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Abstract

:

Decadal changes of the Reflected Solar Radiation (RSR) as measured by CERES from 2000 to 2018 are analysed. For both polar regions, changes of the clear-sky RSR correlate well with changes of the Sea Ice Extent. In the Arctic, sea ice is clearly melting, and as a result the earth is becoming darker under clear-sky conditions. However, the correlation between the global all-sky RSR and the polar clear-sky RSR changes is low. Moreover, the RSR and the Outgoing Longwave Radiation (OLR) changes are negatively correlated, so they partly cancel each other. The increase of the OLR is higher then the decrease of the RSR. Also the incoming solar radiation is decreasing. As a result, over the 2000–2018 period the Earth Energy Imbalance (EEI) appears to have a downward trend of −0.16 ± 0.11 W/m2dec. The EEI trend agrees with a trend of the Ocean Heat Content Time Derivative of −0.26 ± 0.06 (1   σ  ) W/m2dec.
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1. Introduction


Earth’s climate is determined by the Earth Radiation Budget (ERB). For a climate in equilibrium the gain of energy from Absorbed Solar Radiation (ASR) is in balance with the loss of energy through Outgoing Longwave Radiation (OLR). Any perturbation of this radiative energy balance at the Top of Earth’s Atmosphere (TOA) is known as a radiative forcing, and is a driver of climate change [1]. Compared to the pre-industrial period, the increase of Greenhouse Gasses (GHG) primarily CO2 but also e.g., NH4 reduces the OLR; this represents a positive (heating) radiative forcing [2]. This positive GHG radiative forcing is partially compensated by a negative (cooling) radiative forcing of aerosols, which increase the amount of Reflected Solar Radiation (RSR) and hence decrease the ASR [3]. Variations of the incoming solar radiation also create a radiative forcing [4].



For understanding current and past climate change, and for increasing the confidence with which future climate change can be predicted, the analysis of long term changes of the ERB is essential. The measurement of the ERB from space has a long history [5], but the availability of long term homogeneous ERB Climate Data Records (CDR’s) is relatively recent.



In this paper we analyse the long term variation of the RSR and its role in the complete ERB. We use the broadband scanner measurements from the Clouds and the Earth’s Radiant Energy System (CERES) [6] instruments. We use the CERES EBAF Ed4.0 following [7] from 2000 to 2018. In Section 2 we describe the main features of the RSR. In Section 3 we analyse the regional changes of the RSR over the period 2000–2018. In Section 4 we analyse the stability of the CERES RSR measurements. In Section 5 we analyse the link between variations of the RSR and the Sea Ice Extent (SIE) in the polar regions. In Section 6 we analyse the decadal variation of the Total Outgoing Radiation (TOR) and the Earth Energy Imbalance (EEI) over the period 2000–2018, and we compare with the Ocean Heat Content Time Derivative (OHCTD) for the period 1960–2015. In Section 7 we discuss our results.




2. Reflected Solar Radiation


The earth surface and the constituents of the earth’s atmosphere reflect a part of the incoming solar radiation. The RSR is defined as the reflected radiation that is radiated back to space at the TOA.



Figure 1 shows the 18 year CERES mean ’all-sky’ RSR from 2000 to 2018. Figure 2 shows the corresponding clear-sky RSR, and Figure 3 shows the RSR cloud effect defined as the all-sky RSR minus the clear-sky RSR.



Regions of high clear-sky RSR (see Figure 2) are the Sahara desert, the ice covered land regions of Antarctica and Greenland, and the sea ice regions in the Arctic and near Antartica. The all-sky RSR (Figure 1) is also high in regions of thick clouds, shown in Figure 3.




3. Reflected Solar Radiation Change 2000–2018


Figure 4 shows the mean Ceres RSR over the period 08/2009–07/2018 minus the period 08/2000–07/2009. Figure 5 shows the corresponding clear-sky RSR change.



The most prominent clear-sky RSR changes (Figure 5) appear to be linked to the melting/growing of sea ice. In the Arctic, darkening (blue color) due to melting is occuring North of Russia and Canada, while around Antarctica both brightening (red color) due to the growth of sea ice and darkening (blue color) is occuring.



For the all-sky case (Figure 4) the spatial structure of the darkening/brigthening appears to be more random than for the clear sky case (Figure 5), although most of the clear sky change features are preserved.




4. Apparent Residual CERES RSR Ageing


In Figure 4 and Figure 5 the dominant color is green; this means that small RSR changes occur more frequently than large RSR changes. Physcially, if small changes are driven by random processes only, it is expected that the change with the largest occurence will be zero.



However, close inspection of the histograms of the all-sky and clear-sky regional changes of the RSR shown in Figure 4 and Figure 5 shows that they are not centred around a mode equal to zero. Figure 6 shows the histograms of the relative change value of the RSR over the 9 year period from 08/2009–07/2018 with respect to 08/2000–07/2009. The modes of the all-sky histogram (purple curve) and of the clear-sky histogram (green curve) agree within 0.001 and deviate significantly from zero. A physical process must be driving the changes to a non zero mode. Since the mode for the all-sky changes is close to the mode of the clear-sky changes, most likely this physical process does not occur on earth, but rather in the CERES measurement system.



We assume the measured non zero change mode is due to a residual ageing of the CERES measurement system. The mode of the all-sky relative changes (purple curve in Figure 6) is −0.005 ± 0.001 over 9 years, the mode of the clear-sky relative changes (green curve in Figure 6) is −0.004 ± 0.001 over 9 years. We will take −0.0045 ± 0.001 over 9 years as the best estimate of the residual CERES ageing. It corresponds to a residual CERES RSR ageing of −0.5 ± 0.11 %/dec. This value is not inconsistent with the CERES stability estimates from lunar calibrations [8] and comparison with other sensors [9]. Further on we apply a linear drift correction to remove this residual ageing.



Figure 7 shows the global average RSR without (green curve) and with the drift correction (blue curve). For comparison also the independent ERA 5 RSR [10] is shown (purple curve). In all cases the measurements are anchored to a global average RSR value of 101.4 W/m2 over the period 2005–2014 following [5]. This makes the Earth Energy Imbalance equal to 0.9 W/m2 following [11].



The trend of the original CERES RSR relative to the ERA5 RSR is −0.5 ± 0.03 (1   σ  ) W/m2 /dec. The trend of our ageing corrected CERES RSR relative to the ERA5 RSR is −0.03 ± 0.03 (1   σ  ) W/m2 /dec. Thus after our CERES RSR ageing corection there is no more signifcant trend compared to ERA5, while before our ageing corrrection there is a significant trend. This increases the confidence in our ageing correction.




5. Link to Sea Ice Extent


Based on Figure 5, there seems to be a link between the RSR and the Sea Ice Extent (SIE) in the polar regions. This was also noted in [12].



Figure 8 shows the clear-sky RSR contribution for the Arctic zone defined as 60    ∘    N to 90    ∘    N (purple curve, left scale) compared to the Arctic SIE (green curve, right scale). We use the yearly running mean of the SIE obtained from the National Snow and Ice Data Centre (NSIDC) [13].



The correlation between the Arctic clear-sky RSR and the Arctic SIE is 85%. The ratio between the variations of the two quantities is 0.199 ± 0.009 (1   σ  ) W/m2 /M km2.



Over the 2000–2018 period the Arctic clear-sky RSR shows a decreasing trend of −0.13 W/m2dec.



Figure 9 shows the RSR contribution for the Antarctic zone defined as 90    ∘    S to 60    ∘    S (purple curve, left scale) compared to the Antarctic SIE (green curve, right scale). We use the yearly running mean of the NSIDC SIE.



The correlation between the Antarctic clear-sky RSR and the Antarctic SIE is 88%. The ratio between the variations of the two quantities is 0.17 ± 0.006 (1   σ  ) W/m2/M km    2   .



Over the 2000–2014 period the Antarctic clear-sky RSR shows an increasing trend of 0.08 W/m2dec, followed by a sharp decrease of around −0.4 W/m2 in the 2014–2017 period.



Figure 10 shows the global clear-sky RSR (purple curve, left scale) compared to the polar clear-sky RSR (green curve, right scale). The Polar clear-sky RSR is defined as the sum of the Arctic and the Antarctic clear-sky RSR.



The correlation between the global and the polar clear-sky RSR is 80%. This confirms our previous impression (see Figure 5) that the dominant clear-sky RSR changes occur in the polar regions.



Prior to 2014, the polar clear-sky RSR is relatively flat due to a partial compensation of the Arctic decrease (see Figure 8) and the Antarctic increase (see Figure 9).



Figure 11 shows the global all-sky RSR (purple curve, left scale) compared to the polar clear-sky RSR (green curve, right scale).



The correlation between the global all-sky and the polar clear-sky RSR is 55%. This indicates that the influence of the polar SIE changes on the global all-sky RSR is low.




6. Total Outgoing Radiation and Earth Energy Imbalance Change 2000–2018


Figure 12 shows the yearly running means of the outgoing earth radiation terms, namely the RSR (purple curve) and the OLR (green curve) as measured by CERES for the period 2000–2018. Following [14], the OLR is anchored to a value of 238 W/m2 over the period 2005–2014.



The OLR and RSR are anti-correlated, with a correlation coefficient of −43%.



The OLR shows an increasing trend of 0.23 ± 0.03 (1   σ  ) W/m2dec.



The RSR shows a decreasing trend of −0.14 ± 0.04 (1   σ  ) W/m2dec. If the RSR ageing correction uncertainty (Section 4) is taken into account the uncertainty becomes ± 0.11 W/m2dec.



Figure 13 shows the monthly running annual mean incoming solar radiation following [5] (purple curve) and the global mean TOR (green curve) for the period 2000–2018. The TOR is obtained as the sum of the OLR and the RSR.



The incoming solar radiation shows a trend of −0.07 ± 0.01 (1   σ  ) W/m2dec.



The TOR shows a trend of 0.08 ± 0.04 (1   σ  ) W/m2dec. If the RSR ageing correction uncertainty (Section 4) is taken into account the uncertainty becomes ± 0.11 W/m2dec. This means that due to a partial cancellation of the opposing trends of the OLR and the RSR, the TOR does not have a significant trend.



Figure 14 shows the monthly running annual mean EEI for the period 2000–2018. The EEI is obtained as the difference between the incoming solar radiation and the TOR.



The EEI shows a trend of −0.16 ± 0.03 (1   σ  ) W/m2dec. If the RSR ageing correction uncertainty (Section 4) is taken into account the uncertainty becomes ±0.11 W/m2dec. This means that the EEI seems to have a decreasing trend.



At first sight it seems surprising that the EEI is decreasing during a period of continued greenhouse gas emission. As an extra validation of our results, in Figure 15 we compare the EEI (purple curve) with the OHCTD (blue curve). The Ocean Heat Content (OHC) from 1960 to 2015 is obtained from [15], from this the OHCTD from 1967 to 2010 is computed as the yearly increase of the 10 year running mean of the OHC. A linear fit to the EEI is shown as the green line. A piecewise linear fit to the OHCTD is shown as the orange curve.



Due to the high ocean heat content, it is expected that the EEI and the OHCTD are nearly equal. From Figure 15, we can discriminate three phases in the OHCTD from 1967 to 2010:




	
Prior to 1982, the mean value of the OHCTD is 0.071 ± 0.05 (1   σ  ) W/m2, the trend is −0.07 ± 0.1 (1   σ  ) W/m2dec.



	
From 1982 to 2000, the OHCTD is increasing with a trend of 0.32 ± 0.05 (1   σ  ) W/m2dec.



	
After 2000, the OHCTD is decreasing with a trend of −0.26 ± 0.06 (1   σ  ) W/m2dec.








Within their uncertainties, the trends after 2000 of the EEI (−0.16 ± 0.11 W/m2dec) and of the OHCTD (−0.26 ± 0.06 (1   σ  ) W/m2dec), agree. This again adds extra confidence to our results.




7. Discussion and Conclusions


We have analysed the long term RSR change as measured in the CERES EBAF Edition 4.0 product over the period 2000–2018.



Figure 1, Figure 2 and Figure 3 illustrate how the all-sky RSR is composed of a clear-sky RSR and a cloud effect RSR.



We have analysed the changes of the all-sky and the clear-sky regional RSR from the period 08/2000–07/2009 to the period 08/2009–07/2018. For the clear-sky case, see Figure 2, the dominant changes are a darkening (blue color in the Arctic on Figure 2) due to Arctic sea ice melting and a regional darkening/brightening (blue/red colors near Antarctica in Figure 2) due to regional melting/growing of sea ice.



An examination of the histogram of regional relative changes of the RSR (Figure 6), reveals a non zero change mode for both the all-sky and the clear-sky cases. We argue that the most likely interpretation is a residual ageing of the CERES RSR measurement, which is estimated to be −0.5 ± 0.11%/dec.



In the polar regions, the variations of the clear-sky RSR are well correlated with the variations of the SIE. Over the 2000–2018 period the Arctic clear-sky RSR shows a decreasing trend of −0.13 W/m2dec. Over the 2000–2014 period the Antarctic clear-sky RSR shows an increasing trend of 0.08 W/m2dec, followed by a sharp decrease of around −0.4 W/m2 in the 2014–2017 period. Prior to 2014, the polar clear-sky RSR is relatively flat due to a partial compensation of the Arctic decrease (see Figure 8) and the Antarctic increase (see Figure 9). The correlation of the polar clear-sky RSR with the global clear-sky RSR is relatively high (80%), indicating that the SIE changes are an important feature for the global clear-sky RSR variations. The correlation of the polar clear-sky RSR with the global all-sky RSR is relatively low (55%), indicating that the clear-sky changes are not dominant over the cloud effect changes.



The OLR and RSR variations are anticorrelated, and have opposing trends. The OLR is rising with a trend of 0.23 W/m2dec, in agreement with global temperature rise. The rise of temperature and OLR was relatively modest in the 2000-2018 period, compared to the preceding period [14,16]. This appears to be linked to an increased uptake of energy in the deep ocean [15]. The RSR is decreasing with a trend of −0.14 ± 0.11 W/m2dec. The TOR shows an insignificant trend of 0.08 ± 0.11 W/m2dec. The EEI shows a trend of −0.16 ± 0.11 W/m2dec. The decreasing trend in EEI is in agreement with a decreasing trend of −0.26 ± 0.06 W/m2dec in the OHCTD after 2000.



The OHCTD over the period 1960–2015 shows three different regimes, with low OHCTD prior to 1982, rising OHCTD from 1982 to 2000, and decreasing OHCTD since 2000. These OHCTD periods correspond to periods of slow/rapid/slow surface temperature rise [16,17], to periods of strong La Ninas/El Ninos/La Ninas [14,18], and to periods of increasing/decreasing/increasing aerosol loading [19,20]. A better understanding of these past and ongoing climate changes is a necessary condition for our ability to make a skillfull prediction of future climate change.
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Figure 1. 2000–2018 mean all-sky CERES RSR. The scale is in W/m2. 






Figure 1. 2000–2018 mean all-sky CERES RSR. The scale is in W/m2.
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Figure 2. 2000–2018 mean clear-sky CERES RSR. The scale is in W/m2. 






Figure 2. 2000–2018 mean clear-sky CERES RSR. The scale is in W/m2.



[image: Remotesensing 11 00663 g002]







[image: Remotesensing 11 00663 g003 550] 





Figure 3. 2000–2018 mean cloud effect CERES RSR. The scale is in W/m2. 






Figure 3. 2000–2018 mean cloud effect CERES RSR. The scale is in W/m2.
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Figure 4. All-sky RSR for period 08/2009–07/2018 minus 08/2000–07/2009. The scale is in W/m2. 






Figure 4. All-sky RSR for period 08/2009–07/2018 minus 08/2000–07/2009. The scale is in W/m2.
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Figure 5. Clear-sky RSR for period 08/2009–07/2018 minus 08/2000–07/2009. The scale is in W/m2. 






Figure 5. Clear-sky RSR for period 08/2009–07/2018 minus 08/2000–07/2009. The scale is in W/m2.
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Figure 6. Histogram of relative changes from 08/2000–07/2009 to 08/2009–07/2018 of the all-sky (green curve) and clear-sky (purple curve) regional 1    ∘   × 1    ∘    Ceres Ebaf 4.0 RSR. 






Figure 6. Histogram of relative changes from 08/2000–07/2009 to 08/2009–07/2018 of the all-sky (green curve) and clear-sky (purple curve) regional 1    ∘   × 1    ∘    Ceres Ebaf 4.0 RSR.
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Figure 7. 2000–2018 variation in RSR. Purple curve: ERA 5 estimates. Green curve: actual CERES measurements. Blue curve: drift corrected CERES version. 






Figure 7. 2000–2018 variation in RSR. Purple curve: ERA 5 estimates. Green curve: actual CERES measurements. Blue curve: drift corrected CERES version.
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Figure 8. Arctic clear-sky RSR compared to Arctic SIE. Purple curve, left scale: Clear-sky RSR contribution of zone from 60    ∘    N to 90    ∘    N. Green curve, right scale: Arctic SIE. 






Figure 8. Arctic clear-sky RSR compared to Arctic SIE. Purple curve, left scale: Clear-sky RSR contribution of zone from 60    ∘    N to 90    ∘    N. Green curve, right scale: Arctic SIE.
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Figure 9. Antarctic clear-sky RSR compared to Antarctic SIE. Purple curve, left scale: Clear-sky RSR contribution of zone from 90    ∘    S to 60    ∘    S. Green curve, right scale: Antarctic SIE. 






Figure 9. Antarctic clear-sky RSR compared to Antarctic SIE. Purple curve, left scale: Clear-sky RSR contribution of zone from 90    ∘    S to 60    ∘    S. Green curve, right scale: Antarctic SIE.
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Figure 10. Purple curve, left scale: Global clear-sky RSR. Green curve, right scale: Polar clear-sky RSR. 






Figure 10. Purple curve, left scale: Global clear-sky RSR. Green curve, right scale: Polar clear-sky RSR.
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Figure 11. Purple curve, left scale: Global all-sky RSR. Green curve, right scale: Polar clear-sky RSR. 






Figure 11. Purple curve, left scale: Global all-sky RSR. Green curve, right scale: Polar clear-sky RSR.
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Figure 12. Purple curve: RSR. Green curve: OLR. 






Figure 12. Purple curve: RSR. Green curve: OLR.
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Figure 13. 2000–2018 variation in incoming solar (purple curve) and total outgoing (green curve) radiation. 






Figure 13. 2000–2018 variation in incoming solar (purple curve) and total outgoing (green curve) radiation.
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Figure 14. 2000–2018 variation of Earth Energy Imbalance. 






Figure 14. 2000–2018 variation of Earth Energy Imbalance.
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Figure 15. Purple curve: running yearly mean EEI. Green line: linear fit to running yearly mean EEI. Blue curve: 10 year running mean OHCTD. Orange curve: piecewise linear fit to OHCTD. 






Figure 15. Purple curve: running yearly mean EEI. Green line: linear fit to running yearly mean EEI. Blue curve: 10 year running mean OHCTD. Orange curve: piecewise linear fit to OHCTD.
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