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Radiative kernel is a widely adopted method for diagnosing radiation variability and climate feedback.
However, most of the existing radiative kernels are broadband flux kernels and lack the spectral

. information. Motivated by the growing interest in the spectral changes of the Earth radiation budget,

. we generate a new set of band-by-band radiative kernels based on the fifth generation European Center

. for Medium-Range Weather Forecasts (ERA5) reanalysis, which can be used for analyzing the spectrally
decomposed changes in the top of atmosphere, surface and atmospheric radiation. The radiative

. sensitivity quantified by the ERA5 band-by-band kernel is compared to another spectral kernel and

. validated in a spectral radiation closure test. The use and benefits of the new ERA5 kernels are then
demonstrated in an analysis of spectral feedbacks of an ensemble of global climate models (GCMs).

Background & Summary

Radiative kernels have become an essential tool for diagnosing the Earth’s radiation budget. Given its efficiency
. in quantifying radiative feedbacks, multiple sets of radiative kernels based on different atmospheric datasets
. have been developed and widely used for diagnosing the climate feedbacks in global climate models (GCM:s)
 and observations! 2. However, most of these kernels only measure the sensitivity of broadband fluxes, except for

several developments®'*!* that made use of longwave spectral kernels.

On the other hand, the benefits of spectral kernels are obvious. A number of studies have demonstrated how
© climate changes can be better detected by radiation spectral changes'®~2? and can be attributed based on the dis-
- tinctive spectral signatures of radiative forcing and feedback!®?**. A growing interest especially worth noting
: is that in the far-infrared (FIR) spectrum, which is crucial for the Earth energy budget**-* and has motivated

ongoing development of several satellites®®-%. Spectrally decomposed kernels would facilitate the dissection of
Earth radiation budget, including that in the FIR, and help identify the major geophysical variables accounting
for the radiation variability.

In this paper, building on the recent development of a set of broadband kernels'?, we generate a new set of
spectrally decomposed radiative kernels for the top of atmosphere (TOA), surface and atmospheric radiation,
respectively. We validate the use of them in explaining simulated spectral radiation changes and then demon-
strate their use in diagnosing the radiative feedbacks in an ensemble of GCMs in comparison with another

. spectral kernel dataset. As the new kernels generated here measure radiative sensitivities in individual spectral
: bands (spectral intervals in the order of 100 cm™!), we refer to them as “spectral” kernels for simplicity. Note,
. however, their resolution should be distinguished from the spectral kernels at 10 cm ! or finer resolutions, which
. have been developed elsewhere®'*,

. Methods

. The spectral kernels developed here are based on the same perturbation experiments used by Huang and Huang'?
. to produce the broadband flux kernels based on the fifth generation European Center for Medium-Range
° Weather Forecasts (ERA5) reanalysis’!. The instantaneous profiles of surface and air temperature, atmospheric
. water vapor, cloud cover and cloud water path are from the ERA5 reanalysis. The cloud effective radii are from
. the 3-hourly synoptic TOA and surface fluxes and cloud product of the Clouds and Earth’s Radiant Energy
. System (CERES)*. Five more layers of the U.S. standard profile are patched above 1hPa for LW calculation, to
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LW band | Wavenumber (cm~!) | SWband | Wavenumber (cm—!)
1 10-350 1 820-2600

2 350-500 2 2600-3250

3 500-630 3 3250-4000

4 630-700 4 4000-4650

5 700-820 5 4650-5150

6 820-980 6 5150-6150

7 980-1080 7 6150-7700

8 1080-1180 8 7700-8050

9 1180-1390 9 8050-12850
10 1390-1480 10 12850-16000
11 1480-1800 11 16000-22650
12 1800-2080 12 22650-29000
13 2080-2250 13 29000-38000
14 2250-2380 14 38000-50000
15 2380-2600

16 2600-3250

Table 1. LW and SW bands in spectral kernels.

ensure the accuracy of radiative kernels in the upper atmosphere!’. Random cloud overlapping scheme is used
for all-sky calculation as different cloud overlapping schemes show similar simulation results. Effective surface
emissivity inferred from the ERA5 broadband surface radiative fluxes is used in the calculation. More details
can be found in Huang and Huang'?. The kernels measure the radiative sensitivity to surface temperature (T}),
air temperature (T,), and water vapor (WV LW) in longwave radiation and to surface albedo (ALB) and water
vapor (WV SW) in shortwave. They are generated using the Rapid Radiative Transfer Model (RRTMG)** and
instantaneous ERAS5 profiles with a horizontal resolution of 2.5 degree x 2.5 degree and a vertical resolution
of 37 pressure levels from 1000hPa to 1hPa. A five-year (2011-2015) simulation is conducted to generate the
multi-year monthly mean ERAS5 spectral kernels.

Different from the broadband kernels, the spectral kernels decompose the radiative sensitivity to 16
LW spectral bands and 14 SW spectral bands, taking advantage of the band configuration of the RRTMG
(see Table 1). For example, the produced air temperature spectral kernel is a 5-dimentional (5-D) array of
month|12 x level|37 x latitude|73 x longitude|144 x LW_band|16 and the surface albedo spectral kernel is a
4-D array of month|12 x latitude|73 x longitude|144 x SW_band|14. For a more detailed documentation of the
kernel computation procedure, we refer interested readers to Huang and Huang'?. Note that all radiative fluxes
and kernel values are defined downward positive. For example, a positive LW kernel value means less outgoing
longwave radiation (OLR) at the TOA, more downwelling radiative flux at the surface, or more radiative flux
convergence in the atmosphere.

Data Records

To not repeat the thorough documentation of the ERA5 kernels in Huang and Huang'?, we exemplify the spec-
tral kernels by showing their global mean values in the following. In a summary NetCDF data file stored in
Mendeley repository**, we record the global mean values, as well as other summaries of the kernels including the
zonal mean values and vertically integrated values, for interested reader to have an overview of them. The ERA5
spectral kernels contain the surface temperature (T), air temperature (T,), water vapor LW (WV LW), surface
albedo (ALB) and water vapor SW (WV SW) kernels, with the resolutions described in Methods part. For the
air temperature and water vapor kernels (WV LW and WV SW), two versions of these kernels are provided, with
one normalized by layer thickness and another representing the specific layer.

Another spectral kernel generated by Huang et al.® (referred to as H14 kernel hereafter), which is interpo-
lated to the same resolution of ERA5 kernel for comparison is also provided in the repository. The feedback
results as illustrated in Figs. 4, 5 are also included.

Note that all kernels shown here are normalized with band width if not otherwise mentioned and represent
radiative sensitivity in unit wavenumber interval. For example, the spectral surface temperature kernel is in units
of W(m?>Kem™1)~L

We first present the spectral distribution of radiative sensitivities. Figure 1 shows the global mean ERA5
spectral kernels of single-level variables, i.e., surface temperature and surface albedo. For the TOA flux kernel of
surface temperature (Fig. 1a), the main contributions are from the window region (820-1080cm ™) due to the
weak atmospheric absorption and higher transmittance in this spectral band. The sensitivity in all-sky is weaker
than that in clear-sky due to the masking effect of cloud. For the surface flux kernel of surface temperature
(Fig. 1b), as its change is mainly affected by the upward emission from the surface, the spectral distributions in
clear-sky and all-sky are almost identical, both of which primarily follow the Planck function. For the kernel of
atmospheric radiation defined by differencing TOA and surface radiation flux (Fig. 1c), the difference between
the all-sky and clear-sky kernels again exists in the window region, as the strong absorption in other bands
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Fig. 1 Surface temperature spectral kernels for (a) TOA, (b) surface and (c) atmosphere radiative fluxes, units:
W (m?K cm™!)~L (d,e,f) Similar to (a,b,c), but for surface albedo kernels, units: W (m? 1% cm~!)~!. Black solid
lines are results in all-sky and red dashed lines are results in clear-sky. The numbers on the right corner are the
spectrally integrated (i.e., broadband) global mean sensitivity values in all-sky.

makes the absorption of surface emission by the atmosphere insensitive to cloud; the higher value in all-sky is
because clouds enhance the absorption of surface emission.

For the surface albedo kernels, the major contributions are from 7700 cm™! to 22650 cm™! (from 440 nm to
1300 nm) which mainly lie in the visible and near-infrared bands. The sensitivities of both TOA (Fig. 1d) and
surface (Fig. 1e) fluxes in all-sky are weaker than those in clear-sky as the SW reflection by clouds reduces the
radiative flux reaching the surface and thus the sensitivity to surface albedo. The atmospheric radiation sensi-
tivity to surface albedo is positive (Fig. 1f) as the increase in surface albedo enhances the SW reflection between
the atmosphere and surface and meanwhile the SW absorption in the atmosphere.

Figure 2 shows the global mean spectral kernels of air temperature, water vapor LW and water vapor SW in
all-sky. Clear-sky kernels have similar patterns and are shown in the Supplementary Figure S1.

For the air temperature kernels of the TOA flux (Fig. 2a), the radiative fluxes in far-infrared bands (10-630cm™)
are mostly sensitive to the perturbation in the mid-to-high troposphere due to strong absorption of water vapor
in this spectral region. In CO, absorption bands (700-820 cm ™), the signal is only visible in the stratosphere
as the strong masking effect of CO, absorption in this band. In the window region (820-1080cm™'), due to
relatively higher transmittance in the atmosphere, the radiative sensitivity maximizes in the lower troposphere.
In the ozone absorption band (1080-1180 cm™!), similar to CO, absorption band, the OLR change is mostly
sensitive to the air temperature change in the stratosphere. In the 1390-3250 cm ™! region, the sensitivity is weak
due to the relatively lower energy of Planck function at Earth’s emitting temperature in this band. Unlike the
TOA kernels, the air temperature kernel of the surface flux (Fig. 2b) is concentrated in the lower atmosphere,
with stronger contributions from water vapor and CO, absorption bands (e.g., 10-630cm ™" and 630-800cm ™)
than the window region. For the kernels of atmospheric radiation (Fig. 2c), it is dominated by emitters near its
boundaries, including the water vapor and CO, molecules in the lower troposphere (near the lower boundary)
and the CO, and O; in stratosphere (near the top boundary).

For the water vapor LW kernels, the TOA kernels (Fig. 2d) show strong sensitivity in the upper troposphere
in water vapor absorption bands, especially its rotational band in the FIR (10-630 cm™'), and the sensitivity in
the window region is mainly to the mid-to-low troposphere. For water vapor LW kernels of surface flux (Fig. 2e),
the downwelling radiative flux at the surface is almost only sensitive to the water vapor perturbations in the
window regions. This is because the absorption in water vapor absorbing bands is largely saturated in the lowest
layers, which renders little radiative sensitivity to water vapor perturbations. For the kernels of atmospheric radi-
ation (Fig. 2e), the sign varies with spectral bands. In water vapor absorption bands, the increase of water vapor
leads to more energy being trapped in the atmosphere and warms the atmosphere, while in the window region
more water vapor results in more emission from the atmosphere and thus an energy loss in the atmosphere.
From the vertically integrated results (bar plot in Fig. 2f), this cooling effect in the window region dominates the
warming effect in the water vapor absorption bands.

From the water vapor SW kernels, the increase in water vapor concentration reduces the reflected SW at the
TOA and the SW reaching the surface and enhances the absorption of SW in the atmosphere. Hence, the TOA
(Fig. 2g) and atmospheric kernels (Fig. 2i) are positive and the surface kernel (Fig. 2h) is negative. There are
three most sensitive spectral regions (4000-4650 cm~), 6150-7700cm ™! and 8050-12850cm™!), mainly in the
infrared region. The TOA kernels peak at the lower troposphere (around 900hPa) while surface and atmosphere
kernels peak at the bottom layer.

The air temperature and water vapor LW kernels, although spectrally decomposed only to 16 bands, resemble
those generated with high spectral resolution models e.g., Huang, et al.*, evidencing that the ERA5 spectral
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Fig. 2 All-sky spectral air temperature kernels of (a) TOA, (b) surface and (c) atmospheric radiative fluxes.
(d,e,f) and (g,h,i) Similar to (a,b,c), but for water vapor LW kernel and water vapor SW kernel, respectively.
Contour plots are vertically decomposed spectral kernels, units: W (m? K cm~! 100hPa) . Bar plots are
vertically integrated spectral kernels, units: W (m* Kecm™')~".

kernels generated here capture the major spectral features of the radiative sensitivity. Moreover, the TOA kernels
resemble the vertically decomposed atmospheric contribution to OLR as shown in Huang and Huang®, corrob-
orating the fact that the OLR in different bands mostly originates from different vertical layers.

Technical Validation
Several validation tests have been conducted for this new kernel dataset, including a linearity additivity test, in
which the vertical sum of radiative kernels is shown to reproduce the radiative flux change caused by a vertically
uniform perturbation, consistent with what was reported by Huang and Huang'~

To further validate the ERA5 spectral kernels, we compare them with those generated by Huang, et al.® (H14
kernel), which are based on the atmosphere of a GCM of the Geophysical Fluid Dynamics Laboratory (GFDL).
The comparison is limited to TOA LW kernels as the H14 spectral kernels are only available for TOA LW. The
H14 kernels are generated in high spectral resolution but integrated to match the 16 bands in LW and 14 bands
in SW, as in the ERAS5 spectral kernels.

Panels a-c of Fig. 3 show the zonal mean band-by-band ERAS5 spectral kernels (units: W m~2 K1), which
show spectral sensitivities across different latitudes. Some features shown by the global mean kernels in Figs. 1, 2
are found to be persistent at all latitudes. However, there are also latitudinal differences.
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Fig.3 A comparison of ERA5 and H14 all-sky LW spectral kernels. In color-contours are the zonal mean band-
by-band values of ERA5 kernels of (a) surface temperature and vertically integrated kernel values of (b) air
temperature and (c) water vapor, units: W m~2 K. Line plots in panels (a-c) are the broadband zonal mean
kernel values of the ERA5 (black) and H14 (red) kernels. Panels (d—f) similar to panels (a—c), but the difference

between ERA5 and H14 kernels (ERA5 minus H14).

Panels d-f of Fig. 3 show the differences between ERA5 and H14 kernels. In general, the two datasets show
good agreements, evidenced by the generally much smaller discrepancies compared to the kernel values in
terms of their magnitudes. Some relatively larger discrepancies are noticed, such as the surface temperature
kernel in the high latitude of Northern Hemisphere (Fig. 3d), which is mainly from the window region. For air
temperature and water vapor LW kernels, the differences are from both water vapor absorption bands and win-
dow region (Fig. 3e,f). Nevertheless, these quantitative differences lead to little discrepancies in the global mean
feedback values quantified from the two sets of kernels (see Fig. 5).

Usage Notes

To demonstrate the use of the spectral kernels, we apply them in two climate change problems. First, we con-
duct a radiation closure test by applying the ERA5 spectral kernels to diagnosing the feedback in El Nifio and
Southern Oscillation (ENSO) and compare the kernel-diagnosed results to RRTMG-computed (truth) spectrally
decomposed radiation changes. Then, we apply the ERAS5 spectral kernels to quantify the spectrally decomposed
radiative feedbacks in an ensemble of GCMs in a quadrupling CO, experiment, in comparison with the long-
wave spectral kernels of Huang et al.’.

ENSO. To acquire a reference (truth) of radiation changes for validating the kernel diagnosis, we simulate the
TOA radiation changes between 2015 (a strong El Nifio year) and 2011 (a strong La Nina year) using the RRTMG
and 4-times daily instantaneous ERA5 profiles. We then compare the spectrally decomposed annual mean TOA
radiation changes in the 30 bands (see Table 1) simulated from RRTMG with those diagnosed from the ERA5
spectral radiative kernels.

As the kernels in question here are the kernels of non-cloud variables, we focus on the clear-sky radiation
change for validating the radiation closure, although the cloud feedback can be obtained by using the adjusted
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Fig. 4 Clear-sky (a,b) broadband radiation change simulated by RRTMG for LW and SW, (¢,d) residual terms
quantified by ERA5 spectral kernels for LW and SW, (e,f) regional mean (as marked by the green rectangle)
spectral radiation change in each band diagnosed by ERAS spectral radiative kernels during ENSO. The
numbers on the right corner in (e,f) are the regional mean residual terms.

cloud radiative effect method (Shell, et al.?). In the clear-sky, each non-cloud spectral radiative feedback AR X
is calculated as:

AR/y = K[y - AX (1)
which is in the units of W m~2 Here, the superscript o indicates results in clear-sky and the subscript i denotes
the i-th spectral band (among 16 LW bands and 14 SW bands as listed in Table 1). Ky is the clear sky spectral
kernel of variable X in the i-th spectral band. AX is the anomaly of variable X (surface temperature, air temper-
ature, water vapor or surface albedo) measured by the difference between the two years (2015 minus 2011).
Note for the water vapor feedback, a logarithmic scaling is used following most feedback analyses. As explained
by Huang and Huang'?, we use the vertical layer-specified kernels rather than layer thickness-normalized ker-
nels in computing the air temperature and water vapor feedbacks. Note that here we report the band integrated
spectral feedbacks (in the units of W m ™2, as opposed to W m~2 (cm™!)~!). Hence the corresponding broadband
radiation changes can be calculated as the sum of changes in each individual band.
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Fig. 5 Global mean all-sky TOA spectral feedback parameters (units: W m~2 K™!) of (a) the total non-cloud

LW feedback, and the feedbacks of (b) surface temperature, (c) air temperature, (d) water vapor LW, (e) sum of
air temperature and water vapor LW feedbacks, (f) total non-cloud SW feedback, and the feedback of (g) surface

albedo and (h) water vapor SW. Red bars represent multi-model mean diagnosed by the ERA5 kernel and blue
bars that diagnosed by the H14 kernel. Grey bars represent the standard deviation of 12 models diagnosed by
the ERA5 kernel.

The residual term in each band AR?

i,res

AR?

ires

is calculated as:

= AR — > ARy
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Models Horizontal resolution (lat*lon) | Vertical levels Reference
ACCESS-ESM1-5 1.25%1.875 38 levels to 40 km Ziehn, et al.
CanESM5 2.8%2.8 49 levels to 1hPa Swart, et al.*!
CESM2 0.9%1.25 32levels to 2.26hPa | Danabasoglu, et al.**
CNRM-CM6-1 1.4%1.4 91 levels to 0.01hPa | Voldoire, et al.*®
EC-Earth3 0.7#0.7 91 levels to 90 km Déscher, et al.*
GISS-E2-1-G 2%2.5 40 levels to 0.1hPa Kelley, et al.*®
HadGEM3-GC31-LL | 1.25%1.875 85 levels to 85km Williams, et al.*
IPSL-CM6A-LR 1.3%2.5 79 levels to 80 km Boucher, et al.¥”
MIROC6 1.4%1.4 81 levels to 0.004hPa | Tatebe, et al.*®
MPI-ESM1-2-LR 1.875%1.875 47 levels to 0.01hPa | Mauritsen, et al.*’
MRI-ESM2-0 1.125%1.125 80 levels to 0.01hPa | Yukimoto, et al.*®
UKESM1-0-LL 1.25%1.875 85 levels to 85km Sellar, et al.!

Table 2. CMIP6 models used in this study.

where AR is the spectrally decomposed radiation change in the i-th spectral band simulated by RRTMG,
> AR/, is the sum of all non-cloud feedbacks diagnosed by the spectral kernels. The broadband residual AR
can be obtained by summing all the band residuals.

ENSO is characterized by a movement of convective systems from the Warm Pool region to the Central
Pacific region. As shown by Fig. 4a,b, there is positive LW anomalies in the Central Pacific and negative anoma-
lies in the Warm Pool region in the El Nino year (2015) compared to the La Nina year (2011). Figure 4c,d show
the broadband residual terms in LW and SW quantified by the multi-year mean ERA5 spectral kernels; similar
results using H14 spectral kernels and ERA5 results for the surface are shown in Supplementary Figures S2, S3,
respectively, which demonstrate similar, good performance of the kernel method.

In the region of the most prominent local feedback (longitudes 160E-190E, latitudes 1N-4S, as marked by
the green rectangle on Fig. 4a), we take a close examination of the spectral feedbacks in Fig. 4¢,d. In this region,
due to local surface warming (a maximum temperature anomaly of 2.5K and an annual mean anomaly of 1.8 K
between 2015 and 2011), a total radiation change (AR°) of 10.82 W m~2 and 0.36 W m~2 is measured in long-
wave and shortwave, respectively, exhibiting a super-greenhouse behavior!®. The multi-year mean ERA5 spectral
kernels, can well reproduce the total radiation changes simulated by RRTMG in both longwave and shortwave.

In the shortwave, kernel results also generally well reproduce the RRTMG-simulated total radiation changes
(Fig. 4f). An interesting, relatively larger bias there is in the band of 16000-38000 cm ™. This is due to the radi-
ative effect of ozone. When simulating the radiation changes between the two years (2015 and 2011), different
ozone concentrations appropriate to each year (as given by the ERA5 dataset) are used in the RRTMG simu-
lation. This suggests a full closure of the radiation budget may be better achieved with ozone kernels, which
warrants future development.

In summary, by validating the kernel-diagnosed spectral radiation flux changes against RRTMG simulations,
our results demonstrate that the ERA5 spectral kernels well capture the major spectral features of longwave and
shortwave radiation changes, which evidences the validity of the spectral kernels.

Quadrupling CO,. In this part, we use the abrupt4xCO,*® and piClim-4xCO, simulations from 12 CMIP6
models (see Table 2) to demonstrate the application of ERA5 spectral kernels to analyzing the climate feedbacks
in GCMs. The abrupt4xCO, experiment is simulated with an instantaneous quadrupling of CO, concentration of
year 1850 and the piClim-4xCO, simulation is modeled with SST and sea ice concentrations fixed at the climatol-
ogy of pre-industrial control experiment and CO, concentration quadrupled. To quantify the radiative feedbacks,
the last 20-year data in each experiment is used and interpolated to the same horizontal and vertical grids of the
spectral kernels.

Following Eq. (1) and normalizing the spectral radiative feedback ARy with the global mean surface temper-
ature change AT; in each model, the spectral feedback parameter )y is obtained as:

AR,

Aoy = %
' AT, 3)
in units of W m~2 K. For longwave feedbacks, ), y has 16 spectral bands and for shortwave feedbacks, 14
spectral bands. For readers who are interested in the spectral feedback intensity parameter in units of W (m? K
cm™!)7!, results are shown in Supplementary Figure S4.

As the spectrally decomposed total radiation changes are not available from the GCM simulations, we focus
on the all-sky non-cloud feedbacks in the following. The non-closure residuals in the total radiation changes in
clear sky (unexplained by the kernel method) are 0.06 Wm~2 K™ in the longwave (ERAS5 and H14 kernels yield
the same results), and 0.07 W m~2 K~ ! in the shortwave (only available from ERA5 kernels). The magnitudes of
these residuals are comparable to those reported in previous studies, e.g., Huang and Huang'? and evidence the
validity of the spectral kernel-quantified feedbacks.
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Figure 5 shows the all-sky global mean spectral radiative feedbacks. In the longwave, the total non-cloud feed-
back (Fig. 5a) is mostly contributed by three spectral regions: the FIR water vapor absorption band (10-630 cm™?),
the wings of the CO, band (700-820 cm™') and the mid-infrared window (820-1080 cm™"), with the
band-integrated contributions of —0.43Wm—2 K1, —0.34Wm 2K ! and —0.76 Wm~2 K™, respectively,
amounting to about 72% of the total non-cloud feedback. The results based on the two different kernels (EAR5
and H14) are in good agreement. As noted in previous studies (e.g., Huang, et al.ls, Jeevanjee, et al.®), there are
strong compensations between air temperature and water vapor longwave feedbacks (Fig. 5¢,d), which, as dis-
closed by the spectral kernel analysis here, is mainly in the water vapor rotational band in the FIR. However, the
compensation is not exact, clearly deviating from the Simpson hypothesis***?, which proposed that the effective
emission of the Earth from the optically thick atmosphere tended to be fixed at a certain value with surface tem-
perature warming, i.e., no OLR change.

In the respective air temperature and water vapor LW feedbacks (Fig. 5¢,d), noticeable inter-GCM discrep-
ancies are observed, especially in the FIR, which highlights the importance of acquiring observations in this
spectral region for validating the GCMs. Figure S5 further shows the band-integrated LW feedbacks in H,0O
absorption band (10-630cm™!, 1180-1800 cm™'), CO, band (500-820 cm™"), window region (820-1080cm™")
and Oj; absorption band (1080-1180 cm ™), disclosing the model spread in these different spectral regions.

In the shortwave, both surface albedo and water vapor feedbacks are primarily contributed from the
near-infrared and visible bands (Fig. 5g,h), with stronger contributions from the water vapor feedback in the
near-infrared and almost equal contributions from the surface albedo and water vapor feedback in the visible
band. The inter-GCM discrepancies in total non-cloud shortwave feedback (Fig. 5f) are dominated by the uncer-
tainty in surface albedo feedback in visible bands.

Code availability

The ERA5 datasets can be accessed through the ECMWF website https://cds.climate.copernicus.eu/cdsapp#!/
search?type=dataset. The RRTMG code can be downloaded at http://rtweb.aer.com/rrtm_frame.html. The
datasets contain the multi-year averaged monthly mean spectral kernel of TOA, surface and atmosphere for
surface temperature, air temperature, surface albedo and water vapor (LW and SW), as well as program scripts
exemplifying their use, are available at Huang and Huang**.

Received: 23 August 2023; Accepted: 16 February 2024;
Published online: 24 February 2024

References

1. Soden, B.]. et al. Quantifying climate feedbacks using radiative kernels. Journal of Climate 21, 3504-3520 (2008).

2. Shell, K. M., Kiehl, J. T. & Shields, C. A. Using the radiative kernel technique to calculate climate feedbacks in NCAR's Community
Atmospheric Model. Journal of Climate 21, 2269-2282 (2008).

3. Previdi, M. Radiative feedbacks on global precipitation. Environmental Research Letters 5, 025211 (2010).

4. Block, K. & Mauritsen, T. Forcing and feedback in the MPI-ESM-LR coupled model under abruptly quadrupled CO2. Journal of
Advances in Modeling Earth Systems 5, 676-691 (2013).

5. Huang, Y., Xia, Y. & Tan, X. On the pattern of CO2 radiative forcing and poleward energy transport. Journal of Geophysical Research:
Atmospheres 122, 10,578-510,593 (2017).

6. Huang, X., Chen, X., Soden, B. J. & Liu, X. The spectral dimension of longwave feedback in the CMIP3 and CMIP5 experiments.
Geophysical Research Letters 41, 7830-7837 (2014).

7. Yue, Q. et al. Observation-based longwave cloud radiative kernels derived from the A-Train. Journal of Climate 29, 2023-2040
(2016).

8. Pendergrass, A. G., Conley, A. & Vitt, . M. Surface and top-of-atmosphere radiative feedback kernels for CESM-CAMS5. Earth
System Science Data 10, 317-324 (2018).

9. Thorsen, T. J., Kato, S., Loeb, N. G. & Rose, F. G. Observation-based decomposition of radiative perturbations and radiative kernels.
Journal of climate 31, 10039-10058 (2018).

10. Kramer, R. J., Matus, A. V., Soden, B. J. & CEcuyer, T. S. Observation-based radiative kernels from CloudSat/CALIPSO. Journal of
Geophysical Research: Atmospheres 124, 5431-5444 (2019).

11. Smith, C.J., Kramer, R. J. & Sima, A. The HadGEM3-GA?7. 1 radiative kernel: the importance of a well-resolved stratosphere. Earth
System Science Data 12, 2157-2168 (2020).

12. Huang, H. & Huang, Y. Radiative sensitivity quantified by a new set of radiation flux kernels based on the ERA5 reanalysis. Earth
System Science Data Discussions 2023, 1-36 (2023).

13. Bani Shahabadi, M., Huang, Y., Garand, L., Heilliette, S. & Yang, P. Validation of a weather forecast model at radiance level against
satellite observations allowing quantification of temperature, humidity, and cloud-related biases. Journal of Advances in Modeling
Earth Systems 8, 14531467 (2016).

14. Huang, X,, Chen, X. & Yue, Q. Band-by-band contributions to the longwave cloud radiative feedbacks. Geophysical Research Letters
46, 6998-7006 (2019).

15. Huang, Y., Ramaswamy, V., Huang, X, Fu, Q. & Bardeen, C. A strict test in climate modeling with spectrally resolved radiances:
GCM simulation versus AIRS observations. Geophysical Research Letters 34 (2007).

16. Huang, Y. & Ramaswamy, V. Observed and simulated seasonal co-variations of outgoing longwave radiation spectrum and surface
temperature. Geophysical Research Letters 35 (2008).

17. Huang, Y. A simulated climatology of spectrally decomposed atmospheric infrared radiation. Journal of climate 26, 1702-1715
(2013).

18. Whitburn, S. et al. Trends in spectrally resolved outgoing longwave radiation from 10 years of satellite measurements. npj climate
and atmospheric science 4, 48 (2021).

19. Roemer, E. E., Buehler, S. A., Brath, M., Kluft, L. & John, V. O. Direct observation of Earth’s spectral long-wave feedback parameter.
Nature Geoscience, 1-6 (2023).

20. Charlock, T. P. Wavenumber dependent investigation of the terrestrial infrared radiation budget with two versions of the
LOWTRANS5 Band Model. Journal of Applied Meteorology and Climatology 23, 25-33 (1984).

21. Huang, Y. & Ramaswamy, V. Evolution and trend of the outgoing longwave radiation spectrum. Journal of climate 22, 4637-4651
(2009).

SCIENTIFIC DATA | (2024) 11:237 | https://doi.org/10.1038/s41597-024-03080-y 9


https://doi.org/10.1038/s41597-024-03080-y
https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset
https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset
http://rtweb.aer.com/rrtm_frame.html

www.nature.com/scientificdata/

22. Harries, J. E., Brindley, H. E., Sagoo, P. ]. & Bantges, R. J. Increases in greenhouse forcing inferred from the outgoing longwave
radiation spectra of the Earth in 1970 and 1997. Nature 410, 355-357 (2001).

23. Huang, Y, Leroy, S., Gero, P. ., Dykema, J. & Anderson, ]. Separation of longwave climate feedbacks from spectral observations.
Journal of Geophysical Research: Atmospheres 115 (2010).

24. Brindley, H. & Bantges, R. The spectral signature of recent climate change. Current Climate Change Reports 2,112-126 (2016).

25. Harries, J. et al. The far-infrared Earth. Reviews of Geophysics 46 (2008).

26. Blanchet, J.-P. et al. in Sensors, Systems, and Next-Generation Satellites XV. 413-423 (SPIE).

27. Palchetti, L. et al. unique far-infrared satellite observations to better understand how Earth radiates energy to space. Bulletin of the
American meteorological society 101, E2030-E2046 (2020).

28. LEcuyer, T. S. et al. The polar radiant energy in the far infrared experiment: A new perspective on polar longwave energy exchanges.
Bulletin of the American meteorological society 102, E1431-E1449 (2021).

29. Huang, H. & Huang, Y. A decomposition of the atmospheric and surface contributions to the outgoing longwave radiation. Journal
of Geophysical Research: Atmospheres 127, €2022]JD036773 (2022).

30. Koll, D. D., Jeevanjee, N. & Lutsko, N. J. An Analytic Model for the Clear-Sky Longwave Feedback. Journal of the Atmospheric
Sciences (2023).

31. Hersbach, H. et al. The ERA5 global reanalysis. Quarterly Journal of the Royal Meteorological Society 146, 1999-2049 (2020).

32. Doelling, D. R. et al. Geostationary enhanced temporal interpolation for CERES flux products. Journal of Atmospheric and Oceanic
Technology 30, 1072-1090 (2013).

33. Mlawer, E. J., Taubman, S. J., Brown, P. D., Iacono, M. J. & Clough, S. A. Radiative transfer for inhomogeneous atmospheres: RRTM,
a validated correlated-k model for the longwave. Journal of Geophysical Research: Atmospheres 102, 16663-16682 (1997).

34. Huang, H. & Huang, Y. Data for “Spectrally decomposed radiative kernels based on the ERA5 reanalysis”. Mendeley. https://doi.
org/10.17632/gpm9rvtnpr (2023).

35. Huang, Y., Ramaswamy, V. & Soden, B. An investigation of the sensitivity of the clear-sky outgoing longwave radiation to
atmospheric temperature and water vapor. Journal of Geophysical Research: Atmospheres 112 (2007).

36. Eyring, V. et al. Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental design and organization.
Geoscientific Model Development 9,1937-1958 (2016).

37. Pincus, R. et al. Benchmark calculations of radiative forcing by greenhouse gases. Journal of Geophysical Research: Atmospheres 125,
€2020JD033483 (2020).

38. Jeevanjee, N., Koll, D. D. & Lutsko, N. “Simpson’s Law” and the Spectral Cancellation of Climate Feedbacks. Geophysical Research
Letters 48, €2021GL093699 (2021).

39. Simpson, S. G. C. Some studies in terrestrial radiation. (Edward Stanford, 1928).

40. Ziehn, T. et al. The Australian earth system model: ACCESS-ESML. 5. Journal of Southern Hemisphere Earth Systems Science 70,
193-214 (2020).

41. Swart, N. C. et al. The Canadian earth system model version 5 (CanESMS5. 0.3). Geoscientific Model Development 12, 4823-4873
(2019).

42. Danabasoglu, G. et al. The community earth system model version 2 (CESM2). Journal of Advances in Modeling Earth Systems 12,
€2019MS001916 (2020).

43. Voldoire, A. et al. Evaluation of CMIP6 deck experiments with CNRM-CM6-1. Journal of Advances in Modeling Earth Systems 11,
2177-2213 (2019).

44. Doscher, R. et al. (2022).

45. Kelley, M. et al. GISS-E2. 1: Configurations and climatology. Journal of Advances in Modeling Earth Systems 12, €2019MS002025
(2020).

46. Williams, K. et al. The Met Office global coupled model 3.0 and 3.1 (GC3. 0 and GC3. 1) configurations. Journal of Advances in
Modeling Earth Systems 10, 357-380 (2018).

47. Boucher, O. et al. Presentation and evaluation of the IPSL-CM6A-LR climate model. Journal of Advances in Modeling Earth Systems
12, €2019MS002010 (2020).

48. Tatebe, H. et al. Description and basic evaluation of simulated mean state, internal variability, and climate sensitivity in MIROCé.
Geoscientific Model Development 12, 2727-2765 (2019).

49. Mauritsen, T. et al. Developments in the MPI-M Earth System Model version 1.2 (MPI-ESML1. 2) and its response to increasing CO2.
Journal of Advances in Modeling Earth Systems 11, 998-1038 (2019).

50. Yukimoto, S. et al. The Meteorological Research Institute Earth System Model version 2.0, MRI-ESM2. 0: Description and basic
evaluation of the physical component. Journal of the Meteorological Society of Japan. Ser. I1 97, 931-965 (2019).

51. Sellar, A. A. et al. UKESM1: Description and evaluation of the UK Earth System Model. Journal of Advances in Modeling Earth
Systems 11, 4513-4558 (2019).

Acknowledgements

We thank the Editor and two anonymous reviewers for their helpful comments. We acknowledge the grants
from the Natural Sciences and Engineering Research Council of Canada (RGPIN-2019-04511) and the Fonds de
Recherché Nature et Technologies of Quebec (2021-PR-283823) that supported this research.

Author contributions

Y. Huang and H.H. led the design of this research and the writing of manuscript. H.H. produced the ERA5
spectral radiative kernels and provided calculations of the kernel comparison and feedback analysis, with the
assistance of Q. W. and Y. Hu.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.org/
10.1038/541597-024-03080-y.

Correspondence and requests for materials should be addressed to H.H. or Y.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC DATA | (2024) 11:237 | https://doi.org/10.1038/s41597-024-03080-y 10


https://doi.org/10.1038/s41597-024-03080-y
https://doi.org/10.17632/gpm9rvtnpr
https://doi.org/10.17632/gpm9rvtnpr
https://doi.org/10.1038/s41597-024-03080-y
https://doi.org/10.1038/s41597-024-03080-y
http://www.nature.com/reprints

www.nature.com/scientificdata/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SCIENTIFIC DATA | (2024) 11:237 | https://doi.org/10.1038/s41597-024-03080-y 11


https://doi.org/10.1038/s41597-024-03080-y
http://creativecommons.org/licenses/by/4.0/

	Band-by-band spectral radiative kernels based on the ERA5 reanalysis

	Background & Summary

	Methods

	Data Records

	Technical Validation

	Usage Notes

	ENSO. 
	Quadrupling CO2. 

	Acknowledgements

	Fig. 1 Surface temperature spectral kernels for (a) TOA, (b) surface and (c) atmosphere radiative fluxes, units: W (m2 K cm−1)−1.
	Fig. 2 All-sky spectral air temperature kernels of (a) TOA, (b) surface and (c) atmospheric radiative fluxes.
	Fig. 3 A comparison of ERA5 and H14 all-sky LW spectral kernels.
	Fig. 4 Clear-sky (a,b) broadband radiation change simulated by RRTMG for LW and SW, (c,d) residual terms quantified by ERA5 spectral kernels for LW and SW, (e,f) regional mean (as marked by the green rectangle) spectral radiation change in each band diagn
	Fig. 5 Global mean all-sky TOA spectral feedback parameters (units: W m−2 K−1) of (a) the total non-cloud LW feedback, and the feedbacks of (b) surface temperature, (c) air temperature, (d) water vapor LW, (e) sum of air temperature and water vapor LW fee
	Table 1 LW and SW bands in spectral kernels.
	Table 2 CMIP6 models used in this study.




