 2018; Douville et al., 2022; Held & Soden, 2006; Schneider,
2010).

The slower warming of the oceans at present implies, however, an expected limitation in evaporated moisture to keep pace
with the rapid increase in the temperature over land (Byrne and O’Gorman, 2018; Simmons et al., 2010; Willet et al., 2024).
The relative humidity over land has consequently decreased (Willet et al., 2014, 2024), which makes it harder to condense
water and form clouds (Simmons et al., 2010; Willet et al., 2014, 2020) and hence increases the risk for drier periods. CMIP5
(Coupled Model Intercomparison Project Phase 5) simulations, however, underestimate this decline in relative humidity
observed over land globally (Douville & Plazzotta, 2017; Dunn et al., 2017). In addition, the observational record is consistent
with our physical understanding that global mean evaporation and precipitation increase more slowly (2-3%/°C), constrained
by the surface energy balance, than the theoretical increase in water vapour content (7%/°C) (Allan et al., 2020). This increases
the lifetime of water vapour in the atmosphere (Allan et al., 2020; Bosilovich et al, 2005; Douville et al., 2002; Schneider et
al., 2010). Latent heat released through precipitation is balanced by the net atmospheric longwave radiative cooling minus the
heating from absorbed sunlight and sensible heat flux from the surface. The water vapor distribution will continue to be affected
as long as anthropogenic greenhouse gas concentrations increase. However, the positive feedback on the greenhouse effect is
weak for water vapour in the boundary layer since the temperature is similar to the ground (Held and Soden, 2000; IPCC,
2001). In addition, half of the atmospheric water vapour is found below 850 hPa. Model simulations of the Earth’s climate
nevertheless indicate increases in the sensitivity of surface temperatures to carbon dioxide water vapour feedback by nearly a
factor of two (Held and Soden, 2000).

Clouds affect outgoing longwave radiation in the same way as GHGs, but the net effect on the radiation budget also depends
on the reflection of incoming solar radiation. As clouds form, latent heat is released due to condensation. However, the
representation of clouds in global climate models (GCMs) is one of the largest sources of uncertainty in estimates of climate
sensitivity (Boucher et al., 2013; Dufresne & Bony, 2008; Schneider et al., 2017; Soden and Held, 2006; Vial & Bony, 2013;
Zelinka et al., 2017), mainly due to uncertainties in aerosol-cloud interactions (IPCC, 2021). Even so, cloud changes can be
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related to more reliable estimates of changes in incoming solar radiation, based on observations carried out from space and
ground.

Strong decreases in ERAS cloud cover over large parts of Europe in the summer half year, April — September, during the last
four decades are in line with increases in surface downward solar radiation from reanalysis data and ground-based
measurements (Glantz et al., 2022). At the same time, drier surface conditions were found in southern Europe and France,
where sensible heat flux increased at the expense of latent heat flux. The latter finding and the consequence of faster warming
over land than over the oceans support a negative trend in relative humidity. Zhuang et al. (2024) concluded based on both
observations and climate model simulations that drought events in the western United States, due to global warming, are mainly
caused by an increase in evaporative demand and less from precipitation deficit since around 2000. Furthermore, based on
independent satellite and in-situ observations, a statistically indistinguishable decadal increase in Earth’s global energy
imbalance of 0.50 + 0.47 W m™2 per decade from mid-2005 to mid-2019 was found by Loeb et al. (2021). The authors conclude
that this is primarily due to decreased reflection by clouds and sea ice as well as a decrease in outgoing longwave radiation
due to increases in trace gases and water vapor. At a global scale and for clear-sky conditions, the aerosol contribution was

small compared to other factors.

Based on empirical orthogonal function analysis of 42 years of reanalysis data, Liu et al. (2023) found that a reduction in near-
surface relative humidity, among other meteorological variables included in the investigation, explained decreases in cloud
cover over most continents. The authors suggest potential stress on the terrestrial water cycle and changes in the energy
partitioning between land and ocean, all associated with global warming. Luo et al. (2024a) found that cloud cover on global
scale, particularly low-level cloudiness, exhibits diurnally asymmetric trends in a warming climate. This means that cloud
fraction on average decreases more during the day than at night. The results from climate model simulations indicate that the
diurnally asymmetric trend is mainly driven by a trend in the lower tropospheric stability, largely caused by the increasing
greenhouse gases rather than natural variability. This asymmetry, found by Luo et al. (2024a), amplifies surface warming,

decreasing the daytime cloud shortwave albedo effect and increasing the night-time longwave greenhouse effect by clouds.

Based on NASA GRACE/GRACE-FO data, Chandanpurkar et al. (2025) found that the continents have been affected by
unprecedented loss in terrestrial water storage since 2002, which means shrinking freshwater availability. Based on an
ensemble of high-resolution global drought datasets for 1981-2022, Gebrechorkos et al. (2025) found as well that global
drought severity has intensified. The areas in drought have expanded by 74% on average during the last 5 years compared with
1981-2017, where atmospheric evaporative demand contributed to 58% of this increase. Furthermore, Fang et al. (2022)
investigated vapour pressure deficit, a determinant for atmospheric demand for water vapour, based on in-situ observations
and reanalysis from ERA5 and Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRAZ2) of

the period 1981-2020. They found that vapour pressure deficit increased in all climatic zones, with the strongest increase in
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the arid zone, followed by tropical, temperate, cold and polar zones. Manabe (2019) explains why soil moisture decreases in
relatively arid regions on Earth due to climate change. The increases in downward terrestrial radiation increase the total
radiative energy that is potentially available for evaporation. The change in precipitation is usually small in these regions due
to the export of water vapour to lower and higher latitudes. To maintain the water balance of the land surface, the actual
evaporation has to be reduced in relation to potential evaporation. The latter is a measure of the atmospheric demand for water,
thus the upper limit of water loss. When soil gets drier, due to limitations in precipitation, the ratio of actual evaporation to
potential evaporation decreases. This also means that the fraction of radiative energy used for evaporation is reduced while

sensible heat flux increases.

The present study aims to investigate potential positive feedbacks over land globally by investigating changes in surface and
air humidity, clouds, solar radiation, and precipitation from ECMWF ERADS reanalysis to accelerated ocean-land warming
contrast since 1979. Impacts from changes in the solar radiation at the top of the atmosphere (TOA) on surface energy balance
and air temperature have been investigated. Uncertainties in the energy balance have been investigated as well. Changes in
surface heat fluxes, reflected by the Bowen ratio, give an indication of possible stress on the terrestrial water cycle. As
contrasting regional extremes, we evaluate South America vs. land areas in mid- and high latitudes in the Northern Hemisphere
(43°N-90°N, 180°W-180°E) during the period 1979—2023. The latter strives to investigate possible regional differences in
humidity supply and cooling in infrared, relevant for the warming trend. Possible changes in land albedo for the areas in the
Northern Hemisphere have also been investigated. Outcomes of water vapour response to surface air temperature over land
globally, relevant for possible changes in the clouds, will be presented. Changes in precipitation during the investigation period
are a fingerprint of perturbed surface water balance. To support the present findings, new studies relevant to the rapid warming

that occurs over land globally have been included as well.

We first introduce the various datasets and methods in Sect. 2. In Sect. 3 we present results of ERA5 TOA radiation quantities
compared to Clouds and the Earth’s Radiant Energy System (CERES) and CLARA-AS3 satellite radiation observations of the
period 2001-2023, while also considering 1982-2023 for the latter platform. ERA5 specific humidity and relative humidity
are compared to Integrated Surface Database Humidity (HadISDH) gridded humidity in-situ observations since 1979. Results
of total precipitation over land globally from ERAS5 compared to Global Precipitation Climatology Project (GPCP) and Global
Precipitation Climatology Centre (GPCC) are presented in Sect. 3. Section 4 provides a discussion of changes in radiation,
humidity, cloud cover, and precipitation driven by the anthropogenic reinforced greenhouse effect and ocean-land warming

contrast. Conclusions are presented in Section 5.
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2 Data and Methods

The generation of consistent atmospheric datasets remains challenging, requiring a good knowledge of their creation and
potential limitations. Hence, we combine our analysis of changes in various quantities with a comparison across different
datasets to identify potential product-specific anomalies that may distort the evaluation of changes in the climate system. We
briefly describe the specifics of these datasets below.

2.1 ERA5 meteorological reanalysis

ERAGS is the fifth-generation reanalysis from ECMWF, described in Hersbach et al. (2020), that combines model data with
historical satellite and in situ measurements into a globally complete and consistent data set. ERA5 provides substantially
improved horizontal resolution of 31 km from 1940, compared to 80 km for the previous ERA-Interim version. In the study
by Johannsen et al. (2020), reduced biases in ERA5 temperatures compared to older versions of the reanalysis was found.
ERADS radiation, heat flux, temperature, humidity and precipitation data from 1979 are used in the present study. The previous
period, 1940-1978, is based on a sparser observation system; for example, no satellite data before 1970 are included in the
reanalysis. In the ERAS reanalysis meteorological parameters (temperature, pressure, wind, and humidity) are pushed toward
observations every few hours using data assimilation. The effect of aerosols on radiative transfer, from the study by Tegan et
al. (1997), is based on prescribed climatological distributions of optical thickness from sea salt, soil/dust, organic, black carbon,
and sulphate . The CMIP5 data set, derived from observations, is used in ERA5 for long-term aerosol trends (Hersbach et al.,
2015). ERAS assimilates humidity measurements from in-situ stations, radiosondes, dropsondes, and aircraft, as well as
radiance measurements that are sensitive to humidity and temperature. Estimates of near-surface soil moisture from
scattermeter are also assimilated into ERAS5. However, discrepancies in ERA5 humidity over tropical oceans before the mid-
1990s are found compared to microwave-sounding estimates, but it compares well over tropical land (Allan et al., 2022). The
radiation calculations in ERAS use thus diagnostic fields of temperature, pressure, water vapor, aerosols, and cloud properties,
some of which are less constrained by observations than others and therefore induce uncertainties. The energy imbalance at
the surface in ERAS5 is suggested to be in the order of 4 W m~2 (Hershach et al., 2020). Land and ocean pixels are identified

as grid boxes with values of the ERA5 land sea mask, in the range 0 — 1, higher and lower than 0.5, respectively.

2.2 CERES satellite radiation observations

CERES Energy Balanced Filled (EBAF) TOA Edition 4.2 data product (Doelling et al., 2013, 2016; Loeb et al., 2018),
mounted on the Terra and Aqua spacecraft launched in 1999 and 2002, respectively, has been used in our analysis. The mean
local time for descending across the equator is around 10:30 for Terra, while Aqua ascends across the equator around 13:30
mean local time. Terra carries the CERES FM1 and FM2 instruments and Aqua carries the CERES FM3 and FM4 instruments.
Each instrument measures filtered broadband radiances in shortwave (SW; 0.3-5.0 um) and longwave window channels (8.0—

12.0 um). Total radiation solar and terrestrial radiation (0.3-200 pm) — is measured as well. Longwave radiances are obtained
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from total minus SW radiations. The CERES project combines Terra and Aqua Moderate Resolution Imaging
Spectroradiometer (MODIS) and geostationary satellite observations, snow cover and sea ice extent derived from microwave
instruments, and thermodynamic variables from reanalysis. The aim is to improve estimates of TOA and surface irradiance.
The overall uncertainty in monthly all-sky TOA flux, with respect to 1° * 1° latitude-longitude area, is estimated to be 3 W m"
2 (1o) for Terra and 2.5 W m™ for Terra and Aqua combined, for both shortwave and longwave fluxes (Loeb et a., 2018).
However, a transition from the Terra and Aqua record to NOAA20-measurements from April 2022 onward has been carried
out, since the orbits for Terra and Aqua drifted outside their maintained 15-minute local equator crossing time. The NOAA20’s
Visible Infrared Imaging Radiometer Suite (VIIRS) and Cross-track Infrared Sounder are in place of MODIS and Atmospheric
Infrared Sounder (AIRS).

The algorithm to produce the CERES Edition 4.0 EBAF-surface data product forces calculated TOA solar and terrestrial
radiation to match with CERES TOA measured irradiances by adjusting surface, cloud, and atmospheric properties (Kato et
al., 2018). Surface downward solar radiation are accordingly adjusted with respect to a radiative kernel technique: quantifying
radiative biases caused by geophysical variables. The irradiances are calculated based on temperature and specific humidity
between the heights 200 and 500 hPa, and biases in these variables are corrected according to observations by AIRS. Bias in
the cloud fraction is corrected in the same way, while in this case based on observations by Cloud Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) and CloudSat. The remaining errors in surface, cloud, and atmospheric
properties are corrected using a Lagrange multiplier to eliminate differences that occur between calculated and observed solar
and terrestrial radiation at the TOA. (Kato et al., 2013; Rose et al., 2013). In the study by Kato et al. (2018) estimations of
uncertainties in all-sky global annual mean upward and surface downward solar radiation over land, ocean and polar regions
are found to be 3 and 4 W m, respectively. In addition, the uncertainties for upward and downward surface terrestrial radiation

are 3 and 6 W m?, respectively.

2.3 CLARA-AS3 radiation climate data record

In the present study we have investigated TOA and surface radiation products derived from the long-term Advanced Very
High-Resolution Radiometer (AVHRR) sensors flown onboard NOAA and EUMETSAT MetOp satellites. These products
were derived in the framework of EUMETSAT’s Satellite Application Facility on Climate Monitoring CM SAF, (Schulz et
al., 2009). The radiation variables, described in Karlsson et al. (2023a; 2023b), are part of a suite of cloud and radiation
products provided in the third edition of CM SAF’s CLoud, Albedo and surface RAdiation (CLARA-A3) dataset from
AVHRR. CLARA-AS3 offers substantial improvements to its previous version, CLARA-A2 (Karlsson et al., 2017), and recent
studies show that the product is one of the most stable cloud climate data records (Devasthale and Karlsson, 2023; Devasthale
et al., 2025). We specifically used here the Level 3 monthly means of radiation products that are available at a 0.25-degree
spatial resolution globally from 1982 through 2023. Land and ocean pixels are identified as grid boxes with values of the
CLARA-A3 land sea mask, in the range 0 — 100, higher and lower than 50, respectively. The drifting of NOAA satellites can

7
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induce artificial trends in the time-series of the retrieved parameters (Devasthale et al., 2012; Bojanowski and Musial, 2020).
To mitigate this, we use the AVPOS version of CLARA-A3 that are based on all available satellites and we draw conclusions
based on the analysis of other independent datasets as well. We do however take extra care in interpreting the trends in the
CLARA-AZ3 after 2020 when the drift signal could be stronger.

2.4 HadlSDH humidity in-situ land observations

HadISDH is a global gridded monthly mean in-situ land surface humidity dataset (version: 4.6.0.2023f) based on a quality-
controlled sub-daily dataset described in more detailed in Smith et al. (2011a) and Willet et al. (2014). This dataset relies on
an integrated surface database from the National Oceanic and Atmospheric Administration’s (NOAA’s) National Centers for
Environmental Information (NCEI) with hourly measured dew point temperature and air temperature converted to various
humidity variables. These variables are homogenized and averaged over a period of one month over 5° by 5° grid boxes. The
hourly station data passes through several stages of processing before being gridded. The quality-controlled hourly
temperatures are converted to specific and relative humidity, based on relevant equations, at each time point. For relative
humidity, dry biases could be up to 4%, which increases with wet bulb temperature toward 0°C. The potential error of specific
humidity for temperature differences (from climatology) of £20 °C is estimated to be 1% of the individual hourly values
obtained from the majority, 89%, of the in-situ stations. These sites are located below 1000 m. The data coverage from

HadISDH is very poor in the Southern Hemisphere, while also at some regions in the Northern Hemisphere.

2.5 GPCP total annual precipitation amount

The GPCP Version 3.3 provides analyses of monthly precipitation on a 0.5° x 0.5° latitude—longitude global grid for the period
from 1983 to 2023. This merged product continues the GPCP heritage of incorporating precipitation estimates from low-orbit
satellite microwave data, geosynchronous-orbit satellite infrared data, sounder-based estimates, and surface rain gauge
observations. The aim is to emphasize the strengths of various inputs and strive for temporal and spatial homogeneity. The
analysis incorporates modern algorithms, refined intercalibrations among sensors, climatologies of recent high-quality satellite
precipitation data, and fine-scale multi-satellite estimates. New data fields have been introduced to better characterize
precipitation, including the fraction of the precipitation that is liquid (rain). Homogeneity in the record takes precedence over
instantaneous accuracy. Over the long-term, GPCP represents the current state of the art. GPCP estimates are most accurate in
the tropics and less so in the subtropics and mid-latitudes. Above 58° north and below 58° south, the estimates are more
approximate. High-quality GPCC gauge analyses are incorporated to vastly improve the estimates over land. For more
information about the GPCP Version 3 data, see Huffman et al. (2023).

2.6 GPCC total annual precipitation amount

The GPCC Full Data Monthly Product Version 2025, based on gauge observations that cover the period from 1983 to 2023

has been investigated in the present study. This new product was generated in November 2025 and uses the new GPCC

8
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climatology as an analysis background. The analysis product is based on all ground-based stations, near real-time and non-
real-time, in the GPCC database. The data coverage per month varies from less than 10,000 to more than 52,000 stations.
Precipitation anomalies at the stations are interpolated and then superimposed on the GPCC Climatology V2025. This product
contains monthly totals on a regular grid with the spatial resolution of 0.5° x 0.5° latitude by longitude used in the present
study. The Full Data Monthly Product will be updated at irregular time intervals after significant database improvements. For
more information about the global land-surface precipitation data product from GPCC, see Becker et al. (2013) and Schneider
etal. (2014).

2.7 Statistical analysis

Global land annual mean values of the parameters from ERA5, CERES, and CLARA-A3 grid fields have been area-weighted

before the analyses, with the exception of the HadISDH dataset, due to low spatial coverage. The following equations are used:

N o
uW - Zi=1 WiYi (1)

N
Zi:l wi

2
TN Wi lyi- mwl

e @

where L is the area-weighted mean, wi; is the area weight, y; represent reanalysis and satellite data and Sy is the area-weighted

standard deviation.

The Mann-Kendall test was used (Kendall, 1975) to investigate parameter trends according to the producer’s available data
records. This non-parametric technique tests for a monotonic trend in a time series and is not dependent on the distribution of
the data. The null hypothesis of trend absence in the ERA5 and CERES data has been tested against the alternate hypothesis
of a trend. In addition, the Wilcoxon signed-rank test (Wilcoxon, 1945) was used to test the null hypothesis that data of surface
radiation budgets belonging to South America and areas in the Northern Hemisphere with different lengths have equal means,

against the alternative that they don’t.

The following statistical indicators are used in our analysis:

:
RMSD = [ 32, (i = %) | ©
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where RMSD is the root mean square deviation, NRMSD is the normalized RMSD, R?is the coefficient of determination, SSres
and SSq are the residual sum of squares and total sum of squares, respectively, and MBE is the mean bias error, y; and X;
represent ERA5 and CERES data, respectively, meanX is mean Xi.

3 Results
3.1 ERA5 compared to CERES and CLARA-A3 time series since 2001

Figure 1 shows trends in ERA5 and CERES annual surface skin temperature, TOA net solar and upward terrestrial radiation,

and surface net terrestrial radiation, obtained by linear regression during the period 2001-2023. Increases over land globally,

2001 - 2023
ASkin temperature (°C decade™) ASkin temperature

= = S -
5 43210123 4375 2001 — 2023 543210123 435

(W m2decade)

ATOA net solar radiation
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543240712345 2001-2023

(W m2decade”) pmmmmes——

ATOA upward terrestrial radiation
s . A

54321012345

= ,.'»///
& - g 2001 - 2023

543241012345

(W m-2decade)

ASurface net terrestrial radiation ASurface net terrestrial radiation

Figure 1. Comparison of annual trends in ERA5 and CERES surface skin temperature in a) and b), top of the atmosphere
(TOA) net solar radiation in c¢) and d), TOA upward terrestrial radiation in e) and f) and surface net terrestrial radiation in g)
and h), respectively. All trends were obtained by linear regression of the period 2001-2023.
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shown in the figures, are statistically significant at the 95% confidence level, with the exception for CERES TOA upward
terrestrial radiation (Table 1). A different sign of the trend in skin temperature shown in Fig. 1a and 1b appears between ERA5
and CERES over the large northern part of South America. It explains the substantially weaker increase in CERES mean skin
temperature for the continent (Table 1). The increase in ERA5 temperature at two metres height is 0.23 +0.15 °C per decade
of the period 2001-2023 for South America and as for the ERA5 skin temperature a varying degree of positive trends are
found across the continent (not shown). Thus, the negative trends in CERES skin temperature over the northern part of South
America do not appear in ERA5 surface air temperature. Furthermore, both ERA5 and CERES give negative trends in TOA
net solar radiation and upward terrestrial radiation over South Asia, shown in Fig. 1, simultaneously as weak changes or even

decreases in skin temperature appear in the same region.

A summary of comparisons between ERAS5 and CERES monthly values for land globally is presented in Table 1. The range
in normalized root mean square deviation (NRMSD) for ERAS5 and CERES is 0.6-17%. The table shows reasonable
agreements in positive trends between the datasets. However, a large deviation is found for surface net terrestrial radiation,
reflected by the highest NRMSD value, where ERAS5 gives the weakest increase that is not statistically significant. Table 1
shows, however, better agreement between ERA5 and CLARA-A3 surface net terrestrial radiation, considering comparisons
of both global monthly mean values and annual trends. Substantially stronger trends in ERA5 TOA net terrestrial radiation
than for CERES appear for land globally and South America. Stronger trends are found as well for CLARA-AS3, in line with
ERADS, with respect to the longer period in Fig. 2f and Table 2.

Table 1 shows low NRSMD values in the comparison between ERA5 and CERES for South America and the areas in the
Northern Hemisphere of the period 2001-2023, except for surface net terrestrial radiation, where very large differences appear.
Reasonable agreements are found in positive trends for these regions, with the exception for surface net terrestrial

radiation. Even larger deviations are thus found regionally for this quantity, and the trend is surprisingly even of the opposite
sign for South America. This explains the weaker increase in the CERES skin temperature compared to ERA5. In addition to
land globally, Table 1 shows substantially better agreements in surface net terrestrial radiation between ERA5 and CLARA-
A3 when considering both these regions. The trends agree also much better between these data sources. The changes over the
two regions investigated are statistically significant at the 95% confidence level for all the ERA5 and CLARA-A3 cases, while

not for CERES skin temperature and TOA upward terrestrial radiation in South America (Table 1).

11



https://doi.org/10.5194/egusphere-2026-1654
Preprint. Discussion started: 2 April 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere®

325 Table 1. Comparisons between ERA5 and CERES monthly area-weighted mean (< >) skin temperature (Tskin),
TOA net solar radiation and upward terrestrial radiation (SR and TR, respectively), and surface net SR and TR.
Annual trends (A) with 95% confidence bounds of the period 2001 — 2023 over land globally are presented.
Results of CLARA-A3 surface net TR of the are also shown.

- Land globall
Parameter R2 | RMSD? | NRMSD® | MBE® <ERA5> <CERES> AERAS ACERES
inE-C 1 20 17.4 1.7 9645 11.3+36 | 0.36(0.25, 0.47 0.33 (0.21, 0.44)
( ) (
(°C) (%) (°C) (°C) (°C) (°C decade") (°C decade-)
TOA net 1 8.0 36 6.7 | 215.0+31.7 | 221.8+27.5 | 0.57 (0.25,0.88) | 0.67 (0.37, 0.97)
SREC (W m2) (%) (W m-2) (W m-2) (W m-2) (W m2decade’) | (W m-2decade)
1 1.29 0.55 -0.25 | 2336+8.3 | 233872 | 0.50(0.18,0.83) | 0.26(-0.10, 0.63)
TRE (W m?) (%) (W m-2) (W m2) (W m-2) (W m2decade’) (W m2decade’)
Surface net | 1 8.7 59 -8.4 138.6+20.4 | 147.0+18.2 | 0.52(0.16,0.88) | 0.74 (0.48, 1.00)
SREC (W m2) (%) (W m?) (W m2) (W m2) (W m2decade’) [ (W m2decade)
Surface nef | 0.43 85 14.3 8.0 67.5%3.7 59.5+1.4 | 0.23(-0.04,051) [ 0.72(0.46,0.98)
TRC (W m-2) (%) (W m2) (W m-2) (W m2) (W m2decade’) (W m-2decade-?)
Parameter | R2 | RMSD' | NRMSD? | MBE? <ERA5> <CLARA> AERA5 ACLARA-A3
Surface net | 0.99 25 35 -2.4 67.5+3.7 70.0+36 | 0.23(-0.04,0.51) | 0.29 (0.02, 0.56)
TR C-A3 (W m-2) (%) (W m2) (W m-2) (W m2) (W m2decade’) (W m-2decade’)
South America
Parameter R2 2 | NRMSDP | MBE® <ERA5> <CERES> AERAS ACERES
TskicE 098 | 1.02 438 0.98 22219 21.2+19 0.28 (0.14,0.41) | 0.15(-0.03, 0.34)
(°C) (%) (°C) (°C) (°C) (°C decade-") (°C decade)
TOA net 098 | 6.0 22 1.4 | 271.3%36.2 | 272.7+37.8 | 1.97(0.92,3.02) | 1.07 (0.41,1.73)
SREC (W m?) (%) (W m2) (W m2) (W m2) (W m2decade’) [ (W m-2decade)
0.94 35 1.4 0.83 2434+94 | 242666 | 1.41(0.32,2.50) [ 0.70 (-0.01, 1.49)
TRE (W m-2) (%) (W m?2) (W m2) (Wm?) (W m2decade') | (W m2decade)
Surface net | 0.94 | 6.0 33 1.0 | 178.8+24.4 | 178.8+246 | 2.29(1.11,3.46) | 2.08(1.29,2.88)
SREC (W m-2) (%) (W m2) (W m-2) (W m2) (W m2decade’) [ (W m2decade)
Surface net 13.1 296 1.7 56.1+5.5 44421 1.28 (0.63, 1.94) | -1.11(-1.39, -0.82)
TREC (W m-2) (%) (W m?) (W m-2) (W m2) (W m2decade’) | (W m2decade)
Parameter R2 2 | NRMSDP | MBE® <ERA5> <CLARA> AERAS ACLARA-A3
Surface net | 099 | 0.97 1.7 -0.88 56.1+5.5 56954 1.28 (0.63,1.94) | 1.25(0.62, 1.87)
TRE. C-43 (W m?) (%) (W m2) (W m2) (W m2) (W m2decade') | (W m2decade)
Northern Hemisphere part
Parameter R2 | RMSD? | NRMSDP | MBE® <ERA5> <CERES> AERAS ACERES
TakaEC 1 27 1.3 27 16+126 | -28+11.2 | 052(0.31,0.72) | 0.43(0.27, 0.60)
(°C) (%) (°C) (°C) (°C) (°C decade-") (°C decade)
TOA net 1 85 5.8 77 153.8+100 | 146.1+100.0 | 1.00(0.61, 1.41) | 0.86 (0.51, 1.22)
SREC (W m-2) (%) (W m?) (W m-2) (W m2) (W m2decade’) | (W m2decade)
1 1.2 0.58 072 [211.1+212 [ 211.9+20.4 | 068(0.33,1.02) [ 0.55(0.23, 0.86)
TREC (W m-2) (%) (W m?) (W m-2) (W m2) (W m2decade’) | (W m2decade)
Surface net | 1 2.1 23 1.4 95.0+64.6 | 93.7+651 | 1.06(0.63,1.49) [ 0.94(0.62, 1.26)
SREC (W m-2) (%) (W m?) (W m-2) (W m2) (W m2decade’) | (W m2decade)
Surface net | 0.78 | 10.8 243 72 51.8%11.4 446+38 0.33(0.05,0.62) | 1.22(0.90, 1.54)
TREC (W m?) (%) (W m2) (W m-2) (W m?) (W m2decade’) [ (W m-2decade)
Parameter R2 | RMSD? | NRMSDP | MBE® <ERAS5> <CLARA> AERA5 ACLARA-A3
Surface net | 0.99 5.0 8,9 -4.8 51.8+11.4 | 56.7+10.3 | 0.33(0.05,0.62) | 0.42(0.13,0.70)
TRE. C-A3 (W m-2) (%) (W m?) (W m-2) (W m2) (W m-2decade-') (W m-2decade’)
330 2Root mean square deviation, °PNormalized RMSD, “MBE = mean bias error, & ¢ & C-A3Statistically significant at the 95%

confidence level for trends (Mann-Kendall test) for annual mean of the period 2000 - 2023 for ERA5, CERES and CLARA-A3, respectively.
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3.2 ERAS5 compared to CLARA-A3 time series since 1982

Comparisons of TOA upward solar and terrestrial radiation from ERA5 and CLARA-A3 for land globally of the longer
investigation period 1982—-2023 are presented in Fig. 2. There are no results presented for CLARA-A3 TOA upward solar
radiation over parts of South America and Australia, shown in Fig. 2b, since several years of the data record are not complete

for annual averaging. Figure 2 shows as well results of ERA5 and CLARA-A3 surface net terrestrial radiation with respect to
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Figure 2. Annual trends in ERA5 and CLARA-AS3 top of the atmosphere (TOA) upward solar radiation in a) - ¢), TOA upward
terrestrial radiation in d) - f), and surface net terrestrial radiation in g) - i) based on linear regressions of the periods given in
the figures, where p-values are obtained by Mann-Kendall test at the 95% confidence level. Heavy solid and dashed lines
denote linear fits of the annual time series represented by the light solid and dashed lines. The descriptive statistics are obtained

by comparing ERA5 and CLARA-A3 monthly mean values of the respective periods.

the period 1986-2023. Since CLARA-A3 is missing data globally for this quantity for February 1985, the shorter period above
is included here in the estimations of trends (Fig. 2i). Good agreements between ERA5 and CLARA-AS3 radiation quantities
at the TOA and surface, based on monthly averaging over land globally, are found with low NRMSD values shown in Figure
2. Statistically significant negative and positive trends appear in solar and terrestrial radiation as well. ERA5 and CLARA-A3
show stronger positive trends in mean surface net terrestrial radiation over land globally since 1986 (Fig. 2i) than for the shorter
investigation period 2001-2023 (Table 1). The decrease in ERA5 TOA upward terrestrial radiation is weaker compared to
CLARA-A3 and large differences appears in central Africa. Regional differences in TOA upward solar radiation are also

shown for Africa.
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Table 2 shows good agreement with overall low bias between ERA5 and CLARA-A3 TOA upward solar and terrestrial
radiation as well as surface net terrestrial radiation of the periods 1982—2023 and 19862023, respectively. This is found also
in the comparisons of trends, although larger differences appear for the cases belonging to the areas in the Northern
355
Table 2. Comparisons between ERA5 and CLARA-A3 monthly area-weighted mean (< >) top-of-atmosphere (TOA) upward
solar and terrestrial radiation (SR and TR, respectively) of the period 1982 - 2023, and surface net TR of the period 1986 - 2023
as well as 2Root mean square deviation, "Normalized RMSD and °MBE = mean bias error. All cases are statistically significant
at the 95% confidence level for annual trends according to Mann-Kendall test. TOA upward SR is calculated for South America
360 for the areas with available values for CLARA-A3 shown in Fig. 2b.

Parameter R? | RMSD? | NRMSD® | MBE® | <ERA5> | <CLARA> AERA5 ACLARA
(W m2) (%) (Wm32) | (Wm?2) (W m2) (W m-2 decade') | (W m2 decade')
South America

TOA 0.97 8.1 6.7 7.2 128.5 121.3 -1.72 -1.64
upward SR +19.9 +20.2 (-2.17, -1.26) (-2.15,-1.13)
TOA 0.96 4.1 1.7 36 2422 238.6 1.26 1.20
upward TR +9.4 +8.7 (0.84, 1.69) (0.79, 1.61)
Surface net | 0.99 1.2 2.1 -1.1 55.2 56.3 1.14 0.96

TR 452 451 (0.86, 1.42) (0.69, 1.22)

Northern Hemisphere part

TOA 1 2.7 2.8 0.25 97 4 97.2 -1.26 -0.98
upward SR +50.7 +49.2 (-1.47,-1.04) (-1.33, -0.63)
TOA 1 2.0 0.95 16 210.5 208.9 0.61 0.89
upward TR +21.1 +21.6 (0.46, 0.76) (0.71, 1.08)
Surface net | 0.99 52 92 -5.0 514 56.4 0.54 0.40

TR +11.1 +10.4 (0.42, 0.67) (0.26, 0.54)

aRoot mean square deviation, PNormalized RMSD and “MBE = mean bias error. All cases are statistically significant at the 95% confidence
level for annual trends according to Mann-Kendall test. TOA upward SR is calculated for South America for the areas with available
values for CLARA-A3 shown in Figure 2b.

365
Hemisphere. Stronger decreases in reflected solar radiation and concomitant increases in absorbed energy at ground appear
for South America compared to the areas in the Northern Hemisphere. Stronger increases in surface net terrestrial radiation
and thus expected enhanced reduced cooling in infrared for South America are consequently found for both ERA5 and
CLARA-A3.

370 3.3 ERAS5 compared to HadlSDH gridded humidity in-situ observations since 1979

Figure 3 compares ERA5 and HadlSDH RH in the lower troposphere over land globally for the period 1979-2023. RMSD,
NRMSD, and mean bias error between ERAS and HadlSDH monthly values are 6.3%, 9.1%, and 0.98%, respectively, based

on available data from the latter data source. Figures 3a and 3b highlight deviations in mean RH for 2023 relative to the 1981—
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2010 mean, while Fig. 3c displays the long-term trends. A stronger negative trend in ERA5 RH compared to HadiSDH shown
in Fig. 3c appears as well for the case when the former data set spatially matches coverage of the in-situ data set (Willet et al.,
2024). A similar and somewhat stronger negative trend than HadISDH RH is also found for JRA-3Q (developed by the Japan
Meteorological Agency, Kosaka et al., 2024) over land globally for the period 1979-2023 (Willet et al., 2024). Furthermore,
negative trends in relative humidity (RH) dominate over land in the Northern Hemisphere, also for HadISDH, while both data

records are associated with a positive trend over parts of South Asia.

Mean of 2023 compared to 1981 - 2010

__ HadISDH,,,

ARH (%) ARH (%)

—— ERAS,, Pvalue =3+ 104 | ERAB,gg01p, and HadISDH,,, monthly
— =— HadISDH,,, P-value =2 * 10 | RH (%) compared over land globally
3 | of the period 1979 — 2023

Number of compared cases: 29743
RMSD: 6.3

Normalized RMSD: 9.1 %

Mean bias error: 0.98

Meanggas: 70.2 £14.7

Mean,,qspn: 69.2 £12.5

¢ o
o © w»
1
1
[
A
1

RH anomaly (%)
o)

S
.U'I —

| Land globally,
reference period: 1981 - 2010

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

{
U'I N

Figure 3. Comparison of relative humidity (RH) in the lower troposphere between a) ERA5 and b) HadISDH for 2023 relative
to the period 1981-2010. Heavy black solid and blue dashed lines for ERAS5 and HadlSDH, respectively, in c) denote trend
lines where the Savitzky-Golay finite impulse response smoothing filter of polynomial order has been applied on annual and
global land time series represented by the light black solid and blue dashed lines. P-values of the trends are obtained by the
Mann-Kendall test at the 95% confidence interval applied to the annual values. The descriptive statistics in the lower right

were obtained by comparing the monthly mean values of the ERA5 and HadISDH time series.
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Positive annual trends in specific humidity in the lower troposphere dominate in the Northern Hemisphere for both ERA5 and
HadISDH, including South Asia (Fig. 4). The former data series gives trends of opposite signs in the Southern Hemisphere.
These findings appear more obvious when comparing South America with the present area in the Northern Hemisphere, shown
in Fig. 6f and 7f, respectively. This suggests that the HadISDH annual global trend in Fig. 4 may be overestimated due to a
lack of data in the Southern Hemisphere. Good agreement appears between ERA5 and HadlSDH specific humidity trends
when the former data set spatially matches coverage of the in-situ data set (Willet et al., 2024).

Mean of 2023 compared to 1981 - 201
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4 w —
ERA5,,, ‘ . ¢+ | ERAS go0npa and HadISDH,, monthly

3" Pp.value = 0.26 . N "| specific humidity (g kg') compared
2| = = HadISDH,,, TPRA over land globally (1979 — 2023)
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Land globally,
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Normalized RMSD: 19.3 %
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© & b 5 0o o o o
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Meany,qispn: 8.3 £5.1
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Figure 4. Comparison of specific humidity in the lower troposphere between a) ERA5 and b) HadISDH for 2023 relative to
the period 1981-2010. Heavy black solid and blue dashed lines for ERA5 and HadlSDH, respectively, in c) denote trend lines
where the Savitzky-Golay finite impulse response smoothing filter of polynomial order has been applied on annual and global
land time series represented by the light black solid and blue dashed lines. P-values of the trends are obtained by the Mann-
Kendall test at the 95% confidence interval applied to the annual values. The descriptive statistics in the lower right were

obtained by comparing the monthly mean values of the ERA5 and HadlSDH time series.

A distinct positive trend in specific humidity during the period 1979-2024 appears as well for JRA-3Q (Willet et al., 2024). A
larger deviation is found, shown in Fig. 3 and 4, in the statistics between ERA5 and HadISDH monthly specific humidity than
for RH.
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Figure 5. Trends in ERA5 a) temperature at two-metre height (T2m), b) top of the atmosphere (TOA) net solar radiation, c)
surface radiation budget, d) surface sensible heat flux, e) surface latent heat flux, f) specific humidity in the boundary layer
(BL), g) relative humidity in the BL and h) low cloud cover represented by linear regression of the period 1979-2023. Trend

410 values represent area-weighted means with respect to land globally.
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3.4 Trends in ERADS radiation, heat flux, humidity, and low cloud cover over land globally

Based on linear regression, trends in ERAS annual quantities/parameters over the period 1979-2023 are presented in Fig. 5.
The numbers corresponding to the figures represent mean trend values for land globally. The trends are statistically significant
at the 95% confidence level, with p-values <<0.05, except for latent heat flux and specific humidity (p-values of 0.084 and
0.24, respectively). The latter is thus explained by trends of opposite signs over land globally (Fig. 5e and 5f). Figure 5a shows
strong warming over land, particularly in the Northern Hemisphere. This aligns with widespread strong increases in TOA net
solar radiation, supported by CERES and CLARA-A3 (Fig. 1b and 2b, respectively). The weak warming over South Asia,
shown in Fig. 5a, coincides with negative trends in TOA net solar radiation from ERA5 and CERES. In addition, ERA5,
CERES, and CLARA-A3 show decreases in TOA and surface upward terrestrial radiation over this region, while positive
trends dominate over land globally (Fig. 1-3). Relatively strong increases in sensible heat flux appear over large parts of global
land in Fig. 5d, while also here with the exception for South Asia. The increases in exchange of dry heat between the land
surface and the air have occurred along with strong increases in latent heat flux over the oceans (Fig. 5e). Widespread decreases
in relative humidity and low cloud cover are found over land areas (Fig. 5g and 5h, respectively), while an increase in relative
humidity appears over South Asia. The latter is also shown in the results from HadlISDH (Fig. 3b). Positive trends in low cloud

cover appear however over large parts of the oceans.
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TOANetSR/
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I Ocean: -0.72 £0.19
| M Land: 0.77 £0.16 |
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Figure 6. Scenes of Pearson’s correlation between annual a) relative humidity in the boundary layer (RHgL1) and low cloud
cover (LCC) and b) total cloud cover (TCC) and net top of the atmosphere solar radiation (netTOAsrof) of the period 1979 —
2023. ¢) and d) Normalized distribution Pearson’s correlation coefficient from results presented in panel a) and b), respectively,
for land and ocean globally with corresponding mean values presented. Mean values of correlation coefficient are also
presented for South America and the areas in the Northern Hemisphere (43°N-90°N, 180°W-180°E).
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Figures 6a and 6¢ show results of Pearson’s correlation coefficient (R) between low cloud cover (LCC) and relative humidity
in the boundary layer (RHgL) of the period 1979-2023. The strongest correlation appears on the whole over land, where 95%
of the pixel values are statistically significant at the 95% confidence level. The present results are in line with the study carried
out by Liu et al. (2023), based on an empirical orthogonal function analysis on 42 years of ERA reanalysis, who found a
relatively high mean positive correlation and narrow spread over land globally, 0.69 +0.18, between near surface relative
humidity and total cloud cover during the period 1979-2020. They conclude that decreased cloud cover over land is explained
by a reduction in near-surface relative humidity. Furthermore, Fig. 6b and 6d show results of R between net TOA solar radiation
and total cloud cover of the period 1979-2023. Two modes appear in the distribution of R for global land, where values around
zero are related to areas with high surface albedo such as Sahara, Greenland and Antarctica. For land and ocean, 68 and 87%
of the pixel values, respectively, are statistically significant at the 95% confidence level, according to anti-correlation between

the variables.

3.5 Regional trends in ERA5 quantities/parameters

We continue to discuss results from ERAS, with a focus on South America and land areas in mid- and high latitudes in the
Northern Hemisphere (43°N-90°N, 180°W-180°E). Figure 5b shows strong positive trends in TOA net solar radiation over
both regions from 1979, on the whole also for sensible heat flux. At the same time, strong negative trends in relative humidity
in the boundary layer and low cloud cover appear over both regions. The mean Pearsons’s correlation coefficients between the
latter variables are shown in Fig. 6a and 6c¢, where all pixel values corresponding to both regions are statistically significant at
the 95% confidence level. The decreases in low level clouds are on average 9 and 3% from 1979 to 2023 for South America
and the areas in the Northern Hemisphere, respectively (Fig. 7h and 8h). In addition, statistical significance between relative
humidity and total cloud cover is found for 98% of the pixel values for both regions, where the mean correlation coefficients
are 0.78 £0.12 and 0.68 £0.15 for the former and latter areas, respectively. Weaker decreases in total cloud cover with 5 and
2% during the investigation period, compared to changes in the low cloud cover, are found for South America and the Northern

Hemispheric case, respectively. These trends are in any case statistically significant at the 95% confidence level.

Furthermore, mean negative correlation coefficients between total cloud cover and TOA net solar radiation for the present two
regions are shown in Fig. 6b and 6d, where the stronger anti-correlation appears for South America. 100 and 94% of the pixel
values for South America and the areas in the Northern Hemisphere, respectively, are statistically significant at the 95%
confidence level. Trends of opposite signs in specific humidity between the two regions are nevertheless obvious in Fig. 5f.

The warming in the Northern Hemisphere is on the whole stronger than in the Southern Hemisphere (Fig. 5a).

Figures 7 and 8 show trends with corresponding confidence intervals in ERAS quantities and parameters over the investigation

period, averaged for South America and the land areas in the Northern Hemisphere. The low p-values indicate strong increases
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Figure 7. Heavy solid and dashed lines denote linear regressions and corresponding 95% confidence intervals, respectively,
of annual anomalies (light dashed lines) in ERA5 parameters obtained over area-weighted South America of the period 1979
— 2023 compared to mean of the 1981 - 2010. Mean trend values with 95% confidence bounds are presented, where

corresponding p-values are obtained by Mann-Kendall test at the 95% confidence interval.
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Figure 8. The same as in Fig.7, while here with respect to areas in the northern hemisphere and surface total heat flux is

presented in e) instead of surface sensible heat flux.
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or decreases based on linear regressions for both regions. The results obtained for 2023 reinforce the trends observed in South
America for all cases, with the exception of specific humidity (Fig. 7f). The long-term negative trends in both relative and
specific humidity indicate a depletion of water supply in the latter region. Instead of a positive water vapour response in the
boundary layer to surface air temperature long-term opposite trends are found for South America (Fig. 7a and 7f). This appears
also for southwestern North America and some other regions on Earth (Fig. 5f and 5g). The total column water vapour response
in percent to temperature from 1979 to 2023, averaged for South America according to Clausius Clapeyron relationship
between uptake of moisture due to temperature increase (7 % K1), is close to zero (-0.16%). Even so, statistically significant
trends in total column water vapour of opposite sign, with positive and negative responses to temperature of 2 and -3%, appear
north and south of 10°S in South America, respectively. Fig. 9 shows that negative responses appear as well for southwestern
North America, central Asia and tropical Africa, and positive responses lower than the Clausius Clapeyron relationship appear

over large land areas. A mean positive response of 3.0% appears for the areas in the Northern Hemisphere.

24-20-16-12-8 4 0 4 8 12 16 20 24

[ E—
TCWP-T,,, ratio (% K-)

Figure 9. Trends in the ratio between ERAS5 total column water vapour (TCWP in %) and temperature at 2 m height (T2m in

kelvin (K)) of the period 1979 — 2023, where the black solid line denotes 7 % per K according to Clausius-Clapeyron equation

between uptake of moisture in the air due to warming.

Depletion of water supply has affected latent heat flux that is associated with a statistically significant negative trend of -0.37
W m2 decade™ for South America, although minor increases appear regionally in Fig. 5e. In addition to a strong increase in
mean sensible heat flux, with 1.1 W m decade™ (Fig. 7e), substantially reduced evaporative cooling has consequently occurred
in South America during the latest four decades. The increase in the Bowen ratio between sensible and latent heat flux with
15% between 1979 and 2023 based on linear regression, is statistically significant. Specific humidity has however increased

over the current Northern Hemisphere region, while relative humidity and low cloud cover have decreased (Figure 8). This is
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probably driven by the differentiation of warming in the oceans and in the air over land, which causes the air to be further
away from saturation at present. Figure 8e shows a strong increase in mean total heat flux over the areas in the Northern
Hemisphere, where the positive trend in sensible heat flux, 0.54 W m decade™, is higher than 0.43 W m-2 decade* for latent
heat flux. A statistically significant positive trend in the Bowen ratio is found, with an increase of 6.5% since 1979. Strong
positive trends in surface net terrestrial radiation, shown in Fig. 7d and 8d, mean a stronger increase in upward radiation than
an increase in downward radiation. The cooling in infrared has been more efficient over South America compared to the present
land areas in the Northern Hemisphere (Fig. 7c, 7d, 8c, and 8d). This is in line with a weaker mean trend in surface radiation
budget, 0.68 (0.44, 0.92) W m decade, since 1979 over the current continent compared to the latter areas, 0.84 (0.73, 0.94)
W m-2 decade™. These values with corresponding 95% confidence bounds are, based on an unpaired Wilcoxon rank sum test,
statistically significant different at the 99% confidence level. The results are in line with a stronger warming that has occurred
in the Northern Hemisphere than in South America (Fig. 7a and 8a). The ERA5 surface energy budget is, however, not in
accurate balance for the areas in the Northern Hemisphere since the trend in total heat flux is 16% higher than the trends in

radiation budget, but only 2% higher for South America.

Furthermore, Fig. 10 shows decreases in surface upward solar radiation, depending on seasons, at middle and high latitudes
by comparing the rates of mean values (in percent) of the periods 20142023 and 1979-1988. The strong decreases that appear
in the Arctic basin in late summer and autumn are explained by a decline in sea ice (not shown). A shorter period with snow
covers likely explains decreases in the albedo over land. The summer period, June-August, shown in the figure, is associated
with minor changes in surface upward solar radiation over land. Decreases in the present land albedo are in line with negative
trends in snow cover extent, from NOAA visible satellite-based analysis, in spring of the period 1967-2020 for Arctic
terrestrial areas (Mudryk et al., 2021). Furthermore, an updated ensemble of six gridded snow products for snow extent reveals
strong negative trends in early winter and spring during the period 1981-2018 in the Northern Hemisphere (Mudryk et al.,
2020). Trends are found also in this study to be near zero during the summer, since there is very little land area with snow

cover.
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ASurface upward solar radiation (%)

Figure 10. Changes in annual ERAS surface upward solar radiation in the Northern hemisphere, obtained by comparing the

rates of mean values (in percent) of the periods 2014-2023 and 1979-1988. No data are available during the polar night, denoted
with white colour.
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3.6 Global and regional trends in total annual precipitation amount over land

Figures 11a and 11b show climatology scenes of total annual precipitation (in meters) averaged over the period 1983-2023 for
ERADS and GPCP, respectively, where the highest values on the whole appear in the tropics. Comparisons of ERA5 and GPCP
total annual precipitation amounts in percent for the period 2014-2023 compared to the mean of 1983-1992 are shown in Fig.
11cand 11d, respectively. The figures show opposite trends in the ERA5 and GPCP precipitation over areas in Asia and Africa,
as well as in North America. Even so, decreases in annual precipitation appear over large parts of South America, Africa, and
Australia, and in southwestern North America for both ERA5S and GPCP. Stronger trends appear, however, for the former data
set. The negative trends coincide with decreases in ERAS latent heat flux and specific humidity shown in Fig. 5e and 5f,
respectively. Positive trends are found for both ERAS5 and GPCP as well; for example, in the wetter northern South America
and Australia, eastern US, and over part of the Indian subcontinent (Fig. 11a and 11b). The negative trends in precipitation
appear over some dry regions on Earth for both ERA5 and GPCP, such as southwestern North America, a large part of
Australia, northern Africa, and Middle East.

Statistically significant decreases in ERA5, GPCP, and GPCC total annual precipitation over South America during the period
1983-2023 are shown in Fig. 11e. Statistically significant positive trends in GPCP and GPCC precipitation are shown in Fig.
11f for the Northern Hemisphere areas, while the ERAS trend is substantially weaker and not significant. This is explained by
the difference in the sign of the trends that appear between the ERAS5 and GPCP/GPCC over Asia and North America (Fig.
11c and 11d, respectively). Pearson’s correlation between ERAS and GPCP total annual precipitation amount over the period
is 0.74 for South America, while substantially lower, 0.46, for the Northern Hemisphere areas. The ERAS total annual mean
precipitation of the current period is 11% and 10% higher than GPCP for South America and the Northern Hemisphere areas,

respectively.
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Climatology scenes of total annual mean precipitation of the period 1983 - 2023
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550 Figure 11. Total annual mean precipitation amount in metre (m) of the period 1983-2023 for a) ERA5 and b) GPCP. Total
annual mean precipitation amount for 2014-2023 compared to 1983-1992 in percent (%) for ¢) ERA5 and d) GPCP. Trends
in total annual precipitation of the period 1983-2023 for ERA5, GPCP and GPCC of the period 1983-2003 for e) South
America and f) Northern Hemisphere areas. Heavy solid black, dashed blue and dashed-dotted red lines denote linear
regressions of total precipitation for ERA5, GPCP and GPCC, respectively, over area-weighted e) South America and d)

555  Northern Hemisphere areas.

26



560

565

570

575

https://doi.org/10.5194/egusphere-2026-1654
Preprint. Discussion started: 2 April 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Figurel2a shows GPCC total annual precipitation amount for the period 2014—2023 compared to the mean of 1983-1992. The
positive and negative trends over land globally are very similar to the results from GPCP shown in Fig. 11d. Even so, in the
view of the latest version of GPCP satellite/gauge space (0.5°) and time homogeneity since 1983, Fig. 12b shows that the
GPCC gauges don’t exist at high latitudes in the Northern Hemisphere and for large parts of Africa and Australia. In addition,
the gauges are relatively sparse in large parts of South America. Gauge-based estimates of precipitation in these regions have

therefore to rely on interpolation of limitation in data, reducing the quality of the results.

Mean of 2014 - 2023 compared to 1983 - 1992 Mean number of GPCC ground gauge stations
—— : T T b)

White colour represent
;) lon average up to 50%
of data coverage with ©

40 -30 20 <10 0 10 20 30 40 o 3 p - . 10

ATotal precipitation (in %)
Figure 12. a) GPCC total annual mean precipitation amount for 2014 — 2023 compared to 1983 — 1992 in percent (%). d)
Number of GPCC ground gauge stations in 0.5° x 0.5° grids averaged for 1983 — 2023, in view of GPCP Version 3.3

satellite/gauge space (0.5°) and time homogeneity since 1983.

3.7. Long-term surface air temperature anomalies over land and ocean globally

Figure 13 shows trends in ERA5 surface air temperature anomalies during the period 1940 — 2024 compared to the mean of
the reference period 1850 — 1900, separated for land and ocean. The temperature values for the 1850 — 1900 period (pre-
industrial) that have been subtracted to obtain the anomalies are: 7.9°C for land and 15.8°C for ocean. These estimates are
based on offset values, 1.3 °C and 0.7 °C for land and ocean, respectively, between the periods 1850 — 1900 and 1991 — 2020
from IPCC (2021). This is the most recent version of the pre-industrial level, which has been updated following recent IPCC
ARG assessments. The changes in ARG surface air temperature over land and ocean globally for 1850 — 2020 are also

presented in Figure 13. The figure shows a steady increase in ocean-land warming contrast since around 1980.
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Figure 13. shows trends in ERA5 surface air temperature separated for land and ocean globally during the period 1940-2025
compared to the mean of the reference period 1850-1900. The latter is the most recent version of the pre-industrial level,
which has been updated following recent IPCC assessments. Changes in surface air temperature over land and ocean
globally during the period 1850 — 2020 from Figure 2.11c in Chapter 2.3.1.1.2 in IPCC ARG, 2021, are also presented. The

figure shows a steady increase in ocean-land warming contrast since around 1980.

4 Discussion and summary

Uncertainties in absolute calibration and the algorithms used to determine Earth’s radiation budget from satellite
measurements are too large at present to enable Earth’s energy imbalance to be accurately quantified (Loeb et al., 2018).
Even so, in comparison with in-situ ocean heat content data, Loeb et al. (2021) conclude that the CERES trend toward an
increase in Earth’s energy budget is robust. Based on CERES observations, Loeb et al. (2024) found that the Earth’s energy
imbalance has doubled from 0.5 + 0.2 Wm™2 during the first ten years of this century to 1.0 + 0.2 Wm™2 during the period
2013-2022. Reasonable agreements in positive trends in solar radiation over land globally during the period 2001-2003
between ERA5 and CERES are on the whole found in the present study (Table 1). A large disagreement appears, however,
for surface net terrestrial radiation in addition to unrealistic trends in CERES skin temperature over a large part of South
America (Sect. 3.1). The comparison of ERA5 and CLARAAS trends in surface net terrestrial radiation, considering the
CERES data record and period 19862023, shows nevertheless better agreement (Table 1 and Fig. 2i, respectively). Good
agreement between ERA5 and CLARA-A3 appears for TOA upward solar and terrestrial radiation since 1982 (Fig. 2c and
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Table 2). The ERADS surface energy budget is associated with small uncertainty considering trends over the period 1979
2023 for South America, but somewhat larger uncertainty appears for the areas in the Northern Hemisphere (Sect. 3.5). The
results from ERADS radiation quantities are useful to provide qualitative statements about spatial variability and global and

regional changes over time.

Statistically significant positive trends in TOA solar radiation from ERAS5, CERES, and CLARA-A3 are on the whole large
over land globally, where the supply of solar energy at the ground has occurred successively during the last four decades. The
TOA annual solar radiative forcing is 1.3 and 1.5 W m?, averaging over land globally since 2001, for ERA5 and CERES,
respectively. The increase in annual skin temperature is 0.84 °C for ERA5 and 0.75 °C for CERES during the same period.
Furthermore, the decreases in TOA upward solar radiation are 3.6 and 3.7 W m over land globally since 1982 for ERAS5 and
CLARA-AZ3, respectively. The increase in ERA5 annual temperature at 2 m height over land globally is 1.4 °C since 1979,

and even stronger warming, with 2.0 °C, has occurred over land in the Northern Hemisphere.

The increase in solar radiative forcing has occurred in addition to the supply of infrared energy due to the enhanced greenhouse
effect by anthropogenic greenhouse gases. The increase in ERA5 surface net solar radiation is about 7 W m2 since 1979 for
both South America and the areas in the Northern Hemisphere (Fig. 7c and 8c, respectively). This large supply of solar energy
is consistent with strong decreases in CLARA-A3 TOA and ERA5 TOA upward solar radiation during 1982 — 2023 over South
America (Table 2). Lower decreases in reflected solar radiation of 4.1 and 5.3 W m2 for CLARA-A3 and ERAS5, respectively,
appear however during the same period for the areas in the Northern Hemisphere. This may be explained by decline in snow
cover (Sect. 3.5). Increases in ERA5, CERES, and CLARA-AS3 surface net terrestrial radiation are found as well over large
parts of the Earth (Fig. 1g, 1h, 2g and 2h), suggesting that land surfaces have been efficient in cooling in the infrared. The
latter is probably explained by decreases in low cloud cover (Fig. 5h) and total cloud cover (Sect. 3.5). Loeb et al. (2024) found
that absorbed solar radiation in a global perspective has partially been offset by an increase of 0.4 +0.25 W m™2 in outgoing
terrestrial radiation during the last two decades. Furthermore, a weaker warming in South America than over land at middle
and high latitudes in the Northern Hemisphere since 1979 is in line with more efficient cooling in infrared over the former
continent. In addition to decreases in low level clouds as well as total cloud cover over South America reduction in total column
water vapour may also have contributed to cooling in the infrared, at least over part of the continent (Fig. 9). This is relevant
also for western US, central Asia and tropical Africa. One region on Earth, South Asia, deviates from the general trend pattern
considering TOA net solar radiation, surface net terrestrial radiation, sensible and latent heat flux, and relative humidity (Figure
5). Figure 9g shows as well a strong positive response in total column water vapour to temperature from 1979 to 2023. The
strongest increase in specific humidity is thus found in this region. Reduced solar radiative forcing is likely explained by high
aerosol loading in this region, while these have strongly been reduced at other regions on Earth. Vegetation greening may as
well have contributed to a cooling effect and offset of warming in this region during the period 2001-2018 (L.i et al., 2023), in

line with the present positive trends in heat fluxes, relative humidity and specific humidity. However, some of the greening
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has reversed to a browning i.e. at higher northern latitudes (e.g. Phoenix et al., 2025) highlighting the complexity and

spatiotemporal heterogeneity of surface albedo changes (Myers-Smith et al., 2020).

Increases in TOA net solar radiation over land suggests decreases in cloud albedo. Related to Earth’s energy imbalance and
decline in clouds, Loeb et al. (2024) found that increases in absorbed solar radiation of the planet since 2000 are mainly
explained by reduced cloud reflection in both the Northern Hemisphere and Southern Hemisphere. There is a strong indication
that decreases in the clouds are related to decreases in relative humidity over land. For South America, both boundary layer
relative humidity and specific humidity from ERA5 have on the whole decreased over the last four decades. The strong supply
of ERAGS surface net solar radiation since 1979 and the general enhanced greenhouse effect make the surface drier. In addition,
the strong decreases in ERAS5 and GPCP total annual precipitation for South America and other regions on Earth (Fig. 11)
indicate perturbed water balance at the land surface. The present results are beyond the outcomes from the study by Manabe
et al. (2019), who explain changes in the water balance in relatively arid regions associated with low amounts of precipitation
due to increases in purely IR-radiation (Sect. 1). A strong increase in surface sensible heat flux has consequently appeared in
South America, and latent heat flux is associated with a trend of opposite sign over large parts of the continent. This has, on
the whole, led to a shift in heat flux but also reduced evaporative cooling and likely contributed to the increase in the warming
contrast between land and ocean (Fig. 13). Oceans have unlimited water to evaporate and can therefore efficiently cool in a

warming climate by evaporating more and more water.

Evaporation thus increases due to global warming, a consequence of the Clausius-Clapeyron relationship (Allan et al., 2020;
2022). Strong positive trends in latent heat flux also appear over large parts of the oceans (Fig. 5e), while Fig. 5h shows a
diverse signs of the trend in low cloud cover. Allan et al. (2020) suggests that changes in water vapour over global land have
a weaker thermodynamic response. They claim this according to relative humidity that is expected to decrease due to stronger
ocean-land warming contrast (Byrne and O’Gorman, 2018), which in turn is amplified by land surface feedbacks associated
with land hydrology response to climate change (Berg et al., 2016). The present study finds an extreme long-term opposite
trend between water vapour in the boundary layer and surface air temperature for South America, as well as for other land
areas on Earth. When considering total column water vapour a negative response according to the Clausius-Clapeyron equation
is found as well (Fig. 9) over large parts of South America, western US, central Asia and tropical Africa, under the present
rapid global warming. More of the extra radiation going into the land surface during the recent warming climate has to a larger
degree be dissipated through the exchange of dry heat and longwave radiative cooling rather than evapotranspiration. Reduced
evaporation and evaporative cooling over South America, in addition to increases in sensible heat flux and atmospheric

warming, tends to inhibit cloud formation. This causes further drying of the land surface.

Measurements in Amazon rainforest show that replacement of forest by pastures leads to a decrease in evaporation and

consequently an increase in sensible heat flux (Gash and Nobre, 1997). Due to this landscape change the authors report on an
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increase of surface albedo from approximately 0.13 to approximately 0.18 and an increase in net longwave radiation. The latter
since deforestation leads to higher surface temperature. Both effects lead to a decrease in the surface radiation budget of 11%.
Luo et al. (2024b) and Neess et al. (2025) found a reduction in the clouds due to deforestation. Deforestation-induced reduction
in cloud cover was found to warm the climate and partially counteract, with respect to global average, the cooling effects of
increased surface albedo (Luo et al., 2024b). The overall biophysical effect of deforestation leads to cooling in the boreal zone.
In tropical deforested areas, however, surface warming was found due to the prevailing impact of evapotranspiration, although
alterations in surface albedo partially counteract the warming (Luo et al., 2024b). Deforestation in the Amazon has resulted in
a loss of approximately 20% of the rainforest biome since 1985 (Quintanilla et al. 2025; Artaxo et al. 2022; Flores et al. 2024).
The net of land-use change in the Amazon is thus a warming effect and relevant for about 10% of the area in South America.
Even so, climate and land-use changes, particularly deforestation, have increased rainfall variability in the region during recent
decades (Li et al., 2025). The authors found compensatory effects of deforestation on downwind precipitation in Brazilian

breadbaskets. Enhanced moisture transport was found upwind, such as from Amazonia and from the Atlantic Ocean.

The strongest warming during the last four decades, based on ERAS data, is thus found over the land areas in the Northern
Hemisphere. A similar rate in the increase of CERES skin temperature since 2001, 0.43 °C per decade, supports this finding.
Decreases in ERAS surface upward solar radiation at the middle and high latitudes in the Northern Hemisphere, depending on
the season, suggest a decline in sea ice (not shown) and likely a shorter period with snow cover over land at present. The latter
finding is in line with previous studies (Mudryk et al., 2020; 2021). This has likely contributed to the on-going rapid warming.
Furthermore, positive trends in ERA5 specific humidity are found on the whole in the Northern Hemisphere, simultaneously
as relative humidity has decreased since 1979. Present results from HadISDH support these findings. The increases in water
vapour over this region are likely explained by advection from the warmed oceans (Wang et al., 2023). Instead of favouring
cloud formation at present, the enhancement in water vapour over the areas in the Northern Hemisphere is suggested to
contribute to an even stronger greenhouse effect. Even if specific humidity and latent heat flux have increased in this region,
drier surface conditions and consequently a decline in the supply of water vapor due to global warming can in any case not be
excluded as a contributing factor for the decrease in relative humidity. The decline in human aerosols over the eastern US and
in Europe since around 1980 (Glantz et al., 2022; Smith et al. 2011b) to nearly natural levels has led to increases in absorbed
solar radiation at the surface and exposed greenhouse warming. This has likely contributed to increases in sensible and latent
heat fluxes and in specific humidity over these regions. A statistically significant positive trend in Bowen ratio is found for the
Northern Hemisphere case (Sect. 3.5), which nevertheless indicates an increase in evaporation demand. Figure 5 shows as well
that latent heat flux decreased simultaneously as sensible heat flux increased in the southwestern North America and southern
Europe, thus, similar to the changes in South America. Decrease in precipitation over the latter regions is an additional
indication of stress on the terrestrial water cycle. A decline in ERAS specific humidity appears as well in the southwestern
North America, which aligns with the latter finding and results from HadlISDH. Martens et al. (2020) found that ERA5

reanalyses of surface heat fluxes of the period 1983 — 2018 are overall of high quality, in comparison with different reference
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data sets and modelling tools. The authors found improvement in the ERAS latent heat flux, including a better quality of the
surface energy partitioning, compared to the previous ERA-Interim reanalysis. Even so, overestimation of surface latent heat

flux was found over land.

Global climate models estimate the relative humidity feedback to be close to zero, although a spread of 0.06 W m2 among the
models is circumscribed to the tropics (Sect. 7.4.2.2 in IPCC, 2021). However, the theoretical expectation of a constant
tropospheric relative humidity over land under global warming lacks unequivocal observational evidence (Douville et al.,
2022). The present study finds decreases in relative humidity over land globally that coincide with rapid warming compared
to the weaker warming over the oceans. Even greater climate change is expected in the coming decades if internal variability
associated with atmospheric weather systems remains the same or changes don’t act to decrease the rate of heat uptake.
Tselioudis (2025) found, based on past 24 years of satellite observations, that the storm cloud zones, mainly over the oceans,
have been contracting at a rate of 1.5 — 3% per decade. This has led to more absorption of solar radiation at the Earth’s surface.
A poleward shift of the storm tracks with climate change is suggested to be caused by a balance between increasing and
decreasing meridional temperature gradient in the upper and lower troposphere, respectively (Woolings et al., 2023). The
present study suggests that positive feedbacks initiated by global warming must be considered in predicting future climate
change over global land areas. Natural internal variability not investigated in the present study may also play a role for these
changes, although the contribution is expected to subside and leave the observed long-term warming unaffected (Goessling et
al., 2024).

5 Conclusions

The increase in absorbed solar radiation by the land surface in addition to the enhanced greenhouse effect at present implies
thus even more stress on the terrestrial water cycle. The humidity paradox means that the Earth is warming and the atmosphere
can hold more water vapour in an absolute sense, but the air over land is not as close to saturation as it once was. The latter is
particularly relevant for regions where decreases in precipitation have occurred. The slower warming of the oceans at present
means a limitation in evaporated moisture to keep pace with the rapid increase in the temperature over land. We assume that
the humidity paradox doesn’t exist during more gradual natural climate change since it goes slow enough in the ocean and
over land so crossing of the vapour-liquid phase is not perturbed. The exception to a slow change in the climate, in an intimate

historical time frame, is extreme cases of volcano eruptions, which are, however, relatively short-lived.

In summary, the higher warming rate over land than ocean, accelerating after 1980, is both the cause and the result of a positive
feedback loop for terrestrial warming under rapid climate warming: An insufficient amount of water vapour proportional to
atmospheric warming rates causes decreasing relative humidity over land, inhibiting cloud formation, increasing solar

radiation, decreasing soil humidity, and hence accelerating terrestrial warming. As the ocean-land warming contrast and the
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humidity paradox are direct consequences of rapid anthropogenic warming trends, decreasing cloud cover and increased solar
radiation are likely a response to the CO2-driven warming. Overall, the topic requires more investigation. Opposite trends in
precipitation between ERA5 and GPCP/GPCC appear over regions on Earth, particularly in Asia (Sect. 3.6). In addition, the
present study did not investigate the initial cause of the proposed feedback loop, either if changes in humidity at the surface
and in the air have been more important or reduced cloud cover. Based on 36 climate model simulations, Qu et al. (2014)
found that the response of low clouds due to climate change is the largest source of uncertainty driving differences in climate

sensitivity between the models.
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Data and code availability

How to access ERA5 meteorological data from 1950 to the present is explained on the ECMWF website:
https://confluence.ecmwf.int/display/CKB/How+to+download+ERA5#HowtodownloadER A5-

OptionB:DownloadERASfamilydatathatisNOTlistedintheCDSonlinecatalogue-SLOWACCESS. ERA5 data (Hersbach et al.,
2023) were downloaded from the Copernicus Climate Change Service (C3S) Climate Data Store https://cds-

beta.climate.copernicus.eu/datasets. The ERA5 data are generated using Copernicus Climate Change Service information
(2023). Neither the European Commission nor ECMWEF is responsible for any use that may be made of the Copernicus
information or data it contains. The CERES radiation and skin temperature data were obtained from the NASA Langley
Research Center, Atmospheric Science Data Center: https://ceres.larc.nasa.gov/data/. The CLARA-AS3 radiation data can be
find at EUMSAT CM SAF https://wui.cmsaf.eu/safira/action/viewDoiDetails?acronym=CLARA_AVHRR_V003. The
HadISDH humidity data are found at https://www.metoffice.gov.uk/hadobs/hadisdh/. The Global Precipitation Climatology

Project (GPCP) total precipitation data were downloaded from the Copernicus Climate Change Service:
https://cds.climate.copernicus.eu/datasets/satellite-precipitation?tab=overview. Deutscher Wetterdienst GPCC Precipitation
Analysis Climatology Version 2025 (at 0.5°):

https://opendata.dwd.de/climate _environment/GPCC/html/gpcc_precipitation_analysis_climatology v2025 doi_download.h

tml. Temperature data from instrumental record over land and ocean for 1850 — 2020, presented in Figure 2.11c in Chapter
2.3.1.1.2 in IPCC, 2021, are found at https://data.ceda.ac.uk/badc/ar6 wagl/data/ch 02/ch2_fig11/v20220510. Information

about Copernicus temperature indicators are found here: https://climate.copernicus.eu/climate-indicators/about-data.

The program MATLAB has been used to produce the results presented in the manuscript. The files are found here:
https://stockholmuniversity.box.com/s/634bw9h0alv454p6rb3s4gyztm5nafj9
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