Spectrally Resolved Longwave Surface Emissivity Reduces
Atmospheric Heating Biases

Lili Manzo!, Charles Sutton Zender!, Juan P Tolento!, and Chloe A. Whicker?

University of California, Irvine
2University of Michigan

December 27, 2023

Abstract

Many Earth system models (ESMs) approximate surface emissivity as a constant. This broadband approximation reduces
computational burden, yet biases longwave (LW) atmospheric fluxes and heating by neglecting the spectral structure of surface
emissivity and atmospheric absorption. These biases are largest over surfaces with strongly varying emissivity and minimal
atmospheric opacity (e.g., due to water vapor and clouds). Our study focuses on liquid water, ice, and snow surfaces. We use
LW spectral emissivity €(\) calculated via the Fresnel equations and validated against a dataset of spectral surface emissivity.
We flux-weight and bin €()\) into 16 spectral bands accepted by an offline single-column atmospheric radiative transfer model
(RRTMG_LW) commonly used in ESMs (including E3SM and CESM). We quantify flux and heating biases introduced by
broadband emissivity assumptions in comparison with the 16-band spectrally resolved case for three different surface types,
three standard atmospheric profiles, and for the key drivers surface temperature, cloud water path, and atmospheric water
vapor. In addition, we devise and test novel greybody and semi-spectral methods of representing e(A) with the goal of reducing
biases while preserving computational efficiency. We find that typical broadband assumptions artificially cool Earth’s surface,
thereby stabilizing the lower troposphere. LW upwelling flux is overestimated by 4.5 W/m? (71.4%) at the bottom of a mid-
latitude winter atmosphere over an ice surface, and by 3.3 W/m? (71.4%) at the top of atmosphere. Lastly, we find that a

semi-spectral approach (five bands instead of 16) reduces biases by up to 99% relative to the broadband approximation.
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Spectrally Resolved Longwave Surface Emissivity
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Key Points:

» Broadband surface emissivity assumptions combined with atmospheric conditions
bias upwelling flux and heating rates in Earth system models.

e These assumptions tend to artificially cool Earth’s surface and stabilize the lower
troposphere.

+ Longwave flux bias can be reduced by over 70% by updating broadband values,
and by over 99.9% by a semi-spectral emissivity representation.
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Abstract

Many Earth system models (ESMs) approximate surface emissivity as a constant. This
broadband approximation reduces computational burden, yet biases longwave (LW) at-
mospheric fluxes and heating by neglecting the spectral structure of surface emissivity
and atmospheric absorption. These biases are largest over surfaces with strongly vary-
ing emissivity and minimal atmospheric opacity (e.g., due to water vapor and clouds).
Our study focuses on liquid water, ice, and snow surfaces. We use LW spectral emissiv-
ity €(\) calculated via the Fresnel equations and validated against a dataset of spectral
surface emissivity. We flux-weight and bin () into 16 spectral bands accepted by an
offline single-column atmospheric radiative transfer model (RRTMG_LW) commonly used
in ESMs (including E3SM and CESM). We quantify flux and heating biases introduced
by broadband emissivity assumptions in comparison with the 16-band spectrally resolved
case for three different surface types, three standard atmospheric profiles, and for the
key drivers surface temperature, cloud water path, and atmospheric water vapor. In ad-
dition, we devise and test novel greybody and semi-spectral methods of representing e(\)
with the goal of reducing biases while preserving computational efficiency. We find that
typical broadband assumptions artificially cool Earth’s surface, thereby stabilizing the
lower troposphere. LW upwelling flux is overestimated by 4.5 W/m? (~1.4%) at the bot-
tom of a mid-latitude winter atmosphere over an ice surface, and by 3.3 W/m? (~1.4%)
at the top of atmosphere. Lastly, we find that a semi-spectral approach (five bands in-
stead of 16) reduces biases by up to 99% relative to the broadband approximation.

Plain Language Summary

Earth’s energy budget is controlled by the amount of incoming and outgoing ra-
diation. Outgoing radiation has either been reflected or absorbed and emitted. The en-
ergy emitted by Earth is in part controlled by the emissivity €(\) of the surface. Emis-
sivity depends on a variety of factors, notably wavelength and surface composition. At-
mospheric energy absorption is also strongly wavelength dependent. However, many Earth
system models (ESMs) currently employ a broadband assumption for surface emissiv-
ity, approximating €(\) as a constant. The broadband assumption introduces error, or
bias, in the models’ representation of outgoing radiation. This study quantifies the bias
introduced by the broadband assumption by expanding the resolution of emissivity from
one spectral bin to 16. We also devise and investigate novel methods of representing spec-
tral emissivity that reduce bias and optimize computational resources. We find that eight
or fewer bands are necessary to effectively eliminate LW flux and heating biases. Out
of the cases we test, we find that the blackbody approximation can overestimate upwelling

flux by up to 4.5 W/m? (~1.4%) at the bottom of atmosphere, and up to 3.3 W/m? (~1.4%)

at the top of atmosphere.

1 Introduction

To predict the consequences of anthropogenic climate forcing, we must accurately
depict Earth’s energy budget. Earth cools via longwave (LW) energy emission. The sur-
face emissivity modulates the amount of upwelling LW radiation that Earth emits. Emis-
sivity (e(\)) is defined as the ratio between actual emitted energy and idealized black-
body emission. It depends on a variety of factors including surface composition, tem-
perature, and wavelength. The emissivity of a pure water surface, for example, varies
by about 20% in the longwave regime. Feldman et al. (2014) show that variations in emis-
sivity as small as 5% can impact outgoing radiation up to 2 W/m?. However, Earth sys-
tem models (ESMs) such as the Community Earth System Model (CESM) and Energy
Exascale Earth System Model (E3SM) continue to approximate surface emissivity as con-
stant blackbody (¢ = 1) or greybody (¢ < 1) over all wavelengths. This assumption
helps to optimize model efficiency, since it reduces the amount of information passed be-
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tween the surface components and the atmosphere. The broadband assumption also cre-
ates model biases, especially over water, ice, and snow surfaces, whose emissivities vary
strongly with wavelength, and cover over 80% of Earth’s surface. Atmospheric energy
absorption also depends strongly on wavelength, from ~7% near the atmospheric win-
dow up to 100% in the COs absorption bands. Thus, the black- or greybody approxi-
mations decorrelate surface emission features from atmospheric absorption bands and

fail to produce the true spectral and spatial patterns of surface cooling and atmospheric
heating. The full effects of these approximations on climate prediction is unknown, though
hinted at in previous studies.

Huang et al. (2016) implemented one month of global observations of surface emis-
sivity and atmospheric conditions in an offline radiative transfer model. They found that
top-of-atmosphere outgoing LW radiation decreases globally by up to 1.5 W/m? for a
clear sky, and 0.9 W/m? for all-sky, in both January and July when comparing the spec-
trally resolved measured surface emissivity to the broadband assumption. A later study
incorporated spectral surface emissivity in the atmospheric component of CESM with-
out modifying surface components (Huang et al., 2018). Huang et al. (2018) found a global
mean bias in upwelling LW flux over a 30-year time period of 1.00 4 0.16 W/m? from
a fully coupled run. They also found global mean surface temperature differences of 0.54
K from the coupled run as a result of their modifications when compared to the stan-
dard CESM that employs the broadband assumption, with some larger regional differ-
ences. Decreases in upwelling LW flux FT are typically balanced by increases in upwelling
latent heat, which increases global precipitation. The largest reduction in LW flux bias
appears over polar and desert regions, where water vapor concentrations are low. Huang
et al. (2018) also uncovered a feedback loop between sea ice cover and surface emissiv-
ity which is similar to, but much weaker than, the well-known sea-ice albedo feedback.
While previous work has quantified the impacts of spectrally resolved longwave emis-
sivity in both offline and coupled atmosphere models, they have not coupled self-consistent
spectral bands between the surface and atmosphere components.

This study uses first-principle methods to calculate emissivity over water, ice, and
snow surfaces across the LW spectrum encompassed by the atmospheric radiative trans-
fer model RRTMGP (10-3250 cm !, or 3.08-1000 pm), which is utilized by CESM and
E3SM (Clough et al., 2004). We validate our calculations against the emissivity dataset
developed by Huang et al. (2016) and implement spectrally resolved emissivity over wa-
ter, ice, and snow surfaces in an offline atmospheric radiative transfer model. Other sur-
face types such as desert and vegetation are omitted because their emissivities vary dra-
matically with season and location and are better represented empirically. We also in-
vestigate novel greybody and semi-spectral approximations with the goal of reducing bi-
ases while retaining computational efficiency if incorporated in a fully coupled ESM. We
quantify the resulting changes in atmospheric radiative fluxes and warming rates for broad-
band versus spectrally-resolved surface emissivity over water, ice, and snow surfaces, three
standard atmospheric profiles, and for varying surface temperature, cloud water path,
and atmospheric water vapor. This work assesses the impacts of broadband surface emis-
sivity assumptions and provides options for how to treat surface emissivity in fully cou-
pled ESMs.

In Section 2, we describe the offline model, our methods for calculating e(\), and
our various approaches to representing emissivity in the offline model. We present the
results from the sensitivity tests of the broadband and semi-spectral approaches under
different atmospheric conditions in Section 3. Finally, in Section 4 we discuss the impli-
cations of these results for future modifications to fully coupled ESMs.
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2 Methods
2.1 Radiative transfer modelling

The RRTMGP radiative transfer model (Clough et al., 2004) is used by CESM and
E3SM to calculate two-stream (upwelling and downwelling) radiation. RRTMG_LW is
an offline single-column version of RRTMGP which provides instantaneous LW atmo-
spheric fluxes and warming rates. RRTMGP_LW divides flux and emissivity into 16 spec-
tral bands, ranging from 10-3250 cm~*. RRTMG_LW has been validated against the Line
By Line Radiative Transfer Model (LBLRTM), whose accuracy has been established by
extensive comparison with atmospheric radiance measurements (Turner et al., 2004). Rel-
ative to LBLRTM, clear-sky flux and heating rate from RRTMG_LW are accurate within
1.5 W/m? and 0.4 K/d respectively at all atmospheric levels (Iacono et al., 2008).

The broadband surface emissivity varies between different models and even between
different versions of the same ESM. For example, the sea-ice model in E3SM version 1
(Golaz et al., 2019) uses € = 0.95 (Hunke & Lipscomb, 2010), while version 2 (v2) (Golaz
et al., 2022) uses € = 1.0 (E. Hunke, personal communication, 2023). In this study, we
use the broadband values currently employed in E3SM v2: € = 1 over the ocean, and
0.97 over land ice and snow (Oleson et al., 2013). CESM treats snow and ice surfaces
in the same way (van Kampenhout et al., 2020). Because the v2 ocean is depicted as a
blackbody, we use a calculated value of € = 0.94 (described below) to explore greybody
representations of emissivity over a water surface.

2.2 Calculating spectral emissivity

We use a dataset of refractive indices (Hale & Querry, 1973) to calculate the spec-
trally varying emissivity of pure water. We test four different methods over a water sur-
face, shown in Figure 1. The calculation for ocean water is simplified by assuming a pure
water surface. Liu et al. (1987) found that emissivity varies between fresh and sea wa-
ter, as well as with varying concentrations of organic and inorganic sediment. However,
the difference in emissivity between pure freshwater (0.978) and pure seawater (0.975)
is negligible over the longwave spectrum examined in the study (8-14 pm). We apply
the same methods to ice refractive indices from Warren and Brandt (2008) to calculate
the spectral emissivity of an ice surface.

A surface emits energy at all angles, from zenith angle § = 0° (perpendicular from
surface) to § = £90° (parallel to surface). Emissivity that has been integrated and flux-
weighed over all angles is diffuse emissivity, while emissivity at a single angle 8 = 6y
is direct. According to the diffusivity approximation constructed by Elsasser (1942), di-
rect emissivity at 6y = 53° is close to the diffuse emissivity. This estimate is commonly
employed for ease of computation and measurement (see Huang et al. (2016); Cheng et
al. (2016)). We calculate diffuse emissivity following the method established by Briegleb
and Light (2007), integrating over a resolution of 2000 angular grid points. Addition-
ally, we calculate direct emissivity at 8 = 53° following two different methods (Orfanidis,
2016; Liou, 2002) which both use Fresnel theory but differ slightly in their treatment of
absorption. We also calculate hemispherically averaged emissivity as the multiplicative
factor between blackbody and greybody upwelling flux (C. Zender, personal communi-
cation, 2023).

We validate the four different spectral emissivity calculations against the surface
spectral emissivity dataset developed by Huang et al. (2016). Huang et al. (2016) de-
veloped the surface spectral emissivity dataset by modeling the direct surface emissiv-
ity of 11 surface types from 10-2000 cm ™! using the diffusivity approximation. These
calculations are compared against satellite retrievals and in-situ measurements in the mid-
infrared region (~700-2700 cm~!) to substantiate the model in the far-infrared (~10-
700 cm~!) (Huang et al., 2016). We find that the method developed by Orfanidis (2016)
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Figure 1. Spectral emissivity of a liquid water surface in the longwave regime calculated via
four different methods: direct (yellow and red), diffuse (green), and hemispheric averaging (blue).
We compare this to the emissivity of water obtained from the global dataset of spectral emissiv-
ity (black).

Table 1. Upwelling flux FJ from the surface model at temperature Ty and temperature Ty
calculated and used by the atmospheric radiative transfer model RRTMG_LW for four methods

of representing surface emissivity. We test n = 2,4,5,8, and 16 spectral bins.

Method F! T,
Blackbody oTd (F1 /o) =T,
Effective greybody eoTd + (1 - e F} (FI/o)'/*
Full greybody foTt+ (1 - &) FY {W] v
Spectral (n-band) 7331, € [n,, Bo(To)dv + 370 (1 - ) F} T

best agrees with the surface spectral emissivity dataset (Figure 1), and therefore we em-
ploy the Orfanidis (2016) method when calculating spectral emissivity for water and ice
surfaces.

We follow the methods of Chen et al. (2014) and Huang et al. (2016) to model the
emissivity of snow. These methods involve utilizing Mie theory to obtain the optical prop-
erties of snow. Due to snow’s granular nature, the calculation of optical properties through
Mie theory must be corrected via the static structure factor correction method (Mishchenko,

1994; Mishchenko & Macke, 1997; Wald, 1994). This accounts for changes in single-scattering

properties among densely packed particles. Then, the Hapke emissivity model is applied
to the scaled optical properties to calculate emissivity based on effective grain size. We
use medium-grained snow, as it represents snow surfaces to an extent satisfactory to this
study. Data provided by Feldman et al. (2014) extends from 10-3000 cm™~!; therefore,
we extrapolate the final 250 cm~! with a two-term exponential function f(v) = —8.39x
10~ 70-00361v | o=1.42x107" fitted from wavenumber v = 2400-2980 cm™ !, which has

an R-squared value of 0.99999 (black dotted line, Figure 2).
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Figure 2. Spectral emissivity of water, ice, and snow surfaces in the longwave regime cal-
culated via Fresnel theory (black). Emissivity is Planck-weighted by upwelling energy from a
surface at temperature T = 273 K and partitioned in the 16 bins used by RRTMGP, shown in
red. Current E3SM broadband assumptions are shown in dashed gray, and calculated (actual)

broadband values are solid gray.
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Figure 3. Fraction of longwave energy absorbed in the atmospheric column by the five
strongest gaseous absorbers: methane (red), carbon dioxide (orange), water (light blue), nitrous
oxide (dark blue), and ozone (magenta) (Zender, 1999), with blackbody emission Fjl, from a
surface at 273 K normalized and underlaid in black. Absorption fraction is binned and averaged
over RRTMGP’s 16 spectral bands. The gray shaded regions represent the sum of each gas’s

contribution to absorption, or total energy absorption fraction per band.

2.3 Implementing spectral and greybody emissivity in RRTMG_LW
2.3.1 Spectral emissivity

We use the Fresnel method of calculating emissivity over each band, as discussed
in Section 2.2, to determine hyperspectral e()\) interpolated over a 1 cm~! grid. We then
bin ¢(\) by averaging and weighting the spectral emissivity by the flux upwelled by a black-
body at T' = 273 K in each of RRTMGP’s 16 bands. We replace the broadband con-
stant € with this 16-band spectral emissivity in RRTMGP. The atmospheric fluxes ob-
tained from this experiment are treated as the “true” or most accurate results to com-
pare against all other methods. We quantify bias by normalizing the difference in flux
per wavenumber from the broadband approximation (Fgrb) and the spectral case (FSTPC),

then multiplying by Fgrb to weigh by the amount of flux per band:

Fl, - Fl
AFT = Fl,, x 22, (1)

spc

2.3.2 Semi-spectral emissivity

To completely eliminate the flux and heating biases, F.l must be spectrally resolved
across RRTMGP’s 16 bands. These 16 fluxes must then pass through the coupler to the
atmosphere component, thereby increasing the required memory usage, bandwidth, and
computational burden. Therefore, we additionally investigate bias from a variable n amount
of bins which may efficiently eliminate bias. Efficiency can often be further improved when
n evenly divides the number of CPU cores; therefore, we target cases n = 2, 4, and 8.

We also include the five-band case as it exists near the juncture where flux bias approaches
zero with increasing n. Starting with the 16-band case, we reduce n to 8 by combining

the lower two (10-500 cm~!) and upper eight (1180-3250 cm~!) bands while preserv-

ing the middle six bands. The bin boundaries used in each method can be found in Ta-
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ble 2. We combine the bins in this way based on the spectral distribution of upwelling
flux as described by the Planck function. When Ty = 273 K, emitted flux peaks near
1000 cm~!. Although there are significant absorption bands from HyO, COg, and N,O
within the upper eight bands, they encompass only ~5% of total upwelled flux, so bias

is minimal in that region (see Figure 3). Though a larger fraction of LW flux is parti-
tioned within the lower bands, flux found from the broadband approximation is very close
to spectral and bias again is very low (about 6% of the total). We further reduce spec-
tral resolution by expanding the ranges of the outer bands inwards towards 1000 cm~!.
We test this semi-spectral method over water, ice, and snow surfaces under a typical mid-
latitude winter atmospheric profile, with surface temperature at 273 K where water can
exist in both solid and liquid states.

2.3.3 Broadband emissivity

We test three different broadband approximations with €, along with the spectral
representation that discretizes €(\) into multiple bands, all summarized in Table 1. The
first approximation assumes blackbody (BB) emission from the surface model, and black-
body emission at the same temperature in the atmosphere, with upwelling flux described
by the Stefan-Boltzmann law FT = o7} where o is the Stefan-Boltzmann constant and
Ty is surface temperature. This approximation replicates the method used over E3SM’s
ocean and sea-ice models (MPAS-O and MPAS-SI, respectively), where € = 1. The next
approximation assumes greybody emission in the surface model and blackbody emission
at the effective temperature of the total upwelling surface flux in the atmosphere. We
call this the Effective Greybody (EG) approximation, which is used over the land model
of E3SM (ELM) where € < 1. Finally, we developed a third approximation which as-
sumes greybody emission in the surface model and greybody emission at the same tem-
perature in the atmosphere. We call this the Full Greybody (FG) approximation. The
FG method is not currently implemented in ESMs. However, it may be more accurate
than the BB or EG methods because it resolves the mismatch between T, and Ts.

Currently in E3SM, the surface component passes one scalar broadband value for
upwelling LW flux through the coupler to the atmosphere component. This flux F is
the sum of surface emission and reflection: F = éoT+(1—€)F}, where F} is down-
welling LW flux at the surface and € is broadband emissivity. When the atmosphere model
(EAM) receives FJ, it assumes a blackbody surface (€ = 1) to calculate an effective sur-
face temperature:

Tog = (F /o). (2)

EAM then uses T in RRTMGP to calculate atmospheric spectral fluxes in 16 spec-
tral bands via the Planck function: F] = %8, [, B, Te)dv = oTk. Tt is dur-
ing these steps that bias is introduced. Effective temperature is always lower than ac-
tual temperature, which leads to incorrect energy distribution by redshifting the Planck
function per Wien’s displacement law. The blackbody approximation avoids this discrep-
ancy, and ensures that Ty = T, at the expense of a less accurate €, and the neglect of
any associated reflected flux. To quantify this bias in the offline model via the EG ap-
proximation, we run RRTMG_LW twice: once with a greybody surface at T =Ty, € =
€0, and then with a blackbody surface at T' = Teg. The first run represents the calcu-
lation performed by the surface model, with the actual surface temperature and grey-
body emissivity. The second run then utilizes F.| to calculate T,g assuming € = 1, us-
ing the effective surface temperature and blackbody emissivity to output fluxes equiv-
alent to those partitioned by the atmosphere component.

The FG method simulates the effects of greybody emissivity in an ESM if the cou-
pler were altered to pass an additional scalar for broadband greybody emissivity to the
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atmosphere. This method also requires the atmosphere model to store downwelling flux
F} for one additional timestep. This alters Equation 2 in the following way:

_ 1/4

Teff:Ts:|: -

€0

FG ensures that atmospheric upwelling flux is computed at the exact temperature
and emissivity as the surface model, rather than assuming a blackbody surface and ef-
fective temperature as in EG. We expect this method to reduce bias in upwelling flux
with a minimal increase in computational expense, as it only requires one more scalar
passed through the coupler and stored in memory.

2.4 Atmospheric profiles

We use atmospheric profiles from the InterComparison of Radiation Codes in Cli-
mate Models project (ICRCCM) (Ellingson & Fouquart, 1991; Ellingson et al., 1991) to
demonstrate flux bias across three standard atmospheric states: tropical (TROP), mid-
latitude winter (MLW), and sub-Arctic winter (SAW). These profiles are representative
of typical conditions at their specified regions and seasons, allowing for a range of col-
umn water vapor paths (WVP) and surface temperatures (SAW: 257 K, 0.10 kg/m?; MLW:
272 K, 8.4 kg/m?; TROP: 300 K, 47.8 kg/m?) which strongly impact LW radiation. We
restrict surface types to the profiles where they are physically allowed: water when T, >
273.16 K (TROP), ice and snow when T, < 273.16 K (MLW and SAW).

2.5 Single-parameter tests

We test the impacts that single parameters have on LW flux bias, varying surface
temperature, column water vapor, cloud particle effective radius (res), and cloud wa-
ter path (CWP). We vary the temperature of an ice surface under sub-Arctic winter con-
ditions from 190-270 K, from the coldest recorded SAW temperatures to near the melt-
ing point. Within a single layer of cloud in the troposphere (728 mb), we vary CWP from
0-100 g/m? and reg from 3-60 pum. To test the sensitivity to column water vapor, we
simultaneously vary relative humidity from 0-100% of the maximum in every level, based
on the local temperature and pressure. We utilize the tropical atmosphere profile where
maximum WVP is 81.6 kg/m?.

3 Results
3.1 Semi-spectral tests

We investigate a semi-spectral approach that combines bands which encompass the
largest and smallest wavenumbers (Table 2), where we found the lowest levels of resolv-
able bias. With this approach, we test the bias remediated by two, four, five, and eight
bands to assess the minimum number of bands needed to effectively eliminate flux bias.
Bias (Equation 1) can be depicted in different ways. One way is to find the total bias
by summing bias within each band (Figure 4 a, b, ¢), which can either be positive (flux
is overestimated by the test case) or negative (flux is underestimated by the test case):
AFJOt = Zgl AFJ. In this case, positive and negative spectral biases may cancel each
other out, reducing total broadband bias. An alternative way is to treat the spectral bi-
ases as positive-definite, resulting in an absolute broadband bias: Angs = Egl |AF]]
(Figure 4 ¢, d, e). This bias is either equal to or greater than the total bias.

For a MLW liquid water surface (Figure 4 a, d), the magnitude of AFJOt is simi-
lar to that of AF, Jbs, meaning that bias has the same sign in most spectral bands (in this

case, mostly negative) and there is little cancellation. This means that reducing the amount
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Figure 4. Total (top row) and absolute (bottom row) broadband bias of upwelling flux
through the bottom- and top-of-atmosphere (green and blue respectively) as the number of
spectral bins n increases. The atmospheric conditions are a typical mid-latitude winter over wa-
ter (a, d), ice (b, e), and snow (c, f). Dashed lines illustrate the bias produced by the FG method

utilizing current broadband assumptions employed in E3SM.

of spectral bins tends to increasingly underrepresent upwelling flux. However, for ice and
snow (Figure 4 b, c, e, f), there is more variation in the flux bias sign. For example, it
appears that using one, two, or four spectral bins over a snow surface produces smaller
broadband bias than the five-band case when looking at the total bias. Yet AFJbS for
the five-band case is significantly smaller than that of the lower band cases. One, two,
and four spectral bands over a snow surface produce the same amount of bias because
of the spectral shape of €s,w(A). The spectral emissivity of snow is flatter than that of
water and ice, particularly in the middle bands (see Figure 2); greybody is reached at
four bands, meaning further reduction of spectral resolution has no effect. Based on these
results, it is clear that fewer than sixteen spectral bands suffice to nearly eliminate the
flux and heating biases.

Furthermore, the biases produced by the current broadband approximations can
be significantly reduced simply by improving the greybody (n = 1) value. Calculations
of greybody emissivity via the Fresnel method used in this study find greybody values
of 0.98 for snow, and 0.94 for ice and water (Figure 2). By changing the broadband emis-
sivity to these calculated values, we can reduce AFaTbS by 14.7% for water, 47.3% for ice,
and 70.6% for snow at the bottom of a mid-latitude winter atmosphere.

3.2 Method intercomparison

We find that blackbody emissivity consistently overestimates upwelling flux over
all tested surface types, because €(\) < 1 for water, ice, and snow over the entire LW
regime. The greybody assumption can bias FT either positively or negatively depend-
ing on the spectral bin, which reduces FtTot. In the case of a typical clear-sky mid-latitude
winter atmosphere over an ice surface, for example, the blackbody assumption produces
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Table 3. Total and absolute broadband bias in upwelling flux from the blackbody and grey-
body assumptions over an ocean surface through the top and bottom of atmosphere of a clear-sky
tropical atmosphere. Percent of total upwelling flux is in parentheses. The smallest biases pro-

duced by a broadband approximation are bolded, and the method currently used in E3SM is

italicized.
AFT (W/m?) Blackbody Effective greybody  Full greybody Spectral 5
Total TOA 0.591 (0.20%)  0.11 (0.04%)  -0.766 (-0.27%)  0.011 (0.004%)

Total BOA 1.69 (0.59%) -1.96 (0.43%) -1.96 (-0.43%) 0.021 (-0.005%)
Absolute TOA  0.591 (-0.20%)  0.131 (-0.05%)  0.766 (-0.27%)  0.011 (-0.004%)
Absolute BOA  1.69 (-0.59%) 2.20 (-0.48%) 1.99 (-0.44%)  0.022 (-0.005%)

the largest bias by both total and absolute broadband metrics (Table 4). A five-band
semi-spectral representation of surface emissivity is closest to the spectrally resolved case
by over an order of magnitude (~0.10 W/m?). The total and absolute broadband biases
for the four different emissivity approximations over a water surface under a tropical at-
mosphere, an ice surface under a mid-latitude winter atmosphere, and a snow surface
under a sub-Arctic winter atmosphere, are summarized in Tables 3, 4, and 5, respectively.

While the semi-spectral method consistently produces the smallest bias in upwelling
flux out of the four compared methods, the fidelity of the broadband approximations varies
by surface type and atmospheric profile. For instance, for a sub-Arctic winter snow sur-
face (Table 5), EG better represents F'T at TOA, while FG is better at BOA. To further
complicate matters, there is not always agreement between bias in irradiance versus per-
cent of FT. For example, both total and absolute BOA bias in W/m? over a tropical wa-
ter surface are lowest via BB. However, in terms of upwelling flux fraction, EG and FG
are tied. Interestingly, this shows that the blackbody approximation can be more accu-
rate than either greybody method according to certain metrics in specific environmen-
tal conditions (Table 3). This is essentially happenstance, and in general the more phys-
ically based EG and FG broadband methods outperform BB.

A more detailed comparison of bias between the four methods is shown in Figure
5, weighted by bin size, with the same conditions as in Table 4. Spectrally, the largest
biases are found near 1000 cm~! (panel a, b), where FT is largest and €()\) deviates strongly
from €. Differences between BOA and TOA are caused by atmospheric absorption (Fig-
ure 3). Changes in surface emissivity negligibly alter downwelling flux F*+ (not shown).
Absolute warming rate, FT, F**, and F™* for the same conditions as Figure 5 through-
out the lower troposphere are provided in the supplementary material (Section 5, Fig-
ure 8). Overall, the broadband assumptions tend to overrepresent upwelling and net flux,
artificially cooling most of the lower troposphere.

The mismatch between Tog and Ty in the EG method (cf. Section 2.3.3) causes no-
table deviations in warming rate and LW fluxes in the lowest 100 mb of the atmosphere
(panels ¢, d, e). Because Teg is always less than Ty, the EG method artificially redshifts
the peak energy emission (by 8.1 cm™! in 5) per Wien’s displacement law. This shifts
more energy toward the strong COy and HyO absorption bands redward of 700 cm ™1,
and causes the positively biased warming rate. This bias is strongest at the bottom of
the atmosphere, where F"P and CO5 and water vapor concentrations are all maximal.

3.3 Single-parameter sensitivity tests

The spatially limited nature of a single-column model prevents us from present-
ing a global view of flux biases incurred by LW broadband assumptions in ESM surface
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Table 4. As in Table 3, for an ice surface and a mid-latitude winter atmosphere.

AFT (W/m?) Blackbody  Effective greybody  Full greybody Spectral 5

Total TOA 3.31 (1.4%) 2.39 (1.0%) 1.28 (0.56%) -0.101 (-0.044%)
Total BOA 4.49 (1.4%)  1.69 (0.55%) 1.76 (0.57%)  -0.139 (-0.045%)
Absolute TOA  3.31 (1.4%) 2.40 (1.0%) 1.43(0.63%)  0.106 (0.046%)
Absolute BOA  4.49 (1.4%) 3.64 (1.2%) 2.03 (0.66%)  0.134 (0.044%)

Table 5. As in Table 3, for a snow surface and a sub-Arctic winter atmosphere.

AFT (W/m?) Blackbody  Effective greybody Full greybody Spectral 5

Total TOA 1.29 (0.65%)  0.436 (0.22%)  -0.500 (-0.25%)  -0.078 (-0.039%)
Total BOA 1.61 (0.81%)  -0.703 (0.20%)  -0.673 (-0.27%) -0.103 (-0.046%)
Absolute TOA  1.29 (0.65%) 0.621 (0.31%) 0.731 (0.37%) 0.092 (0.046%)
Absolute BOA  1.61 (0.81%)  1.67 (0.68%) 0.958 (0.39%)  0.122 (0.050%)

%1073 Flux bias (W/ m? / Cm_l) S0 VVarming ggte and LW ﬂuxesr 65'/0 bias)
T T u T T bl O 0!
g (a) | — Blackbody 1 (c) (@)
g 6" '] —— Effective greybody | |
wal L olgreybody 600 1600} - 600
9! pectra |
OEEEE;EEEQ%EEEEEEEEEEEEEEE /,.G\
- = ; - - ’ g 700 < 700+ 4 700
500 1000 1500 2000 2500 3000 *:
2
X107 ; 800 800 800
— < ] ' 1
10 {b) || &
P M
<—O 5
& 0T — 1 900 - 900 - 900
< L B O
oezzpBHd=fmpzsasazaazooec
- - - - ’ 1000 1000 J 1000
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Figure 5. a) Distribution of top of atmosphere (TOA) upwelling spectral flux bias for black-
body emissivity (black), two greybody methods (red and blue), and the five-band semi-spectral
method (green) of representing emissivity in relation to the spectral case through a clear-sky
mid-latitude winter atmospheric profile over an ice surface. F]gB has been normalized to FSTpC and
weighed by band width. Dashed lines represent total broadband flux bias for each method. b) as
in A, for bottom of atmosphere. ¢) Percent change in broadband warming rate throughout lower
troposphere in relation to the spectrally resolved case. d) As in C, for upwelling LW flux. e) As
in C, for net LW flux.
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models. The cases we present above, with varying surface types and atmospheric pro-

files, demonstrate a diverse yet limited view of the ways in which the broadband surface
emissivity assumption introduces bias to LW flux. Temperature, pressure, and atmospheric
gas concentrations all vary simultaneously among the profiles. To provide a more con-
tinuous view of how these changing variables affect our results, here we investigate the
magnitude of flux bias introduced by four fields with potentially the greatest effects on

LW flux: surface temperature Ty, column vapor path (CVP), cloud water path (CWP),

and cloud particle effective radius (Figure 6). Additionally, we examine bias sensitivity

to the three surfaces types explored in this study (Figure 7). We use E3SM’s current broad-
band values of € = 1 over a water surface and € = 0.97 over ice.

The upwelling LW broadband flux above a greybody surface is

Fly =eoT!+(1-eF} (4)

where the first term is surface emission and the second term is reflected downwelling
flux. The bias incurred by employing the blackbody approximation to a perfect grey-
body surface is the difference between upwelling blackbody flux (ng = oT2) and grey-
body flux (Equation 4), or

AFl, =0T} — [eoT! + (1 — ) F}] = (1 - €)(o T — FY). (5)

To quantify the bias of a broadband approximation relative to a fully spectral (16-

band) representation, we must employ the discretized forms of F;b and spectral flux FSTPC'

gb_eﬂ'z Ts)dv + ( 1—62 (6)

AVL

and

bpc—ﬁZez/ dy+z 1—¢) Fi (7)

i—1 Av;

where F, Tp is 16-band upwelling spectral flux, B, (T) is the Planck function, Fl
and ¢; are the downwelling BOA flux and emissivity of band i respectively, and Av i is
the range of wavenumbers spanned by the band (Huang et al., 2018). The bias AFT from
applying greybody approximation to a surface with spectrally varying emissivity is Fyp,—
Fype, or

16 16
AFT—<e7rZ dI/—ﬂ'Ze,/ >+<€2Fii—ZeiFj’i>. (8)
i=1 i=1

For ice and water surfaces, the broadband emissivities € employed in this study are
greater than or equal to €; in every band besides €7 of ice (see Figure 2). Therefore, the
error in the approximated emission, which is the difference between the first two terms
on the right hand side, is positive definite. The error in approximated reflectance, the
difference between the third and fourth terms, is also positive definite. The signs of the
terms show that AFT is positively correlated with surface temperature and negatively
correlated with downwelling LW flux. This is demonstrated in Figure 6, which shows an
increase in bias as T rises, and a reduction in bias as Ff increases with CWP and CVP.
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Figure 6. Single-parameter sensitivity tests over varying surface temperature Ts, cloud water
path (CWP), and column vapor path (CVP). Total broadband bias in upwelling flux through the

bottom of atmosphere (blue) and top of atmosphere (green) is shown.
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Figure 7. Spectral upwelling LW flux bias at the bottom of atmosphere over ice and snow

surfaces compared to water under a mid-latitude winter profile at Ty = 273 K.

Bias follows an exponential decrease as CWP and CVP increase, in accordance with the
Bouguer-Lambert law I = Ipe™#? where p is optical density and d is path length. The
sharp rise in bias below ~3 kg/m? CVP demonstrates how quickly the major water va-
por absorbance bands saturate. We find that cloud particle effective radius has no no-
table effect on flux bias for opaque clouds. The largest instantaneous radiative biases from
current broadband approximations are therefore over regions with low moisture and cloud
cover, in agreement with results from Huang et al. (2016, 2018).

Surface type itself also has an impact on forcing. Figure 7 compares forcing between
water, ice, and snow surfaces by subtracting the spectral flux of a water surface under
a MLW atmosphere at T; = 273 K (the triple point of water) from the three surface
types in identical atmospheric conditions. As such, the total broadband forcing from ice
and snow at BOA are -1.25 and 1.15 W/m? with respect to a water surface. These in-
stantaneous BOA forcings are expected to occur due to ice or snow melt. Fusion of lig-
uid is expected to heat the resulting ice surface by +1.25 W/m?2.

4 Discussion and conclusions

We implemented spectrally resolved surface emissivity into a single-column offline
radiative transfer model to quantify the biases introduced in ESMs such as E3SM via
broadband assumptions. We also devised and implemented a novel method of represent-
ing greybody emissivity (“FG”) and found that it reduces biases in certain conditions.
Optimal broadband method depends on surface type, atmospheric state, and metric of
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comparison. Over a tropical ocean surface, EG is the best method to represent AF%O Al
BB is best at AF%OA in Watts per square meter; and FG is best at AF%OA in flux frac-
tion (Table 3). Interestingly, column bias in warming rate produced by the EG method
is partially compensated by heightened absorption as a result of redshifted energy emis-
sion.

We examined three homogeneous surface types (water, ice, and snow) whose spec-
tral emissivities can be accurately simulated from first principles, and whose current rep-
resentation produces tractable biases and cover more than 80% of Earth’s surface. Flux
biases at the tops and bottoms of standard tropical, sub-Arctic winter, and mid-latitude
winter atmospheric profiles due to broadband and semi-spectral assumptions were eval-
uated. We also quantified the extent to which surface temperature, cloud water path,
column water vapor, and surface type impact upwelling LW flux bias. Variations in sur-
face temperature from 195-270 K introduce biases in the broadband assumption from
-1.7-2.8 W/m? at BOA. Cloud water path reduces bias by about 1.3 W/m? at TOA as
it reaches saturation, while water vapor content impacts bias by up to 17.3 W/m? at TOA.

While full spectral emissivity (16-bands for RRTMGP) is ideal, we also investigated
bias reduction with two, four, five, and eight bands. We found that a single change in
the greybody value reduces current biases in E3SM by over 70%, and a five-band approx-
imation of spectral emissivity reduces biases by over 99.9%. This method effectively elim-
inates biases while significantly reducing the computational burden of a full 16-band emis-
sivity.

The blackbody approximation consistently over-represents emitted energy, or over-
cools Earth’s surface, while greybody emissivity can over- or under-represent cooling de-
pending on greybody value and method. Artificial cooling of the atmosphere due to Tiog <
T, impacts global circulation and unrealistically reduces atmospheric warming rates, thereby
stabilizing the lower troposphere. Related work which quantifies bias in shortwave (SW)
atmospheric fluxes has found that the current ESM (e.g., E3SM and CESM) two-band
representations of SW surface albedo a(\) tend to overestimate surface and atmospheric
heating, and artificially destabilize the lower troposphere (Tolento et al., accepted, 2023).
However, this does not negate the biases introduced by the broadband emissivity assump-
tion shown in this study because the SW and LW radiative processes that heat and cool
Earth’s atmosphere operate with distinct spatio-temporal characteristics. For example,
Tolento et al. (accepted, 2023) find smaller SW biases over water surfaces compared to
ice and snow, opposite to LW biases studied here. The spectral albedo of water has far
less variance compared to spectral emissivity, making the two-band albedo approxima-
tion more precise. As a result, the cooling effects demonstrated in this study outweigh
the heating effects of two-band albedo over water surfaces. Furthermore, emissivity-induced
biases operate continually, whereas albedo-induced biases occur only during daylit hours.

Spectrally resolving €(\) or () alone may not improve climate simulations. Im-
proved spectral representations of both surface emissivity and albedo should be imple-
mented to avoid introducing new compensating biases. Work is currently underway to
implement and assess the impacts of spectral emissivity and albedo in E3SM. While these
changes necessitate increased computational burden and coupler bandwidth, in return
they will improve surface and lower tropospheric heating, with effects that will propa-
gate throughout the climate system.

5 Supplementary material

Warming rates and longwave fluxes in absolute values (K/day and W/m?) from
the Blackbody, Effective Greybody, Full Greybody, and Spectral 5 methods over an ice
surface through a mid-latitude winter can be found in Figure 8.
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Figure 8. Absolute warming rate and longwave fluxes from four methods of representing

emissivity of an ice surface through a MLW atmosphere.

6 Open research

The global database of surface spectral emissivity developed by Huang et al. (2016)
can be found at https://huang.engin.umich.edu/182-2/. The offline radiative trans-
fer model RRTMG_LW and the atmospheric profiles used in this study are available for
download at https://github.com/AER-RC/RRTMG_LW. The MATLAB toolbox with the
fresnel function used to calculate spectral LW emissivity can be accessed at http://
ecewebl.rutgers.edu/~orfanidi/ewa/.
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