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What determines the temperature on Earth?
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Application of the conservation law of energy: simplest climate model
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Without and with greenhouse effect: -18 / 15 degree Celsius

The greenhouse effect: thermal radiation is absorbed by CO2 and H2O (CH4, N2O,..)
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Polar orbiting satellites measure reflected solar and outgoing thermal radiation
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3. Results
3.1. Changes in Net TOA Flux and Energy Uptake

We previously estimated, from in situ annual estimates of energy uptake 
by Earth's climate system, the EEI at 0.70 ± 0.10 W m−2 (expressed here in 
terms of average heat uptake applied over Earth's surface area with 5–95% 
confidence intervals) from mid-2005 to mid-2015 (Johnson et al., 2016). 
We noted a 0.78 correlation between 0 and 1,800 m year-to-year variations 
in ocean heating rate and satellite-based EEI from CERES. As detailed in 
Section  2.2, here we update our calculations, extend them to 2,000  m, 
and find a net heat uptake rate of 0.77 ± 0.06 W m−2 from mid-2005 to 
mid-2019 (Figure 1). With the longer time-series, the rate has increased, 
and the uncertainty has reduced slightly. The correlation between year-
to-year rates of a global 0–2,000 m ocean heat uptake and CERES EEI 
is 0.70 for the mid-2005 to mid-2019 estimates. An F test for equality of 
two variances indicates that we cannot reject the null hypothesis that the 
sample variances of the in situ and satellite EEI datasets are equal at the 
0.05 significance level.

A striking new result is that from the mid-2005 to mid-2019 estimates 
the trend of the energy flux for 0–2,000 m ocean heat content anomaly 
(OHCA) is 0.43 ± 0.40 W m−2 decade−1, and the trend for the net CERES 
TOA energy flux is 0.50 ± 0.47 W m−2 decade−1 over that same time period 
(Figure 1, dashed lines). The trend in the difference between the CERES 

and in situ data is 0.068 ± 0.29 W m−2 decade−1. Trends are determined using least squares linear regression 
and uncertainties in the trends correspond to 5–95% confidence intervals, accounting for autocorrelation 
in the data following the methodology of Santer et al. (2000). This remarkable increase in EEI is consistent 

LOEB ET AL.

10.1029/2021GL093047

4 of 8

Figure 1. Comparison of overlapping one-year estimates at 6-month 
intervals of net top-of-the-atmosphere annual energy flux from the Clouds 
and the Earth's Radiant Energy System Energy Balanced and Filled Ed4.1 
product (solid red line) and an in situ observational estimate of uptake of 
energy by Earth climate system (solid blue line). Dashed lines correspond 
to least squares linear regression fits to the data.

Figure 2. Global mean top-of-atmosphere flux anomalies and trends. Anomalies in (a) absorbed solar radiation (ASR), (b) emitted thermal radiation (ETR) and 
(c) Net for 2002/09–2020/03. Thin lines correspond to monthly anomalies, thick lines are 12-month running averages. Trends in (d) ASR, (e) ETR and (f) Net 
associated with contributions from changes in clouds, water vapor (WV), combined contributions from trace gases and solar irradiance (labeled as “Other”), 
surface albedo (SFC), aerosols (AER) and combined contributions from skin temperature and profiles of temperature (“Temp”). “Total” corresponds to the 
sum of the individual contributions. Error bars correspond to 5–95% confidence intervals determined using the methodology in Santer et al. (2000). Positive 
anomalies and trends correspond to heat gain, and negative to loss. ETR is defined positive downwards and is thus equal to −outgoing longwave radiation.
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We previously estimated, from in situ annual estimates of energy uptake 
by Earth's climate system, the EEI at 0.70 ± 0.10 W m−2 (expressed here in 
terms of average heat uptake applied over Earth's surface area with 5–95% 
confidence intervals) from mid-2005 to mid-2015 (Johnson et al., 2016). 
We noted a 0.78 correlation between 0 and 1,800 m year-to-year variations 
in ocean heating rate and satellite-based EEI from CERES. As detailed in 
Section  2.2, here we update our calculations, extend them to 2,000  m, 
and find a net heat uptake rate of 0.77 ± 0.06 W m−2 from mid-2005 to 
mid-2019 (Figure 1). With the longer time-series, the rate has increased, 
and the uncertainty has reduced slightly. The correlation between year-
to-year rates of a global 0–2,000 m ocean heat uptake and CERES EEI 
is 0.70 for the mid-2005 to mid-2019 estimates. An F test for equality of 
two variances indicates that we cannot reject the null hypothesis that the 
sample variances of the in situ and satellite EEI datasets are equal at the 
0.05 significance level.

A striking new result is that from the mid-2005 to mid-2019 estimates 
the trend of the energy flux for 0–2,000 m ocean heat content anomaly 
(OHCA) is 0.43 ± 0.40 W m−2 decade−1, and the trend for the net CERES 
TOA energy flux is 0.50 ± 0.47 W m−2 decade−1 over that same time period 
(Figure 1, dashed lines). The trend in the difference between the CERES 

and in situ data is 0.068 ± 0.29 W m−2 decade−1. Trends are determined using least squares linear regression 
and uncertainties in the trends correspond to 5–95% confidence intervals, accounting for autocorrelation 
in the data following the methodology of Santer et al. (2000). This remarkable increase in EEI is consistent 
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Figure 1. Comparison of overlapping one-year estimates at 6-month 
intervals of net top-of-the-atmosphere annual energy flux from the Clouds 
and the Earth's Radiant Energy System Energy Balanced and Filled Ed4.1 
product (solid red line) and an in situ observational estimate of uptake of 
energy by Earth climate system (solid blue line). Dashed lines correspond 
to least squares linear regression fits to the data.

Figure 2. Global mean top-of-atmosphere flux anomalies and trends. Anomalies in (a) absorbed solar radiation (ASR), (b) emitted thermal radiation (ETR) and 
(c) Net for 2002/09–2020/03. Thin lines correspond to monthly anomalies, thick lines are 12-month running averages. Trends in (d) ASR, (e) ETR and (f) Net 
associated with contributions from changes in clouds, water vapor (WV), combined contributions from trace gases and solar irradiance (labeled as “Other”), 
surface albedo (SFC), aerosols (AER) and combined contributions from skin temperature and profiles of temperature (“Temp”). “Total” corresponds to the 
sum of the individual contributions. Error bars correspond to 5–95% confidence intervals determined using the methodology in Santer et al. (2000). Positive 
anomalies and trends correspond to heat gain, and negative to loss. ETR is defined positive downwards and is thus equal to −outgoing longwave radiation.
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Outgoing long-wave radiation

Trend: 0.5 W/m2 in 10 year

Absorbed solar radiation minus outgoing long-wave radiation
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Measurements of CERES satellite instrument of absorbed solar radiation and outgoing long-wave radiation

Rate of extra energy input into the climate system has more than doubled in the past 20 years

Climate change is accelerating ….



Fig. 1 Linear trends in the SOLR for all IASI channels between 645 and 2300 cm−1. a 2° zonal mean SOLR linear trends from 10 years
(2008–2017) of IASI-derived clear-sky SOLR (percentage per year). Dots indicate trends non-statistically significantly different from zero at the
95% confidence level. b Area-weighted global mean trends for the tropical region (24°S–24°N) with their 95% confidence limits (shaded area).
The straight dotted line illustrates the quasi-linear increase of the relative change in radiation flux with wavenumber in response to a surface
temperature increase. c Radiance changes (%) as a function of altitude for a tropical standard atmosphere. The orange crosses show the
altitude of the peak of sensitivity. d Same as panel b, but for high-latitude regions (60°–75°N and S). e Same as panel c but for a subarctic
standard atmosphere.

S. Whitburn et al.
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Measured trend in the spectrally resolved outgoing thermal radiation 2008-2017 

Change due to the surface warming

wavenumber (cm-1)

In the CO2, CH4, N2O and H2O bands we see reduced outgoing radiation: enhanced greenhouse effect

εσT 4Tropical regions 

Increase in concentration greenhouse gasses reduces the outgoing thermal radiation

Infrared atmospheric sounding interferometer (IASI) aboard Metop satellites 



Where does the extra energy go to?K. von Schuckmann et al.: Heat stored in the Earth system 2027

Figure 6. Earth heat inventory (energy accumulation) in ZJ (1 ZJ = 1021 J) for the components of the Earth’s climate system relative to
1960 and from 1960 to 2018 (assuming constant cryosphere increase for the year 2018). See Sects. 1–4 for data sources. The upper ocean
(0–300 m, light blue line, and 0–700 m, light blue shading) accounts for the largest amount of heat gain, together with the intermediate
ocean (700–2000 m, blue shading) and the deep ocean below 2000 m depth (dark blue shading). Although much lower, the second largest
contributor is the storage of heat on land (orange shading), followed by the gain of heat to melt grounded and floating ice in the cryosphere
(gray shading). Due to its low heat capacity, the atmosphere (magenta shading) makes a smaller contribution. Uncertainty in the ocean
estimate also dominates the total uncertainty (dot-dashed lines derived from the standard deviations (2� ) for the ocean, cryosphere and
land; atmospheric uncertainty is comparably small). Deep ocean (> 2000 m) is assumed to be zero before 1990 (see Sect. 1 for more
details). The dataset for the Earth heat inventory is published at the German Climate Computing Centre (DKRZ, https://www.dkrz.de/)
under the DOI https://doi.org/10.26050/WDCC/GCOS_EHI_EXP_v2. The net flux at TOA from the NASA CERES program is shown in red
(https://ceres.larc.nasa.gov/data/, last access: 7 August 2020; see also for example Loeb et al., 2012) for the period 2005–2018 to account for
the golden period of best available estimates. We obtain a total heat gain of 358 ± 37 ZJ over the period 1971–2018, which is equivalent to a
heating rate (i.e., the EEI) of 0.47±0.1 W m�2 applied continuously over the surface area of the Earth (5.10⇥1014 m2). The corresponding
EEI over the period 2010–2018 amounts to 0.87±0.12 W m�2. A weighted least square fit has been used taking into account the uncertainty
range (see also von Schuckmann and Le Traon, 2011).

(Rhein et al., 2013). In other words, our results show that
since the IPCC AR5 estimate has been performed, heat ac-
cumulation has continued at a comparable rate. The major
player in the Earth inventory is the ocean, particularly the
upper (0–700 m) and intermediate (700–2000 m) ocean lay-
ers (see also Sect. 1, Fig. 2).

Although the net flux at TOA as derived from remote sens-
ing is anchored by an estimate of global OHC (Loeb et al.,
2012), and thus does not provide a completely independent
result for the total EEI, we additionally compare net flux at
TOA with the Earth heat inventory obtained in this study
(Fig. 6). Both rates of change compare well, and we obtain

0.7±0.1 W m�2 for the remote sensing estimate at TOA and
0.8 ± 0.1 W m�2 for the Earth heat inventory over the period
2005–2018.

Rates of change derived from Fig. 6 are in agreement
with previously published results for the different periods
(Fig. 7). Major disagreements occur for the estimate of Bal-
maseda et al. (2013) which is obtained from an ocean re-
analysis and known to provide higher heat gain compared to
results derived strictly from observations (Meyssignac et al.,
2019). Over the last quarter of a decade this Earth heat in-
ventory reports – in agreement with previous publications
– an increased rate of Earth heat uptake reaching up to

https://doi.org/10.5194/essd-12-2013-2020 Earth Syst. Sci. Data, 12, 2013–2041, 2020

81 % upper 2000 meter of the ocean

8 % upper deep ocean
5 % land warming
4 % ice melting
2 % atmosphere moistening and heating

Measured energy input by satellites matches 
the measured increase in energy storage in 
the climate system
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3. Results
3.1. Changes in Net TOA Flux and Energy Uptake

We previously estimated, from in situ annual estimates of energy uptake 
by Earth's climate system, the EEI at 0.70 ± 0.10 W m−2 (expressed here in 
terms of average heat uptake applied over Earth's surface area with 5–95% 
confidence intervals) from mid-2005 to mid-2015 (Johnson et al., 2016). 
We noted a 0.78 correlation between 0 and 1,800 m year-to-year variations 
in ocean heating rate and satellite-based EEI from CERES. As detailed in 
Section  2.2, here we update our calculations, extend them to 2,000  m, 
and find a net heat uptake rate of 0.77 ± 0.06 W m−2 from mid-2005 to 
mid-2019 (Figure 1). With the longer time-series, the rate has increased, 
and the uncertainty has reduced slightly. The correlation between year-
to-year rates of a global 0–2,000 m ocean heat uptake and CERES EEI 
is 0.70 for the mid-2005 to mid-2019 estimates. An F test for equality of 
two variances indicates that we cannot reject the null hypothesis that the 
sample variances of the in situ and satellite EEI datasets are equal at the 
0.05 significance level.

A striking new result is that from the mid-2005 to mid-2019 estimates 
the trend of the energy flux for 0–2,000 m ocean heat content anomaly 
(OHCA) is 0.43 ± 0.40 W m−2 decade−1, and the trend for the net CERES 
TOA energy flux is 0.50 ± 0.47 W m−2 decade−1 over that same time period 
(Figure 1, dashed lines). The trend in the difference between the CERES 

and in situ data is 0.068 ± 0.29 W m−2 decade−1. Trends are determined using least squares linear regression 
and uncertainties in the trends correspond to 5–95% confidence intervals, accounting for autocorrelation 
in the data following the methodology of Santer et al. (2000). This remarkable increase in EEI is consistent 
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Figure 1. Comparison of overlapping one-year estimates at 6-month 
intervals of net top-of-the-atmosphere annual energy flux from the Clouds 
and the Earth's Radiant Energy System Energy Balanced and Filled Ed4.1 
product (solid red line) and an in situ observational estimate of uptake of 
energy by Earth climate system (solid blue line). Dashed lines correspond 
to least squares linear regression fits to the data.

Figure 2. Global mean top-of-atmosphere flux anomalies and trends. Anomalies in (a) absorbed solar radiation (ASR), (b) emitted thermal radiation (ETR) and 
(c) Net for 2002/09–2020/03. Thin lines correspond to monthly anomalies, thick lines are 12-month running averages. Trends in (d) ASR, (e) ETR and (f) Net 
associated with contributions from changes in clouds, water vapor (WV), combined contributions from trace gases and solar irradiance (labeled as “Other”), 
surface albedo (SFC), aerosols (AER) and combined contributions from skin temperature and profiles of temperature (“Temp”). “Total” corresponds to the 
sum of the individual contributions. Error bars correspond to 5–95% confidence intervals determined using the methodology in Santer et al. (2000). Positive 
anomalies and trends correspond to heat gain, and negative to loss. ETR is defined positive downwards and is thus equal to −outgoing longwave radiation.
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3. Results
3.1. Changes in Net TOA Flux and Energy Uptake

We previously estimated, from in situ annual estimates of energy uptake 
by Earth's climate system, the EEI at 0.70 ± 0.10 W m−2 (expressed here in 
terms of average heat uptake applied over Earth's surface area with 5–95% 
confidence intervals) from mid-2005 to mid-2015 (Johnson et al., 2016). 
We noted a 0.78 correlation between 0 and 1,800 m year-to-year variations 
in ocean heating rate and satellite-based EEI from CERES. As detailed in 
Section  2.2, here we update our calculations, extend them to 2,000  m, 
and find a net heat uptake rate of 0.77 ± 0.06 W m−2 from mid-2005 to 
mid-2019 (Figure 1). With the longer time-series, the rate has increased, 
and the uncertainty has reduced slightly. The correlation between year-
to-year rates of a global 0–2,000 m ocean heat uptake and CERES EEI 
is 0.70 for the mid-2005 to mid-2019 estimates. An F test for equality of 
two variances indicates that we cannot reject the null hypothesis that the 
sample variances of the in situ and satellite EEI datasets are equal at the 
0.05 significance level.

A striking new result is that from the mid-2005 to mid-2019 estimates 
the trend of the energy flux for 0–2,000 m ocean heat content anomaly 
(OHCA) is 0.43 ± 0.40 W m−2 decade−1, and the trend for the net CERES 
TOA energy flux is 0.50 ± 0.47 W m−2 decade−1 over that same time period 
(Figure 1, dashed lines). The trend in the difference between the CERES 

and in situ data is 0.068 ± 0.29 W m−2 decade−1. Trends are determined using least squares linear regression 
and uncertainties in the trends correspond to 5–95% confidence intervals, accounting for autocorrelation 
in the data following the methodology of Santer et al. (2000). This remarkable increase in EEI is consistent 
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Figure 1. Comparison of overlapping one-year estimates at 6-month 
intervals of net top-of-the-atmosphere annual energy flux from the Clouds 
and the Earth's Radiant Energy System Energy Balanced and Filled Ed4.1 
product (solid red line) and an in situ observational estimate of uptake of 
energy by Earth climate system (solid blue line). Dashed lines correspond 
to least squares linear regression fits to the data.

Figure 2. Global mean top-of-atmosphere flux anomalies and trends. Anomalies in (a) absorbed solar radiation (ASR), (b) emitted thermal radiation (ETR) and 
(c) Net for 2002/09–2020/03. Thin lines correspond to monthly anomalies, thick lines are 12-month running averages. Trends in (d) ASR, (e) ETR and (f) Net 
associated with contributions from changes in clouds, water vapor (WV), combined contributions from trace gases and solar irradiance (labeled as “Other”), 
surface albedo (SFC), aerosols (AER) and combined contributions from skin temperature and profiles of temperature (“Temp”). “Total” corresponds to the 
sum of the individual contributions. Error bars correspond to 5–95% confidence intervals determined using the methodology in Santer et al. (2000). Positive 
anomalies and trends correspond to heat gain, and negative to loss. ETR is defined positive downwards and is thus equal to −outgoing longwave radiation.
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3. Results
3.1. Changes in Net TOA Flux and Energy Uptake

We previously estimated, from in situ annual estimates of energy uptake 
by Earth's climate system, the EEI at 0.70 ± 0.10 W m−2 (expressed here in 
terms of average heat uptake applied over Earth's surface area with 5–95% 
confidence intervals) from mid-2005 to mid-2015 (Johnson et al., 2016). 
We noted a 0.78 correlation between 0 and 1,800 m year-to-year variations 
in ocean heating rate and satellite-based EEI from CERES. As detailed in 
Section  2.2, here we update our calculations, extend them to 2,000  m, 
and find a net heat uptake rate of 0.77 ± 0.06 W m−2 from mid-2005 to 
mid-2019 (Figure 1). With the longer time-series, the rate has increased, 
and the uncertainty has reduced slightly. The correlation between year-
to-year rates of a global 0–2,000 m ocean heat uptake and CERES EEI 
is 0.70 for the mid-2005 to mid-2019 estimates. An F test for equality of 
two variances indicates that we cannot reject the null hypothesis that the 
sample variances of the in situ and satellite EEI datasets are equal at the 
0.05 significance level.

A striking new result is that from the mid-2005 to mid-2019 estimates 
the trend of the energy flux for 0–2,000 m ocean heat content anomaly 
(OHCA) is 0.43 ± 0.40 W m−2 decade−1, and the trend for the net CERES 
TOA energy flux is 0.50 ± 0.47 W m−2 decade−1 over that same time period 
(Figure 1, dashed lines). The trend in the difference between the CERES 

and in situ data is 0.068 ± 0.29 W m−2 decade−1. Trends are determined using least squares linear regression 
and uncertainties in the trends correspond to 5–95% confidence intervals, accounting for autocorrelation 
in the data following the methodology of Santer et al. (2000). This remarkable increase in EEI is consistent 
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Figure 1. Comparison of overlapping one-year estimates at 6-month 
intervals of net top-of-the-atmosphere annual energy flux from the Clouds 
and the Earth's Radiant Energy System Energy Balanced and Filled Ed4.1 
product (solid red line) and an in situ observational estimate of uptake of 
energy by Earth climate system (solid blue line). Dashed lines correspond 
to least squares linear regression fits to the data.

Figure 2. Global mean top-of-atmosphere flux anomalies and trends. Anomalies in (a) absorbed solar radiation (ASR), (b) emitted thermal radiation (ETR) and 
(c) Net for 2002/09–2020/03. Thin lines correspond to monthly anomalies, thick lines are 12-month running averages. Trends in (d) ASR, (e) ETR and (f) Net 
associated with contributions from changes in clouds, water vapor (WV), combined contributions from trace gases and solar irradiance (labeled as “Other”), 
surface albedo (SFC), aerosols (AER) and combined contributions from skin temperature and profiles of temperature (“Temp”). “Total” corresponds to the 
sum of the individual contributions. Error bars correspond to 5–95% confidence intervals determined using the methodology in Santer et al. (2000). Positive 
anomalies and trends correspond to heat gain, and negative to loss. ETR is defined positive downwards and is thus equal to −outgoing longwave radiation.
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Net incoming solar radiation minus outgoing thermal radiation
Energy gains in ocean, land, atmosphere and melting of ice 

Extra energy input measured by satellites matches the energy increase in the climate system

Bron: Loeb ea, GRL, 2021

Trend: 0,5 Watt per meter squares per 10 year
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scarce and mostly uncalibrated observational samples for earlier time 
periods (see Methods).

Our central estimate for the global rate of glacier mass loss is  
47 Gt yr−1 (or 18%) larger than that reported in IPCC AR5 (section 
4.3.3.3, table 4.4)11,24 for the period 2003 to 2009 (Extended Data Fig. 5). 
A direct comparison of our results is possible for the seven regions (all 
with less than 15,000 km2 of ice cover) with estimates based on glaci-
ological and geodetic samples in IPCC AR511,24. In these regions, our 
mass-change estimates are systematically less negative (Extended Data 
Fig. 5a). This suggests that our new approach of calibrating regional 
glaciological mass-change time series with geodetic observations has 
overcome an earlier reported negative bias in the glaciological sample11. 
Regions with estimates based on satellite altimetry and gravimetry in 
IPCC AR511,24 featured absolute differences of the same order of mag-
nitude but with varying signs. The more negative global mass changes 
result mainly from heavily glacierized regions where we estimate larger 
mass losses (for example, Alaska, peripheral Greenland and Antarctic, 
the Russian Arctic and Arctic Canada North), and are partly offset by 
smaller mass-loss estimates for a few other regions with abundant ice 
cover (for example, Arctic Canada South, Iceland, South Asia West, and 
Central Asia; Extended Data Fig. 5b) and by the above-mentioned bias 
in regions with less glacierization. Our error bars are considerably larger 
than and overlap with those reported in IPCC AR5 (section 4.3.3.3, table 
4.4)11,24. However, a direct comparison is challenging, because the uncer-
tainties in the earlier study11 were based on a combination of regionally 
different methods and data sources. A detailed comparison will require a 
regional assessment of glacier changes and related uncertainties, includ-
ing scaling issues from glacier-wide observations (this study) and results 
from satellite altimetry (regional averages of repeat-path measurements) 
and gravimetry (coarse resolution of sensor and hydrological models). 
However, our error estimates are methodologically consistent and con-
sider all known relevant sources of potential errors. We consider the 
relative differences of our error bars between the regions to be plausible 
and their absolute values to be upper bounds.

Improvements in global glacier mass-change assessments are still 
possible and necessary. First, the observational database needs to be 
extended in both space and time. We currently see the most urgent need 
for closing observational gaps being in regions where glaciers dominate 
runoff during warm/dry seasons, such as in the tropical Andes and in 

Table 1 | Annual rates of glacier change by region from 2006 to 2016
Region (code) Total area (km2) Total volume (km3) Speci!c mass change (m w.e. yr−1) Mass change (Gt yr−1)

01 Alaska (ALA) 86,725 18,429 −0.85 ± 0.19 −73 ± 17

02 Western Canada & USA (WNA) 14,524 1,048 −0.83 ± 0.40 −12 ± 6

03 Arctic Canada North (ACN) 105,111 29,721 −0.57 ± 0.80 −60 ± 84

04 Arctic Canada South (ACS) 40,888 8,948 −0.57 ± 0.70 −23 ± 28

05 Greenland (GRL) 89,717 15,780 −0.63 ± 0.21 −51 ± 17

06 Iceland (ISL) 11,060 3,520 −0.50 ± 0.37 −5 ± 4

07 Svalbard and Jan Mayen (SJM) 33,959 8,076 −0.47 ± 0.23 −16 ± 8

08 Scandinavia (SCA) 2,949 306 −0.49 ± 0.27 −1 ± 1

09 Russian Arctic (RUA) 51,592 15,449 −0.47 ± 0.37 −24 ± 19

10 North Asia (ASN) 2,410 146 −0.37 ± 0.31 −1 ± 1

11 Central Europe (CEU) 2,092 116 −0.87 ± 0.07 −2 ± 0

12 Caucasus and Middle East (CAU) 1,307 63 −0.90 ± 0.57 −1 ± 1

13 Central Asia (ASC) 49,303 3,483 −0.15 ± 0.12 −7 ± 6

14 South Asia West (ASW) 33,568 3,092 −0.03 ± 0.12 −1 ± 4

15 South Asia East (ASE) 14,734 906 −0.35 ± 0.12 −5 ± 2

16 Low Latitudes (TRP) 2,341 80 −1.03 ± 0.83 −2 ± 2

17 Southern Andes (SAN) 29,429 5,518 −1.18 ± 0.38 −34 ± 11

18 New Zealand (NZL) 1,162 61 −0.68 ± 1.15 −1 ± 1

19 Antarctic and Subantarctic (ANT) 132,867 46,801 −0.11 ± 0.87 −14 ± 108

Total, excl. GRL and ANT 483,155 98,962 −0.55 ± 0.04 −267 ± 19

Global total 705,739 161,543 −0.47 ± 0.20 −332 ± 144
The table shows present-day regional and global glacier areas and volumes, with speci!c mass changes (in m w.e. yr−1) and mass-change rates from spatial interpolation (in Gt yr−1) for the period from 
2006 to 2016. Regional glacier areas are from RGI 6.0 and refer to the !rst decade of the twenty-!rst century1. Regional estimates for glacier volumes are based on ref. 2, updated to the glacier outlines 
of RGI 6.0. Global totals are calculated as sums of regions for area, volume and mass change. Global speci!c mass changes are calculated by dividing the global mass-change rate by the global glacier 
area. Uncertainties correspond to 95% con!dence intervals and originate from independent sources: glaciological sample, geodetic sample, spatial interpolation and glacier area (see Methods section 
‘Uncertainty estimates’).

Fig. 2 | Global glacier contributions to sea-level rise from 1961 to 2016. 
Annual and pentadal mass-change rates (left vertical axis) and equivalents 
of mean global sea-level rise (right vertical axis) are shown with related 
error bars (indicated by shading) corresponding to 95% confidence 
intervals. Annual errors originate from independent sources: glaciological 
sample, geodetic sample, spatial interpolation and glacier area. Over the 
five-year periods, the individual error terms are cumulated separately and 
then the multiyear terms are combined according to the law of random 
error propagations, and divided by the number of years (see Methods).
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Fig. 2 | Observed and projected ocean heat content changes. a | Observed 
change in global annual 0–700- m ocean heat content (OHC) from 1955 to 
2021, using various time series (listed by first author)37,52,55,56,59,60,62–65,69,269; Zanna 
represents the average of three estimates using different sea surface 
temperature datasets. Solid and dashed lines represent direct and indirect 
estimates, respectively, and shading indicates the 90% confidence intervals 
(±1.64σ). OHC anomalies are relative to a 2005–2019 baseline. b | Select 
observed (1955–2021) and modelled (1955–2100) rates of 0–700- m OHC 
change. Model time series are from CMIP6 and CMIP5 (for 0–2,000 m only), 

with bold lines depicting the ensemble means of historical simulations 
(1955–2014 for CMIP6 and 1955–2005 for CMIP5) and future projections 
under different scenarios (2021–2100) (Supplementary Table 3); shading 
represents the model spread (±1σ). Preindustrial control runs are used to adjust 
for simulation drift (Supplementary Information). c | As in a but for 0–2,000 m 
(REFS.37,52,55,56,59,60,62,63,65,67,69,269). d | As in b but for 0–2,000 m, and also including 
rates of change from CMIP5 (dashed lines). e | As in a but for below 2,000 m 
(REFS.63,69,70,96–98). f | As in b but for below 2,000 m. The ocean has been warming 
at an increasing rate since the 1950s, with warming irreversible this century.
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Sea-level rise globally and near Dutch coast accelerates

Year

Source: KNMI Klimaatsignaal’21

2020

Trend near Dutch coast
Yearly values Dutch coast

Two estimates of global 
sea-level Acceleration near the Dutch 

coast is masked by natural 
variations in the wind
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2040 2060

Surface air temperature is rising: accelerated warming expected in next 10 years

Global mean warming since 1850-1900 (℃)

When will we reach 

2 degree warming?
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Charles Keeling

The rise CO2 concentration in the atmosphere is accelerating

observations
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Worldwide emissions of CO2 due to burning of oil, gas and coal and the production of cement are still rising !!!!

Average dutch person emits 6000 kilo per year 

Average person emits 4500 kilo per year 



https://www.globalcarbonproject.org

Emissions by humans disturb the natural balanceConservation law of mass (carbon atoms)
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	1	

Figure	2.	Schematic	representation	of	the	overall	perturbation	of	the	global	carbon	cycle	caused	2	

by	anthropogenic	activities,	averaged	globally	for	the	decade	2007-2016.	The	arrows	represent	3	

emission	from	fossil	fuels	and	industry	(EFF);	emissions	from	deforestation	and	other	land-use	4	

change	(ELUC);	the	growth	rate	in	atmospheric	CO2	concentration	(GATM)	and	the	uptake	of	carbon	5	

by	the	‘sinks’	in	the	ocean	(SOCEAN)	and	land	(SLAND)	reservoirs.	The	budget	imbalance	(BIM)	is	also	6	

shown.	All	fluxes	are	in	units	of	GtC	yr-1,	with	uncertainties	reported	as	±1σ	(68%	confidence	that	7	

the	real	value	lies	within	the	given	interval)	as	described	in	the	text.	This	figure	is	an	update	of	one	8	

prepared	by	the	International	Geosphere	Biosphere	Programme	for	the	GCP,	using	diagrams	9	

created	with	symbols	from	the	Integration	and	Application	Network,	University	of	Maryland	10	

Center	for	Environmental	Science	(ian.umces.edu/symbols/),	first	presented	in	Le	Quéré	(2009).	11	

	 	12	
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Half of the anthropogenic 
emissions accumulate in the 
atmosphere



Burning of fossil fuels and cement production

Human activities kick off a complex chain of events ….

CO2 concentrations rise

Outgoing long-wave radiation reduces

Temperature rises

Water vapour is increases

Evaporation and precipitation are increasing

Ice melts

Reflection of solar radiation decreases

Clouds are changing

ice-albedo feedback

water vapour feedback

cloud feedbacks

Planck feedback increases OLR

human feedback
climate mitigation

Perturbs the carbon cycle



Future ?



“outer world”

noosphere

socio-economics

values
beliefs

biosphere geosphere

attitudes

atmosphere
hydrosphere
cryosphere
astenosphere

organisms
vegetation
land/sea biology

planning actions

“dead matter”“living matter”

“thought, concepts, emotions, sensations”

“inner world”

technology

sustainability

emotions

politics

• land slides 
• floods 
• wild-fires 
• sea level rise 
• water availability 
• land degradation 
• loss of species

impacts of climate change 
felt by humans

impacts of human change 
felt by climate

• emissions 
• mining 
• fishing/hunting 
• waste 
• land-use 
• live-stock 
• water use

scenario based

model based

1. What will humans do?

2. how will climate evolve?

lack of laws

apply laws of nature



1. What will we humans do?

Shared Socioeconomic Pathways (SSPs): storylines 
for consistent socio-economic developments until 2100

• SSP1: Sustainable future (the green road)
• SSP2: Middle of the road
• SSP3: Regional constrasts (bumby road)
• SSP4: Inequality (divided road)
• SSP5: Fossile-intensive (the highway)

Population, cities, 
Brute National 
Income

Emissions 
GHG and 
Aerosols

Concentrations 
GHG and 
Aerosols

SSP storylines

Worldwide emissions

Global CO2 concentration

1. What will humans do?



2. how will climate evolve?

• Calculate the change using climate models for various pathways of future emissions



6Climate modeling

“Parcel”“parcel”

1. Conservation of momentum 

2. Conservation of mass 

3. Conservation of energy 

4. Ideal gas law ρ =
p

RT

22

F = m ⋅ a = m ⋅
dU
dt

dU
dt

= −
1
ρ

∇p + g +
1
m

Fw − 2Ω × U➞

∂ρ
∂t

+ ∇ ⋅ (ρU) = 0

∂T
∂t

= − (u
∂T
∂x

+ v
∂T
∂y

) − w
∂T
∂z

+
1

ρcp

dp
dt

+
1
cp

dQ
dt

Solve these equations with computers on a 3 dimensional computation grid that spans the 
whole atmosphere

Apply laws of nature to parcels of air



Divide the global atmosphere in grid-cells

Only possible with powerful computers



Present generation climate models Next generation climate models

Representation of land-sea distribution and mountains on the computational grid



KNMI  climate model simulates tropical cyclones

present resolution

this is becoming possible

surface wind
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Future Global Climate: Scenario-based Projections and Near-term Information Chapter 4

4

4.3.1 Atmosphere

4.3.1.1 Surface Air Temperature

The AR5 assessed from CMIP5 simulations and other lines of 
evidence that GSAT will continue to rise over the 21st  century if 
greenhouse gas (GHG) concentrations continue increasing (Collins 
et al., 2013). The AR5 concluded that GSAT for 2081–2100, relative to 
1986–2005 will likely be in the 5–95% range of 0.3°C–1.7°C under 
RCP2.6 and 2.6°C–4.8°C under RCP8.5. The corresponding ranges for 
the intermediate emissions scenarios with emissions peaking around 
2040 (RCP4.5) and 2060 (RCP6.0) are 1.1°C–2.6°C and 1.4°C–3.1°C, 
respectively. The AR5 further assessed that GSAT averaged over 
the period 2081–2100 are projected to likely exceed 1.5°C above 

1850–1900 for RCP4.5, RCP6.0 and RCP8.5 (high  confidence) and 
are likely to exceed 2°C above 1850–1900 for RCP6.0 and RCP8.5 
(high confidence). Global surface temperature changes above 2°C 
under RCP2.6 were deemed unlikely (medium confidence).

Here, for continuity’s sake, we assess the CMIP6 simulations of GSAT 
in a fashion similar to the AR5 assessment of the CMIP5 simulations. 
From these, we compute anomalies relative to 1995–2014 and display 
the evolution of ensemble means and 5–95% ranges (Figure 4.2). 
We also use the ensemble mean GSAT difference between 1850–1900 
and 1995–2014, 0.82°C, to provide an estimate of the changes since 
1850–1900 (Figure 4.2, right axis). Finally, we tabulate the ensemble 
mean changes between 1995–2014 and 2021–2040, 2041–2060, 
and 2081–2100 respectively (Figure 4.2).

(a) Global temperature change

Near
term

Mid
term

Long
term

Historical 51
SSP1-1.9 11
SSP1-2.6 30
SSP2-4.5 33
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(b) Global land precipitation change
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Figure 4.2 | Selected indicators of global climate change from CMIP6 historical and scenario simulations. (a) Global surface air temperature changes relative 
to the 1995–2014 average (left axis) and relative to the 1850–1900 average (right axis; offset by 0.82°C, which is the multi-model mean and close to observed best estimate, 
Cross-Chapter Box 2.1, Table 1). (b) Global land precipitation changes relative to the 1995–2014 average. (c) September Arctic sea ice area. (d) Global mean sea level (GMSL) 
change relative to the 1995–2014 average. (a), (b) and (d) are annual averages, (c) are September averages. In (a–c), the curves show averages over the CMIP6 simulations, 
the shadings around the SSP1-2.6 and SSP3-7.0 curves show 5–95% ranges, and the numbers near the top show the number of model simulations used. Results are derived 
from concentration-driven simulations. In (d), the barystatic contribution to GMSL (i.e., the contribution from land-ice melt) has been added offline to the CMIP6 simulated 
contributions from thermal expansion (thermosteric). The shadings around the SSP1-2.6 and SSP3-7.0 curves show 5–95% ranges. The dashed curve is the low confidence and 
low likelihood outcome at the high end of SSP5-8.5 and reflects deep uncertainties arising from potential ice-sheet and ice-cliff instabilities. This curve at year 2100 indicates 
1.7 m of GMSL rise relative to 1995–2014. More information on the calculation of GMSL is available in Chapter 9, and further regional details are provided in the Atlas. 
Further details on data sources and processing are available in the chapter data table (Table 4.SM.1).

The warming will continue, emissies should drop quickly soon to restrict warming to 2 degrees 

Verleden

Climate models are used to calculate the change for different scenarios of future emissions
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Mean response in JJA

drying group

wetting group

L

H
warming hole

stronger heat low
over warmer 
mediteranean 

cooler subpolar gyre
and related higher 
pressure west of 
Ireland

The dry group projects a stronger cooling of the sub polar gyre which enhances easterly winds over summertime Europe 

Climate models disagree on the amount of drying in summer: uncertainty due to land atmosphere feedbacks and ocean circulation



Uncertainty in regional climate response

Uncertainty in 
future emissions



Summer precipitation in De Bilt
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Example:



Jim Yungel (NASA) 

KNMI Klimaatsignaal’21

Figuur 4.2 
Zeespiegel aan de Nederlandse kust zoals waarge-
nomen en volgens de nieuwe, indicatieve zeespie-
gelprojecties. De getrokken lijnen in groen, paars, 
rood geven de mediaan aan van die projecties, het 
gekleurde gebied de 90%-bandbreedte. Het nulpunt 
van de mediaanlijnen ligt bij het jaar 2005; de band-
breedte in 2005 komt overeen met de natuurlijke 
variabiliteit. 

Figuur 4.3 
Foto van de Thwaites gletsjer.

Doorkijk naar 2150 en verder vooruit

Tijdpad voor 1 en 2 meter zeespiegelstijging
Het moment waarop de mondiale zeespiegelstijging (en dus ook  

de zeespiegelstijging voor de Nederlandse kust) de 1 en 2 meter 

overschrijdt, hangt met name af van de uitstoot van broeikasgassen 

en een mogelijk versneld massaverlies van de Antarctische IJskap. 

Gezien de onzekerheid in de timing van het moment van overschrij-

den hee( het geen zin hierbij onderscheid te maken tussen  

wereldgemiddelde zeespiegelstijging en zeespiegelstijging voor de 

Nederlands kust, die immers nauw aan elkaar gekoppeld zijn.  

In beide gevallen zal de zeespiegelstijging bij een hoog uitstoot- 

scenario (SSP5-8.5) de 1 meter waarschijnlijk tussen 2090 en 2140 

(bandbreedte van 67%) overschrijden. Maar als we processen die 

we nu nog niet goed kunnen kwanti,ceren (zoals het instorten van 

ijskli-en) ook meenemen, kan de 1 meter rond 2070 overschreden 

worden en de 2 meter rond 2090 (SSP5-8.5 H++ scenario in  

,guur 4.4). Zie de paragraaf “De Noordzee in directe verbinding met de 

oceanen” voor het overschrijden van 1 meter zeespiegelstijging in 

reguliere scenario’s. 

Doorkijk naar 2300 en 10.000 jaar vooruit
Figuur 4.4 toont de zeespiegelstijging voor de Nederlands kust tot 

2300 voor een aantal scenario’s. De zeespiegel zal bij alle uitstoot-

scenario’s verder blijven stijgen; zelfs als de wereldwijde afspraken 

die in 2015 in Parijs zijn gemaakt worden nageleefd en de mondiale 

temperatuurstijging tot maximaal 2°C wordt beperkt. 

Figuur 4.3  
De Thwaites gletsjer.

Figuur 4.2 Zeespiegel aan de Nederlandse 
kust zoals waargenomen en volgens de 
nieuwe, indicatieve zeespiegelprojecties.  
De getrokken lijnen in groen, paars, rood 
geven de mediaan aan van die projecties, 
het gekleurde gebied de 90%-bandbreedte. 
Het nulpunt van de mediaanlijnen ligt bij het 
jaar 2005; de bandbreedte in 2005 komt 
overeen met de natuurlijke variabiliteit.
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Figuur 4.4 
Zeespiegelscenario’s voor de Nederlands kust tot 
2300 voor de SSP1-2.6 en SSP5-8.5 scenario’s en 
SSP5-8.5 met het meenemen van onzekere ijs-
kap-processen zoals het instorten van ijskli)en aan 
de rand van Antarctica (SSPS5-8.5 H++). De medi-
aanlijnen van die drie scenario’s kunnen slechts tot 
2150 worden berekend. De aangegeven bandbreed-
te in kleur komt overeen met de waarschijnlijke 
bandbreedte van 67%.

De redenen hiervoor zijn de trage reactie van de 

(diepe) oceanen op de opwarming die tot nu toe 

hee+ plaatsgevonden en het massaverlies van de 

ijskappen. Al deze processen kennen een lange 

reactietijd, waardoor een eenmaal ingeze-e 

verandering niet zomaar kan worden gestopt. 

Als gevolg hiervan zal de zeespiegel ook na 2100 

blijven stijgen. Rond 2300 zal de zeespiegel 

wereldgemiddeld in het lage uitstoot-scenario 

(SSP1-2.6) tussen de 0,3 en 3 meter zijn gestegen  

en 1,5-7 meter in een scenario waarin de uitstoot 

onverminderd doorgaat (SSP5-8.5). Als we 

processen meenemen die we nog niet goed  

kunnen kwanti.ceren, kan dat zelfs 16 meter 

wereldgemiddeld en voor Nederland 17 meter 

worden. De verwachting is dat over 10.000 jaar de 

zeespiegel in evenwicht is met het klimaat en 6-7 

meter zal zijn gestegen als de mondiale opwarming 

piekt bij 2°C; 10-24 meter bij een piek van 3°C; en 

28-37 meter bij een piek van 5 °C. 

Figuur 4.4 Zeespiegelscenario’s voor de 
Nederlands kust tot 2300 voor de SSP1-2.6 
en SSP5-8.5 scenario’s en SSP5-8.5 met het 
meenemen van onzekere ijskap-processen 
zoals het instorten van ijskli)en aan de rand 
van Antarctica (SSPS5-8.5 H++). De medi-
aanlijnen van die drie scenario’s kunnen 
slechts tot 2150 worden berekend.  
De aangegeven bandbreedte in kleur komt 
overeen met de waarschijnlijke bandbreedte 
van 67%.
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Een toename van de zeespiegelstijging in combinatie met het verhogen en versterken van

waterkeringen zorgt voor een toename van de kweldruk. Mogelijk moet anders gebouwd gaan

worden en kunnen plannen voor ondergronds bouwen in de problemen komen. RWZI’s

(droogweerafvoer) gaan mogelijk slechter functioneren en er is beheer nodig van kanaalpeilen

(overstort/pompen). Door intensievere buien zal meer berging en pompcapaciteit nodig zijn. Of en

bij welke zeespiegelstijging dan een knikpunt plaats vindt is zeer locatie-specifiek en kon tijdens

hackathon nog niet worden ingeschat.

Om te blijven wonen in de delta zijn in hoofdlijnen drie opties mogelijk (zie Figuur 11):

1) De hele delta beschermen als een fort en de rivieren uit de delta pompen;

2) De polders beschermen met daartussen hele diepe rivieren;

3) De delta ophogen, als geheel of verschillende terpen die met elkaar verbonden zijn.
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Figuur 11 Drie opties om te blijven wonen in de Nederlandse delta bij extreme zeespiegelstijging: 1) delta beschermen
als een fort en de rivieren uit de delta pompen; 2)De polders beschermen met daartussen hele diepe rivieren;3) De delta
ophogen, als geheel of verschillende terpen die met elkaar verbonden zijn (©Beeldleveranciers-Carof).

Three options to live in our delta in case of extreme sea-level rise:


1.  protect like a fort and pump river water into the sea

2. protect low-lying areas with deep rivers

3. increase the height of the delta, as a whole or a collection of connected capes



CO2 removal from the atmosphere


