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Abstract

:

The energy budget imbalance at the top of the atmosphere (TOA) and the energy flow in the Earth’s system plays an essential role in climate change over the global and regional scales. Under the constraint of observations, the radiative fluxes at TOA have been reconstructed prior to CERES (Clouds and the Earth’s Radiant Energy System) between 1985 and 2000. The total atmospheric energy divergence has been mass corrected based on ERA5 (the fifth generation ECMWF ReAnalysis) atmospheric reanalysis by a newly developed method considering the enthalpy removing of the atmospheric water vapor, which avoids inconsistencies due to the residual lateral total mass flux divergence in the atmosphere, ensuring the balances of the freshwater fluxes at the surface. The net surface energy flux (Fs) has been estimated using the residual method based on energy conservation, which is the difference between the net TOA radiative flux and the atmospheric energy tendency and divergence. The Fs is then verified directly and indirectly with observations, and results show that the estimated Fs in North Atlantic is superior to those from model simulations. This paper gives a brief review of the progress in the estimation of the observed energy flow in the Earth system, discusses some caveats of the existing method, and provides some suggestions for the improvements of the aforementioned data sets.
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1. Introduction


The net global radiative flux (FT) at the top of the atmosphere (TOA) is the difference between the absorbed shortwave radiation and the outgoing longwave radiation of the Earth system, representing the interaction between changes in radiative forcings and climate responses, as well as the influence by unforced variability internal to the climate system [1]. A positive FT indicates the accumulation of energy in the Earth system and a warming climate.



Satellite observations of CERES (Clouds and the Earth’s Radiant Energy System) have provided stable, high-quality TOA radiative energy fluxes since March 2000 [2]. However, this period is short for climate research, so the TOA radiative fluxes since 1985 prior to CERES have been reconstructed [1] by combining earlier satellite observations from ERBE WFOV (Earth Radiation Budget Experiment Satellite wide field of view [3]) and ECMWF (European Centre for Medium Range Weather Forecasts) interim (ERA-Interim) atmospheric reanalysis [4]. Discontinuities in ERBE WFOV observations due to battery failures in 1993 and 1999 were dealt with in the reconstruction using the AMIP5 (5th Atmospheric Model Intercomparison Project) simulations. The reconstruction of TOA radiative fluxes was firstly updated by constraining the fluxes at 10° × 10° resolution using the ERBE WFOV v3.1 data [5], and the latest update used the ERA5 reanalysis [6] and the AMIP6 simulations in 2020 [7].



The net surface energy flux (FS) has been estimated using the residual method, which is the difference between the net TOA radiative flux and the accumulated total column atmospheric energy divergence and tendency. This method has been widely employed by the community [8] and is believed to be the most accurate way of estimating the FS since it can ensure the conservation of the energy in the entire atmospheric column [5,7,9,10,11,12,13,14].



The column-integrated atmospheric energy accumulation and divergence must be obtained as accurately as possible. The atmospheric state close to the real world is from the atmospheric reanalysis due to the assimilation of a large number of observations to the atmospheric numerical forecast model. However, because of the simultaneous assimilation of the three-dimensional wind field and the surface pressure, there is no guarantee for the mass balance in the atmospheric column [9,10,11]. Therefore, mass correction is needed in order to get the right energy divergence that is closely associated with mass transport. Progress has been made in the mass correction of the atmospheric reanalysis data, particularly after removing the enthalpy of the atmospheric water vapor [12,13], which avoids inconsistencies due to the residual lateral total mass flux divergence in the atmosphere, ensuring the balance of the freshwater fluxes at the surface [7].



By combining the net TOA fluxes with the atmospheric energy accumulation and the mass-corrected horizontal atmospheric energy transport from atmospheric reanalyses, the net surface energy fluxes can be estimated by the residual method [5,10,11,15]. The reconstructed TOA fluxes by Allan et al. [1] and Liu et al. [5,7,11] are regarded as “high confidence” in the IPCC (Intergovernmental Panel on Climate Change) AR6 report (sixth assessment report) [16] (see page 17 of Chapter 7 of the report), and both the TOA fluxes and estimated net surface energy fluxes have been widely used in climate research and model validation by the research community. This data set is normally referenced as DEEPC (or DEEP-C: Diagnosing Earth’s Energy Pathways in the Climate system) and can be available at https://researchdata.reading.ac.uk/347/ (accessed on 26 October 2021).



This paper will briefly review the development of the DEEPC data set and the inferred energy flow. Comparisons with RAPID (Rapid Climate Change-Meridional Overturning Circulation and Heat flux array, [17]) observations will be described, and the future work needed for the improvement of this data set will be discussed.




2. Data and Methods


Data sets used in this paper include satellite observations (CERES Ed4.1 and ERBS WFOV v3.0) at TOA, the ERA5 atmospheric reanalysis, ORAS5 (Ocean ReAnalysis System 5, [18]) ocean reanalysis, RAPID observations, the reconstructed DEEPC TOA radiative fluxes, and the estimated net surface energy flux [19], together with ten AMIP6 model simulations. All data set names and brief descriptions are listed in Table 1.



The net surface downward energy flux    F  s       was originally calculated using the following equation [10,11,20]:


   F S  =  F T  −   ∂ E   ∂ t   − ∇ ·  1 g    ∫  0 1  V  (  h + k  )      ∂ p   ∂ η   d η                                                                            



(1)




where    F  T     is the TOA net radiation flux,  E  is the total column atmospheric energy and   ∂ E / ∂ t   is its tendency.  g  is the gravitational acceleration,  V  is the horizontal wind velocity vector, h is the moist static energy, k is the kinetic energy, and  p  is the pressure. η is the hybrid vertical coordinate and is a function of the atmospheric and surface pressure [21].



Equation (1) has been modified by Mayer et al. [12,13], and the enthalpy of atmospheric water vapor has been removed to ensure the consistency of the atmospheric lateral total mass flux divergence and ensure the balances of the surface freshwater fluxes [7,13]. The updated equation is


   F S  =  F T  −   ∂ E   ∂ t   − ∇ ·  1 g    ∫  0   p s     [   (  1 −  q g   )   C a   (  T −  T o   )  +  L v   ( T )   q g  + φ + k  ]  V d p  



(2)




where    L v    is the latent heat of condensation of water, qg is the specific humidity, Ca is the specific heat capacity of air at constant pressure, T is the air temperature (relative to reference temperature To), and φ is the geopotential energy, respectively.



According to Loeb et al. [7,19,22,23], the column-integrated ocean heat divergence (∇⋅EO) can be calculated from the following equation.


  ∇ ⋅  E O  =  F O  − O H C T  



(3)




where FO is the energy entering the ocean, and the difference between FS and Fice (FO = FS − Fice). Fice is the energy from sea ice formation and melting, estimated from five ensemble members of ECMWF’s ORAS5 ocean reanalysis [18]. The ocean heat content tendency (OHCT) is calculated from the ocean heat content (OHC) using central differences (e.g., the OHCT in July is the difference of OHCs between August and June and divided by the time difference). Liu et al. [7] calculated the OHCT using the OHC integrated over 0–2000 m. The result shows good agreement in both variability and absolute value with the global mean FS and is therefore used in this study. The flowchart of data retrieval is displayed in Figure 1.




3. Results


3.1. Net TOA Radiative Flux


The radiative fluxes at TOA over 1985–1999 are reconstructed using CERES climatology and ERA5 anomalies constrained by the observed ERBE WFOV anomalies in a 10° × 10° box. The discontinuities in 1993 and 1999 are adjusted based on the AMIP6 ensemble mean differences at both sides of discontinuity points [2,7,11]. The anomaly time series of the monthly global mean net TOA fluxes (NET) is calculated with the reference period from 2001–2005, and the results are plotted in Figure 2. The time series include data from AMIP6 ensemble mean and spread (±one standard deviation), CERES Ed4.1, ERA5, DEEPC, and ERBE WFOV v3.0. The ERBE WFOV data are 72 day means relative to the reference period 1985–1999, and other lines are three-month running means. The ERBE WFOV anomaly line is shifted 0.23 Wm−2 downward for clarity. While the multiannual mean NET fluxes over 1985–1999 are 0.10 ± 0.61 Wm−2, it is 0.62 ± 0.10 Wm−2 over 2000–2016. The comparison with the results of Cheng et al. [35] shows qualitative consistency. Both the reconstructed and CERES data are regarded as “high confidence” by the IPCC AR6 report. It is noticed that the uncertainty range of 0.61 Wm−2 over 1985–1999 is still large, mainly from the spread of the AMIP6 simulations at the discontinuity points around 1999. This large uncertainty needs to be improved in future study.



It is noticed that the ensemble mean of ten AMIP6 net TOA fluxes has good variability agreement with observations. The ERA5 data have very close co-variations with CERES data before 2012, but the CERES data are larger than the ERA5 after 2012; the reason for this discrepancy is not clear and needs further investigation.




3.2. Energy Flow in the Earth System


Figure 3 is the schematic diagram showing the energy flow in the Earth system. Terms used in the estimation of the net surface energy fluxes are all displayed. The energy flow over land is in the left column, and that over the ocean is in the right column. There is a net energy transport from the ocean to land. The net surface energy flux Fs can be calculated by Equation (2). The mass-corrected atmospheric energy divergence is from Mayer et al. [13] using ERA5 atmospheric reanalysis. It has been noticed that the estimated global mean Fs over land is unrealistic, so the global land mean Fs over 2004–2014 is anchored to a new estimate of 0.2 Wm−2 [36], and the excess/deficit energy fluxes over land are then redistributed over oceans (see [5] for details).



The DEEPC data set includes the TOA radiative fluxes and the net surface energy fluxes, so it can be used to estimate the energy flow in the atmosphere. By combining with the ocean heat content tendency from ORAS5, the ocean heat transport can also be inferred. The energy flow in the Earth system (including the atmosphere and ocean) can be estimated [7,19,22,23].



The latest estimation [7] of the multiannual mean (2006–2013) from DEEPC data shows that there is a gain of 0.36 ± 0.04 PW net downward radiation flux at TOA in the southern hemisphere, and the net radiation flux at TOA of the northern hemisphere is close to balance. At the surface, there is more net downward energy flux (0.79 ± 0.16 PW) entering the ocean in the southern hemisphere and net upward energy flux (0.44 ± 0.16 PW) in the northern hemisphere. Therefore, there is an atmospheric energy divergence in the southern hemisphere and convergence in the northern hemisphere, leading to a net energy flow of about 0.44 ± 0.16 PW from the northern hemisphere to the southern hemisphere. Considering the ocean heating in the two hemispheres, it can be estimated that the northward heat transport at the equator is about 0.50 ± 0.16 PW, and it is mainly transported by the Atlantic meridional circulation. Please note that these absolute values of the energy transports can be sensitive to the time period selected.



The oceanic heat transport at 26° N in the Atlantic can be inferred as an indirect check of FS. The inferred transport can be compared with the RAPID observations. The time series of the transport from RAPID and that inferred from DEEPC surface fluxes, and ocean heat content tendency is plotted in Figure 4. There is a good agreement between the inferred heat transport from DEEPC and the RAPID observation in both quantity and variability. The RAPID observations show 1.22 PW mean heat transports, and the inferred transport from DEEPC is 1.23 PW, respectively. The correlation coefficient between these two time-series is 0.32 over the period from April 2004 to February 2017, and it is 0.73 from 2008–2016. The earlier large discrepancy before 2008 between RAPID data and inferred transport is due to the greater uncertainty in observations [8].



The net surface flux FS from the DEEPC data set over the north Atlantic has been compared with those from AMIP6 model simulations [19]. Results show that the inferred northward meridional ocean heat transports derived from AMIP6 FS over the north Atlantic are all smaller than observations and that from the DEEPC data set, the discrepancy is mainly from the overestimation of the latent heat (evaporation) in AMIP6 simulations. Because the simulations have greater surface wind speed [37], which will enhance the difference between the wind at 10 m and the ocean surface current, increasing the turbulent heat fluxes according to the bulk formula. More detailed investigations are needed over the north Atlantic. It is also found that the model resolution will affect the net surface heat flux. Liu et al. [19] found that when the model resolution increases, the net surface heat fluxes over the area north of 26° N in the Atlantic will be convergent with the observations, and so does the inferred heat transport.





4. Discussion


The developed DEEPC data set [1,5,7,11] has been widely used in the climate research community [8,13,38,39,40,41,42,43,44,45,46,47,48]. The reconstructed TOA radiative fluxes are regarded as “high confidence” by the IPCC AR6 report [16]. However, the large uncertainty of 0.61 Wm−2 over the reconstructed period from 1985–1999 should be further improved. This large uncertainty is mainly from the spread of the AMIP6 simulations at the discontinuity points around 1999, and will significantly affect the uncertainty range of the ocean heat content derived from the net TOA flux FT. This can be further improved by using ensemble runs from a high-quality AMIP model, such as the UK Met Office HadGEM model. This work is ongoing.



The verification of the DEEPC data has been mainly over ocean areas [19,47]. The comparison with observations showed that the bias of the oceanic energy budget in the north Atlantic is within −0.2 (2.7) Wm−2 for the period 2005–2009 using estimated DEEPC surface fluxes with (without) land flux adjustment, and the inferred fluxes on station-scale can reach a mean bias of −20.1 Wm−2 when buoy-based fluxes are compared. However, the Fs over land is still not well validated. Figure 5 shows the snowmelt effect on the relationship between the net surface energy flux and the surface temperature change ΔT at a location (22° W, 64° N) in Iceland. ΔT is the temperature difference between two adjacent months (e.g., the April Fs versus the temperature change between April and March). It can be seen that before the energy needed for snowmelt (Fsnow) is considered, the correlation coefficient is only 0.25 for data in all months, and it is improved significantly to 0.83 after Fsnow is considered. Similarly, the vegetation type and soil moisture, as well as other surface condition changes, also influence this relationship. Therefore, a more complicated land surface energy budget model should be built for this study in order to improve the accuracy of the land surface energy flux Fs. As found by Mayer et al. [47], the surface flux Fs bias on the regional scale is large. The latest study by Kato et al. [49] also showed that the hydrometeor transport and water mass imbalance could affect the enthalpy flux, and the water phase change can influence the diabatic heating rate over the regional ocean areas. Their results indicated that the change in the regional diabatic heating rate could reach 15 Wm−2 due to the precipitation phase change. Therefore, on the regional scale, these water phase changes may need careful treatment. On the global scale, Trenberth and Fasullo [50] developed a new method to deal with the hydrological cycle. The water mass (precipitation and evaporation) is redistributed to guarantee the correct atmospheric divergence calculation. However, their inferred meridional heat transport at 26° N north Atlantic is still lower than the RAPID observations, indicating the underestimation of the derived surface fluxes over the Atlantic, mainly due to the unrealistic land surface fluxes. Therefore, land flux adjustment is still necessary.




5. Conclusions


Climate change is essentially caused by the imbalance of the energy budget in the Earth system. This energy budget imbalance can affect both the global and regional scales through energy transportation by atmospheric circulation. There are still large uncertainties in the estimation of the energy fluxes and transport from both observations and model simulations; progress has been made in recent years. This paper briefly reviews the reconstructed energy fluxes at TOA and the estimated net surface fluxes. The procedures for the data retrieval are described, and the results are compared with other data sets.



Under the constraint of observations, the radiative fluxes at TOA have been reconstructed prior to CERES between 1985 and 2000; together with the CERES satellite observations, the radiative fluxes at TOA from 1985 onwards are provided and can be used in the climate change research. After the mass imbalance in ERA5 atmospheric reanalysis is corrected using a newly developed method considering the enthalpy removal of the atmospheric water vapor [12,13], the total atmospheric energy divergence can be accurately calculated. Meanwhile, the freshwater flux balances at the surface are ensured. The net surface energy flux (Fs) has been estimated using the residual method (the net TOA radiative fluxes minus the atmospheric energy tendency and divergence) based on energy conservation, which is the most reliable method so far [8,14]. The Fs is then verified directly and indirectly with observations, and results show that the estimated Fs in North Atlantic is superior to those from model simulations.



This paper gives a brief review of the progress in the estimation of the observed energy flow in the Earth system, discusses some caveats of the existing method, and provides some suggestions for the improvements of the aforementioned data sets. On the one hand, mass imbalance in the current atmospheric reanalysis is still a problem, and it is expected to apply the mass correction to the data assimilation step to improve the mass divergence calculation, therefore obtaining more accurate energy transport data. On the other hand, with the rapid development of the model simulation and data assimilation technique, as well as the modification of model formulations, the atmospheric mass and energy transport datasets are expected to be more accurate than existing ones in the next generation of atmospheric reanalysis. As discussed above, extensive comparisons and verifications using DEEPC data have been conducted over oceans. However, there is still little verification over land regions. The future work will be focused on solving the existing problems discussed in Section 4 and making more verifications over land regions in order to provide accurate, useful datasets for the research community.
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Figure 1. Flowchart of data retrieval. 
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Figure 2. Anomaly time series of the monthly global mean net TOA radiation fluxes (NET) in Wm−2. The reference period for anomaly calculation is 2001–2005. All lines are three-month running means. The WFOV data are 72 day means, and their anomalies are calculated with the reference period of 1985–1999. The WFOV line is shifted 0.23 Wm−2 downward for clarity. Gray shading denotes the ±one standard deviation from ten AMIP6 simulations. 
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Figure 3. Schematic diagram showing the energy flow in the climate system. The land surface flux is constrained by new observations, the atmospheric divergences over land and ocean are adjusted to respond to this constraint, and the surface energy fluxes can be estimated using the residual method. Red arrows indicate the adjustment sequence after the land surface flux is constrained. 
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Figure 4. Northward meridional ocean heat transports at 26° N in the Atlantic. The DEEPC net surface fluxes are in black and RAPID observations are in brown. 
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Figure 5. (a) Scatter plot between the net surface energy flux Fs and surface temperature change ΔT at a land location for each month (1–12 means JAN-DEC). (b) Scatter plot between Fs − Fsnow and surface temperature change ΔT. Fs (W/m−2) Fs − Fsnow (W/m−2) ΔT (°C). 
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Table 1. Data sets and brief descriptions.
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Data Set

	
Period

(in This Study)

	
Horizontal

Resolution

	
References






	
DEEPC v5.0

	
1985–2017

	
0.7° × 0.7°

	
Liu et al. (2020) [7]




	
WFOV v3.0

	
1985–1999

	
10° × 10°

	
Wong et al. (2006) [3]




	
CERES Ed4.1

	
2001–2019

	
1.0° × 1.0°

	
Loeb et al. (2018) [24]




	
RAPID

	
2004–2017

	

	
Smeed et al. (2017) [17]




	
ERA5

	
1985–2018

	
0.25° × 0.25°

	
Hersbach et al. 2020 [6]




	
ORAS5

	
1993–2016

	
1.0° × 1.0°

	
Zuo et al. (2019) [18]




	
AMIP6 simulations:

	

	

	




	
BCC-CSM2-MR

	
1985–2014

	
1.125° × 1.125°

	
Wu et al. (2021) [25]




	
CESM2

	
0.94° × 1.25°

	
Danabasoglu et al. (2020) [26]




	
CNRM-CM6-1

	
1.40° × 1.40°

	
Eyring et al. (2016) [27]




	
EC-Earth3-Veg

	
0.70° × 0.70°

	
Davini et al. (2017) [28]




	
FGOALS-f3-L

	
1.0° × 1.25°

	
He et al. (2020) [29]




	
HadGEM3-GC31-LL

	
1.25° × 1.875°

	
Williams et al. (2015) [30]




	
IPSL-CM6A-LR

	
1.25° × 1.25°

	
Boucher et al. (2019) [31]




	
MIROC6

	
1.43° × 1.43°

	
Tatebe et al. (2019) [32]




	
MRI-ESM2-0

	
1.125° × 1.125°

	
Yukimoto et al. (2019) [33]




	
SAM0-UNICON

	
0.94° × 1.25°

	
Park et al. (2019) [34]
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