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Desert dust exerts twice the longwave
radiative heating estimated by
climate models
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Although desert dust is the most abundant atmospheric aerosol by mass, its
longwave radiative effects remain unclear, obscuring the impacts of dust on
weather and climate. Here, using a data-driven analytical model constrained by
observations, we show that scattering and absorption of longwave radiation by
dust heats the planet by +0.25 + 0.06 W m~2 (90% confidence). This is nearly
twice the value simulated by current climate models, which omit longwave
scattering and underrepresent super coarse dust (diameter > 10 um). These
omissions bias modeled surface energy fluxes, cloud responses, precipitation,
and atmospheric circulation. At the global scale, the sign and magnitude of
the net dust direct radiative effect remain uncertain, with additional work
needed to constrain shortwave cooling effects. These findings show that
improving the representation of dust interactions with longwave radiation
can improve weather forecasting and is essential to resolve the role of dust
in climate change.

Desert dust is the most abundant aerosol by mass in Earth’s studied’’, its interactions with longwave (LW) radiation remain com-
atmosphere'? and exerts widespread influences on weather and cli- paratively uncertain®'°2, This uncertainty hampers assessments of
mate through its interactions with radiation, atmospheric chemistry, dust’s impact on weather and regional climate®”, and obscures whe-
clouds, precipitation, and atmospheric circulation’®. Although the ther historical increases in dust have acted to amplify or offset
effects of dust on shortwave (SW) radiation have been extensively anthropogenic greenhouse warming*.
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Dust alters LW radiative fluxes by scattering and absorbing ther-
mal radiation emitted by the atmosphere and the surface’”™". Dust
itself normally emits LW radiation to space at a lower brightness
temperature because it is situated higher in the atmosphere, causing
net radiative cooling of the atmosphere and net heating at the surface
and the top-of-atmosphere (TOA)>'°. These effects are most important
for radiation with wavelengths in the “atmospheric window” around 8
- 14 um in which a cloud-free atmosphere is relatively transparent.
Outside of this window, the atmosphere is opaque to radiation due to
absorption by water vapor and other greenhouse gases, such that the
addition of another source of extinction has a negligible effect on the
TOA spectral flux™.

Climate model calculations of the resulting perturbation to Earth’s
global energy balance - the LW direct radiative effect (DRE) - range
between approximately 0.1 to 0.25 Wm?""> (Supplementary Table 1).
This large uncertainty is a consequence of substantial biases and
uncertainties in model simulations, including in the LW optical
properties', altitude™', and size distribution' of dust. For instance,
many models underestimate, or even omit, the contribution of super
coarse dust (with diameter 10 < D < 62.5 pm), which might account for
up to a third of the LW DRE®. In addition, most radiative transfer
schemes used in global climate models do not account for the scat-
tering of LW radiation'®'?, which previous work suggests accounts for
approximately half of the total LW DRE**>?°, It is therefore likely that
climate models underestimate the LW DRE'* ",

Since climate models are thus poorly suited to determine the
heating effect due to dust interactions with LW radiation, here we
quantify the dust LW DRE using a data-driven analytical model. Our
model accounts for LW scattering and integrates observational con-
straints on dust optical properties, abundance (including super coarse
dust), and LW radiative effects. Relative to climate model results, this
observationally constrained analytical approach substantially reduces
uncertainties and biases, yielding a global mean LW DRE at TOA of
0.25 +0.06 W/m? (90% confidence interval), which is approximately
twice the 0.13 (0.09 - 0.23) Wm™ simulated by climate models (Sup-
plementary Table 1). This model underestimation of the LW DRE has
important implications for weather and climate.

Results

Data-driven analytical model of dust longwave direct radiative
effects

In developing an analytical model for the dust LW DRE, we considered
the key factors influencing the TOA LW DRE (see Methods and Sup-
plementary Fig. 1). First, the LW DRE scales approximately linearly with
the atmospheric abundance of dust*’, which is best constrained by
remote sensing data of dust aerosol optical depth (DAOD) in the
shortwave (SW) spectrum?®. Second, the LW DRE depends on the
highly uncertain' optical properties of dust (mass extinction effi-
ciency, single-scattering albedo, and asymmetry parameter) in the LW
spectrum. Third, the dust size distribution is critical, because coarse
dust (2.5 <D <10 pm) and super coarse dust likely contribute over 80%
of the LW DAOD*® (Supplementary Table 2). Fourth, the dust LW DRE
generally increases with dust layer height?*?% elevated dust layers are
generally colder, and thus emit at a lower brightness temperature than
the surface. This reduces outgoing radiation to space, thereby
enhancing the dust LW DRE. Fifth, the dust LW DRE decreases with
greater absorptivity in the atmospheric window between the dust layer
and the surface, as enhanced atmospheric absorption reduces the LW
radiative flux reaching the dust layer. Finally, the dust LW DRE also
decreases with the atmospheric absorptivity above the dust layer
because absorption or downward scattering of upwelling LW radiation
by dust will have no influence on the TOA energy budget if that
upwelling LW radiation would have been absorbed by overlying
greenhouse gases or clouds anyways. Consequently, optically thick
clouds (i.e., with LW optical depth » 1) overlying a dust layer suppress

the dust LW DRE, whereas clouds beneath the dust layer only slightly
reduce the LW DRE'**°,

To capture the combined influence of these factors on the LW
DRE, we use a data-driven analytical model (Supplementary Figs. 1, 2)
that quantifies the effect of dust on the TOA LW radiative flux under
clear -sky conditions. We drive this model with atmospheric and sur-
face properties from reanalysis meteorology”, the dust refractive
index sampled from various observational studies”, and joint
observational-modeling constraints of the size and abundance of dust
with diameters up to 100 pm from the DustCOMM data set'. To
represent uncertainty, we propagate the various experimental,
observational, and modeling uncertainties in these data sets through a
bootstrap procedure, generating 1000 realizations of the LW DRE. We
then apply observational estimates of the top-of-atmosphere LW DRE
per unit of shortwave (-550nm) optical depth in clear-sky
conditions**** - the LW DRE efficiency (DREE) - to discard the subset
(~50%) of bootstrap realizations that are statistically inconsistent with
these observations. The closure we thus achieve between the “bottom-
up” calculation of the LW DRE by the analytical model and the “top-
down” constraints from in situ and satellite data (Supplementary Fig. 3)
provides confidence in our results.

The spatiotemporal pattern of the LW direct radiative effect
efficiency (DREE)
We find that our analytical model can reproduce, within uncertainties,
the spatiotemporal patterns of satellite observations of the LW DREE
(Figs. 1, 2a). Both model and satellite observations indicate that the LW
DREE peaks in summer, when the temperature difference between the
surface and the dust layer is largest (Supplementary Fig. 4), reflecting
both high surface temperatures and stronger convection carrying dust
to higher altitudes (Supplementary Fig. 5). We further find that the LW
DREE is largest near source regions, where the particle size distribution
is coarsest, resulting in greater LW radiative effects per unit SW DAOD
(Supplementary Table 2). This enhancement is particularly pro-
nounced in more isolated source regions such as Australia and East
Asia, where dust is predominantly locally emitted and is thus relatively
coarse. The LW DREE generally decreases away from source regions, as
temperatures over oceans and vegetated regions are lower than over
deserts and as gravitational settling preferentially removes coarse
particles during transport, yielding finer dust’®.

The analytical model shows substantially better agreement with
LW DREE observations than six different global model simulations. It
largely matches the magnitude of the LW DREE observations (bias of
-1.0Wm?), explains slightly less than half of the variance in the
observations (R?>=45%), and is statistically consistent with those
observations (reduced chi square value of x2 =0.59) (Fig. 2a). In con-
trast, global model simulations underestimate the LW DREE by
approximately a factor of 2 and, on average, explain less than a quarter
of the variance in observations (average R* =23%; Fig. 2b and Supple-
mentary Table 3).

Observationally constrained annual global mean LW DRE

We obtained the annual global mean clear-sky LW DRE at TOA by
integrating our results over space and time, obtaining
0.32+0.08 Wm™ (90% CI), which is consistent with recent radiative
transfer modeling results®. Given that the dust SW DAOD is
0.03 + 0.01"%%*%, this result implies a global mean clear-sky LW DREE
of 11+5Wm™tg},.

To estimate the more climatically relevant all-sky LW DRE, we
applied ratios of all-sky to clear-sky LW DRE from an ensemble of
global model simulations” (see “Methods” and Supplementary
Figs. 2, 6). We find that the annual mean all-sky LW DRE (Fig. 3a) is of
the order of several Wm? close to the dust source regions, where LW
DAOD (Fig. 3b) is largest. Because arid source regions have sparse
cloud cover, clouds reduce the TOA LW DRE by only ~10-20% near
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Fig. 1| Spatial and seasonal patterns of the top-of-atmosphere clear-sky long-
wave (LW) direct radiative effect efficiency (DREE). Panels show boreal winter
(DJF; a), spring (MAM; b), summer (JJA; c), and fall (SON; d). Predictions from the
data-driven analytical model reproduce the magnitude and variability of observa-
tional estimates based primarily on in situ measurements (colored circles) and
satellite data (colored squares). Both model and observations indicate a range of
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the clear-sky LW DREE of - 5-20 Wm™rg;},. The LW DREE is largest near dust source
regions (primarily deserts), where the dust size distribution is coarsest, and during
spring (b) and summer (c), when the surface is warmest, and the dust is elevated by
stronger convection®’. All panels represent the diurnally and seasonally averaged
LW DREE (see “Methods”).

most source regions, but by ~40-60% over remote regions such as
oceans, which experience substantially higher cloud cover (Fig. 3c).
This anti-correlation between dust and cloud cover causes cloud-
induced reductions in LW DRE to be much smaller than the factor-of-
two reductions typically seen for the SW radiative effect of other
aerosols®. Overall, accounting for the effects of clouds on the LW
DRE at TOA reduces the global DRE by ~ 20%, yielding an all-sky LW
DRE of 0.25+0.06 Wm™? (median and 90% confidence inter-
val; Fig. 4).

Discussion

Why global models underestimate the LW DRE

A compilation of 24 global model results shows a median all-sky LW
DRE of 0.13 (90% confidence interval: 0.09-0.23) Wm™ (Supplemen-
tary Table 1) - roughly half of our observationally constrained estimate
(Fig. 4). In addition to underestimating the global mean LW DRE,
models poorly capture the spatiotemporal variance of LW direct
radiative effects (Fig. 2b and Supplementary Table 3).

A critical contributor to this model bias is the widespread neglect
of LW scattering, which is not included in most radiative transfer
schemes used in global models®. This omission is problematic because
scattering accounts for approximately half of the LW DAOD [51% (16 to
60%)] and an even larger fraction of the LW DRE [57 (21 to 66) %]
(Fig. 4). Scattering is thus somewhat more effective than absorption in
generating a top-of-atmosphere radiative effect; indeed, we find that
the global LW DREs generated per unit LW DAOD due to scattering and
due to absorption are 33+7 and 26 + 7 Wm™tyy, 7, respectively (Sup-
plementary Fig. 7). This higher efficiency of scattering in reducing the
outgoing longwave radiation (OLR) occurs because 28 +3 % of scat-
tering interactions result in down-scattering (Supplementary Fig. 8),
which reduces OLR. In contrast, because a material’'s absorptivity
scales both its absorption and its emission of LW radiation, per
Kirchhoff’s law, the effect of dust absorption of LW radiation is tem-
pered by co-occurring emission of LW radiation, albeit at a lower
temperature.

Another major contributor to the model underestimation of the
LW DRE is the underestimation of coarse and super coarse dust™'>".
The ability of dust to interact with LW radiation in the atmospheric
window increases with particle diameter’®, with coarse
(2.5<D <10 pm) and super coarse (10 <D < 62.5 pm) dust respectively
accounting for approximately 60 and 25% of the LW extinction™
(Supplementary Table 2). Correspondingly, a large fraction of the LW
DRE is produced by coarse (- 65%) and super coarse (- 20%) dust (Fig. 4
and Supplementary Table 2). However, many models substantially
underestimate the concentration of coarse and (especially) super
coarse dust”’, with many even omitting super coarse dust
altogether’, leading to further underestimation of the LW DRE (Fig. 4).

Addressing these model biases requires both remedying the
underestimation of super coarse dust” and accounting for the scat-
tering of LW radiation'’. Recent parameterizations that account for the
observation that the emission flux of super coarse dust is much greater
than most models simulate provide a path forward®*. However,
models also appear to underestimate the lifetime of super coarse dust,
such that improved treatments of the effects of turbulence®, dust
asphericity”, dust orientation®, and small-scale convection® on dust
settling might be needed to reconcile model predictions with obser-
vations of super coarse dust far from source regions'.

Models also need to account for the contribution of scattering to
the LW DRE. Some modeling studies have tried to do so by simply
scaling up the radiative effect due to LW absorption”'>', but this
approach neglects the spatiotemporal variability of the fractional
contribution of scattering to the LW DRE (Supplementary Fig. 9). This
variability arises primarily because the radiative perturbation from LW
absorption depends strongly on the temperature contrast between the
dust layer and the surface: absorbed radiation is re-emitted at the dust
layer’s colder temperature rather than the warmer surface tempera-
ture, leading to a net reduction in outgoing longwave radiation. In
contrast, the radiative effect from LW scattering is largely independent
of temperature contrast and thus of dust layer altitude. Consequently,
the relative contribution of LW scattering to the LW DREE and thus the
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Fig. 2 | Comparison between model predictions and observational estimates of
clear-sky longwave (LW) direct radiative effect efficiency (DREE). a The data-
driven analytical model reproduces both the magnitude (bias =-1.0 Wm’zTgvlv) and
the seasonal and spatial variability (R>=0.45) of observational estimates, agreeing
with most observational estimates within the uncertainties (reduced chi squared
X2=0.59). b In contrast, global model simulations substantially underestimate the

Observed LW direct radiative effect efficiency (Wm?izgy)

LW DREE observations, with a bias of -4 to -9 Wm’zrg‘,{, (Supplementary Table 3).
This low bias likely occurs because models neglect LW scattering and under-
estimate super coarse dust. Vertical error bars represent 90% confidence intervals;
horizontal error bars are not shown to avoid cluttering the figure but are assumed
to equal 2 Wm’zTg‘}v (see Methods). The data shown represents the diurnally and
seasonally averaged LW DREE (see “Methods”).

DRE (Supplementary Fig. 9) is greater when the temperature differ-
ence between dust and the surface is smaller (Supplementary Fig. 4),
which typically occurs when dust is lower in the atmosphere (Sup-
plementary Fig. 5). This causes LW scattering to make a greater con-
tribution to the LW DREE in winter than in summer and close to source
regions than far from source regions (Supplementary Fig. 9).

Despite these differences in the spatiotemporal pattern of the
radiative effects of LW absorption and scattering, we find that
neglecting LW scattering by global models causes only modest errors
in the spatiotemporal pattern of the dust LW DREE (Supplementary
Fig. 10, left column). Thus, a simple approximation to account for the
effects of LW scattering on the TOA energy budget is to use a mass
extinction efficiency reflecting the contributions of both scattering
and absorption, but to set the LW single-scattering albedo to zero for
perfectly absorbing particles”. This approach degrades agreement
against LW DREE observations but yields a central LW DRE estimate of
0.22 Wm? (Supplementary Fig. 10, right column), which is close to our
observationally based constraint. However, because absorption and
scattering differ in their dynamical impacts—absorption can alter
atmospheric stability through radiative cooling, whereas scattering
does not'° - it is preferable to represent dust LW scattering in radiative
transfer schemes used in regional and global models. Machine learning
parameterizations may offer a computationally efficient path
forward*.

Implications of the missing LW radiative effects for weather and
climate

Our finding that models underestimate dust-longwave interactions
by roughly a factor of two has important implications for dust
impacts on weather and regional climate through its coupling with
clouds, precipitation, and the surface energy balance. This model
underestimation—driven primarily by the omission of LW scattering
(Fig. 4)—leads to biases in both surface and top-of-atmosphere LW
radiative effects. Although the atmospheric response to these
radiative perturbations is mediated by interactions with the large-
scale circulation®, the net effect of underestimating dust LW radia-
tive effects — whose magnitude varies only weakly over the diurnal

cycle - is to overestimate dust’s daytime surface cooling while
underestimating its nighttime surface heating. This bias in the
diurnal cycle can cause an overestimation of the negative feedback
of dust radiative effects onto dust emission itself”, as well as an
underestimation of surface evaporation over oceans and vegetated
regions, with a corresponding low bias in precipitation®*2. Moreover,
because absorption and emission of LW radiation by dust overlying
stratocumulus clouds reduce cloud-top cooling and modulate
boundary-layer stability, underestimating LW radiative effects bia-
ses the representation of dust semi-direct effects on stratocumulus
clouds®. Specifically, models that omit LW scattering tend to over-
estimate cloud-top cooling, thereby strengthening the inversion and
artificially increasing low-level cloud cover®. Incorporating the
missing LW radiative effects of mineral dust could therefore yield
substantial improvements in numerical weather prediction models
and climate models®"*.

Our constraints on the LW DRE also provide a critical step
toward resolving the sign and magnitude of the net dust direct
radiative forcing - that is, the change in the dust direct radiative
effect from pre-industrial to present-day - and its contribution to
climate change. However, because the counterbalancing cooling
from the SW DRE remains highly uncertain’'*? - with a recent review*
constraining it to — 0.40 + 0.25 Wm™ - the sign of the net dust DRE
(SW+LW) is still unclear. As such, it remains uncertain whether
historical increases in dust loading have enhanced or opposed
anthropogenic greenhouse warming of the global climate system®.
Nonetheless, as climate models start implementing historical chan-
ges in dust emissions****, it is critical that they correct the low bias in
the LW DRE; otherwise, climate model simulations of dust radiative
forcing will remain inaccurate.

Although LW heating and SW cooling thus counteract each other
in the global energy budget, their relative magnitudes vary greatly by
region. Specifically, heating from the LW DRE is largest near dust
source regions, whereas cooling from the SW DRE is strongest over
oceans and other low-albedo surfaces downwind of sources™*®
(Fig. 3d). The resulting dipole pattern in the net dust DRE - with
heating over source regions and strong cooling over oceans and
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Fig. 3 | Spatial pattern of the longwave (LW) direct radiative effect (DRE). The
top-of-atmosphere (TOA) LW DRE for all-sky conditions (a) is driven by extinction
of LW radiation, as quantified by the LW dust aerosol optical depth (DAOD) (b). The
LW DRE is mitigated by the effects of clouds (c) and can be offset by cooling from
the shortwave (SW) DRE, resulting in a net DRE (d) that, on balance, heats over low-
albedo dust source regions and strongly cools over downwind low-albedo regions
such as oceans. The LW DRE and DAOD were obtained from our data-driven
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analytical model (see “Methods”) and the fractional reduction of the LW DRE by
clouds was obtained from an ensemble of global model simulations (see “Methods”
and Supplementary Fig. 6). The net DRE was estimated by adding the SW DRE with
observationally constrained dust SW optics from a recent study’® to the LW DRE. All
panels represent annually averaged results; the seasonally averaged LW DRE is
shown in Supplementary Fig. 11.

vegetated regions near source regions - influences regional climate,
atmospheric circulation, tropical cyclones, and monsoons®*¢™*5,

In conclusion, we constrain the global annual mean heating from
dust interactions with LW radiation to +0.25 + 0.06 W/m? at the top-
of-atmosphere. This estimate is derived from a data-driven analytical
model that integrates atmospheric and surface properties with
observational constraints on dust properties and abundance. Our
bottom-up calculations are statistically consistent with both the mag-
nitude and spatial variability of observational estimates of LW direct
radiative effects, yielding results in substantially better agreement with
observations - and more tightly constrained - than possible with cur-
rent climate models (Fig. 2). Most models neglect longwave scattering
- responsible for more than half of the global mean LW DRE - and
underestimate or omit super coarse dust, which contributes roughly
20%. Consequently, models underestimate the LW DRE by about a
factor of two (Fig. 4), causing biases in surface energy fluxes, cloud
semi-direct effects, and precipitation. The heating due to the dust LW
DRE is partly counteracted by uncertain dust SW cooling, producing
regional dipole patterns of radiative effects (Fig. 3d) important to
regional climate and atmospheric circulation. Moreover, the uncertain
SW cooling obscures whether dust exerts net global cooling or heat-
ing, and thus whether historical increases in dust have enhanced or
offset anthropogenic greenhouse warming. Together, these findings
highlight the critical need to better represent dust-longwave interac-
tions in models to improve predictions of weather and regional climate
and reduce fundamental uncertainties in the role of dust in Earth’s
energy balance and global climate change.

Methods

Data-driven analytical model of dust LW radiative effects at TOA
We use a combination of theory, model simulations, and observations
of dust abundance and LW radiative effects to constrain the LW DRE at

TOA (Supplementary Figs. 1 and 2). First, we derive a simplified model
that captures the essence of how the dust LW DRE at TOA depends on
atmospheric, surface, and dust properties'. We then calculate the dust
LW DRE by driving this model with data on dust properties and
abundance from the DustCOMM data set (described in the Supple-
mentary Methods and in refs. 1,17,49.), data on dust LW optical prop-
erties from various laboratory and in situ measurements'*, and data on
atmospheric and surface properties from reanalysis data sets*’. We
propagate the uncertainties in these various data sets through a
bootstrap procedure, yielding many (1000) simulations of the LW DRE.
We then apply a compilation of observational estimates of the clear-
sky LW DREE?*** to eliminate the subset of simulations (- 55%) that are
statistically inconsistent with these observations. By combining the
clear-sky LW DRE with an ensemble of model simulations of the ratio of
the all-sky to the clear-sky LW DRE, we then obtained the all-sky LW
DRE at TOA.

As illustrated in Supplementary Fig. 1, we consider a dust layer
with optical depth 7,,, at some LW wavelength A and effective emission
temperature T4 (see definition in Supplementary Methods and Sup-
plementary Fig. 12e). The upwelling spectral flux (Wm2pm™) imme-
diately below the dust layer is*:

Fs,effT(/l):"B(Ts,eff'/l)' @
where B is the Planck function that describes the spectral intensity of a
blackbody as a function of temperature. Further, T . is the effective
emission temperature of upwelling radiation below the dust layer,
which is defined in the Supplementary Methods and depends primarily
on the surface temperature 7 (Supplementary Fig. 12a) and surface
emissivity €, (Supplementary Fig. 12b), with a small correction due to
absorption and emission by the atmosphere below the dust layer.
Although the surface emissivity is close to 1 outside of source regions,
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it can be substantially below 1 for desert regions (Supplementary
Fig. 12b). This causes T . - T to attain values of up to ~5°C (Sup-
plementary Fig. 12d), which acts to reduce dust longwave radiative
effects.

The upwelling spectral irradiance immediately above the dust
layer is then

Fg,(h=nB (TS , eff,/l) [1 —eg (/1)] +eqOTB(T 4, )
— TRy4(A) [B(TS ’eff,/l) - eabv(/l)B(Tabv,Aﬂ

where €, is the emissivity of the dust layer and €,,, and T, are
respectively the absorptivity (Supplementary Fig. 12g) and effective
emission temperature at wavelength A of the atmosphere above the
dust layer, such that Ry€,p,B(T 4y, A) represents the spectral radi-
ance due to upward scattering by dust of radiation emitted down-
ward by the overlying atmosphere. Equation (2) assumes that €4 and
€,pv are «1, which is a reasonable assumption only in the atmospheric
window (see further discussion below). Further, Ry is the fraction of
upwelling radiation that is scattered downward by the dust layer. For
isotropic radiation and in the limit of 7, « 1 (see Supplementary
Methods for a discussion of the impact of this assumption), €5 and
R4 equal>*

(03

€4 =[1 - w@)] {1 —exp (— TLWT(A)H , 3)

RiM=w@)B, {1 —exp (— TLWTM))} , 4)

where w(7) is the dust layer’s single-scattering albedo (Supplemen-
tary Fig. 8) and 1= 0.6 is the cosine of the effective zenith angle®.
Furthermore, j, is the downscatter fraction, that is, the fraction of
dust-scattered upwelling LW radiation that is scattered back
towards Earth’s surface. Note that the downscatter fraction B, thus
differs from the backscatter fraction b, which is the fraction
scattered into the backward hemisphere relative to the direction
of propagation of the incoming radiation; only for straight-upward
traveling radiation do we have that 8, = b, whereas 8, > b for all other
zenith angles. From geometrical arguments, 8, =B, for isotropic
radiation, where B, is the fraction of scattered downwelling
radiation that is scattered upwards, known as the upscatter fraction
/3¢54~ For isotropic radiation, this upscatter fraction depends only on
the phase function P, which defines the probability distribution of
the scattering angle 6 relative to the direction of propagation.
Neglecting multiple scattering interactions, Wiscombe and Grams™
showed that

1 /" .
By=5r / OP(eos 0)sinBdb, ©)

which we use to calculate 8, (Supplementary Fig. 8). The downscatter
fraction thus depends only on the phase function, which we calculate
using Mie theory and the refractive indices reported in Supplementary
Table 4. The downscatter fraction equals 0.5 in the limit of D « A
(asymmetry factor g=0) and decreases to zero in the limit of D » A
(g=1)*>**. The upwelling spectral irradiance above the dust layer is
affected by absorption and emission by the colder atmosphere above
(Supplementary Fig. 1), such that the upwelling spectral irradiance at
TOA is reduced:

Froa )= [1— €, (D)]Fgy + Expy(DTB(T gy, A) (6)

We then obtain the spectral LW DRE at the TOA by subtracting from Eq.
(6) the corresponding equation without the dust layer present

£
w
2 03] 0.3
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&
g
1A (7
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Fig. 4 | Climate models underestimate the global mean direct radiative effect
(DRE) due to dust interactions with longwave (LW) radiation. A compilation of
climate model results shows a global all-sky LW DRE at top-of-atmosphere (TOA) of
0.13(0.09 - 0.23) Wm2, which is primarily due to LW absorption (gray vertical box)
with a small contribution from LW scattering (small white vertical box; Supple-
mentary Table 1). In contrast, our data-driven analytical model constrains the all-sky
LW DRE to almost double that value, 0.25+ 0.06 Wm™, more than half of which is
generated by LW scattering interactions. These interactions are omitted by most
global models, which contributes to the underestimation by a factor of approxi-
mately 2 by those models. Additionally, the majority of the LW DRE is generated by
coarse and super coarse dust, which is underestimated by global models”. Filled
brown stars denote global model results in the DustCOMM ensemble (see Fig. 2b
and Supplementary Table 1), open stars denote published model results, and error
bars represent 90% confidence intervals.

(t.w — 0) and rearranging terms:

AF o M= = [1 = 4, D] {ea® [B(T e d) = B(Ty.A)]
+Ry(h) [B(TS ’eﬁ,-,/l> - eabv(/l)B(Tabv,/lﬂ }

The first term in Eq. (7) represents the effect of absorption, which is
mitigated by emission at T 4; the second term represents the effect of
downward scattering of upwelling radiation by dust, the effect of
which is mitigated somewhat by upward scattering of downwelling
atmospheric radiation. The integration of Eq. (7) over the full LW
spectrum then yields the LW DRE at the TOA:

@)

Ryon=— / AFop; (DA = / (1= €y | {eg|[B(Tg ofp.4) — B(Tg.A)]

+R4WB(T et A) ~ EapyDB(Tapy-A) | faA,
8

where a minus sign was added because a decrease of the outgoing LW
radiation corresponds to a gain of energy to the climate system and
thus a positive LW DRE.

Equations (7) and (8) show explicitly that the dust LW DRE at TOA
decreases with absorption above the dust layer. Dust radiative effects
are therefore negligible for wavelengths for which the atmosphere is
opaque'®. This leads to two important conclusions: (i) dust radiative
effects are only important in the spectral region of the atmosphere
that is transparent to LW radiation - the so-called “atmospheric win-
dow” around 8 - 14 um wavelength - because strong absorption by
water vapor and other gases make the atmosphere opaque outside of
this window, and (ii) the LW DRE at TOA is negligible when clouds -
which block the atmospheric window by absorbing strongly and
broadly in the LW spectrum - are present above the dust layer (with
the exception of optically thin cirrus clouds)™.
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We use the observation that dust radiative effects are only
important within the atmospheric window to simplify Eq. (8) by using
values of the dust optical properties (@ and /31) averaged over the
atmospheric window wavelength range (Supplementary Table 4). This
is further justified by the uncertainty in these parameters being of
similar order of magnitude as their variation in the atmospheric win-
dow (see, e.g., Fig. 12 in Ref. 14.). We similarly also use the wavelength-
averaged values of the atmospheric absorptivities (€, and €,,,) and
calculate the LW extinction (7, €4, and R4) based on the size-resolved
column loading and optical properties (K, @, and B ) representative
of the entire atmospheric window wavelength range (Supplementary
Table 4). That is,

Rror=(1~Capy) [~ {ealB(7s e ) - B(Tq.1)]

+Ry[B(Ts effA) — €apyB(Tapy- )] bad.

)

We now simplify Eq. (9) further by evaluating the integral of the Planck
function over the atmospheric window. We use the Stefan-Boltzmann
law to write

Amax
/ ”B(Temit) d/l = USBfaw (Temit) Tgmit' (10)

Awin
where ogg is the Stefan-Boltzmann constant and f,,, is the fraction of
emitted radiation that is in the atmospheric window, which is a weakly
increasing function of the emitting temperature (T, ) at the range of
temperatures encountered in the troposphere (Supplementary Fig. 13).
Substituting Eq. (10) into Eq. (9) finally yields the clear-sky LW DRE at
TOA produced by dust in an atmospheric column:

faw(Ta) T )

Res=0sp (1~ Eaby )faw(Ts eff) T8 eff {ed (l Saw(Ts eff) TS eff

faw(Tabv) Taby )
faw(Ts ,eff) TS eff

*Ry (1 —Eaby
n

Equation (11) shows that the TOA LW DRE has two distinct con-
tributions. The first contribution (left-hand term inside the square
brackets) is due to dust absorption of radiation that is emitted from
the warmer surface and atmosphere below. The radiative effect of this
absorption is countered by the emission of LW radiation by the dust
layer at a lower temperature. As such, this term depends on the tem-
perature difference of the dust layer with the surface and atmosphere
below, which in turn is largely controlled by the height of the dust
layer. The second contribution (right-hand term inside the square
brackets) is due to the downward scattering of upwelling LW radiation
by dust. This contribution is countered somewhat by upward scatter-
ing of downwelling radiation emitted by the overlying atmosphere.
This causes a weaker dependence on dust layer height than occurs for
LW absorption, such that the relative importance of LW scattering
increases with decreasing dust layer altitude'®. Note that the con-
tributions of both LW absorption and LW scattering to the TOA LW
DRE are decreased by the absorption and emission of LW radiation by
the colder atmosphere above the dust layer.

Using dust optical properties, DustCOMM, and reanalysis data
to calculate LW DRE at TOA during clear-sky conditions

We want to use Eq. (11) to constrain the climatology of the LW DRE at
TOA, as a function of longitude, latitude, and time (season). Doing so
requires quantification of all the variables and their uncertainties in Eq.
(11), starting with the dust optical properties. We obtained the down-
scatter fraction (8 1), single-scattering albedo (@), and the mass

extinction efficiency (ke), which co-determines the dust aerosol
optical depth (7,), from Mie theory using six different data sets of
published LW optical properties (see Supplementary Methods for
details). This yielded values of §, | that decrease from 0.5 for very fine
dust to ~ 0.15 for super coarse dust, values of @ that increase strongly
with particle diameter from ~ O for very fine dust to -~ 0.5 for super
coarse dust, and values of k,,, ranging from ~0.08 to 0.2 m’g! (see
Supplementary Methods and Supplementary Table 4). Since the dust
size distribution is variable in space and time, so are the corresponding
bulk dust optical properties (Supplementary Fig. 8).

The second ingredient needed to use Eq. (11) is the spatiotemporal
pattern of the size-resolved dust concentration, which co-determines
7, and T4. We obtained this from the DustCOMM data set', which
constrained the climatology of the size-resolved concentration of dust
as a function of latitude, longitude, height, and season from observa-
tional and modeling constraints on dust properties and abundance for
the years 2004-2008. The DustCOMM data up to a diameter of 20 um
is based on Adebiyi and Kok", which obtained the spatially and sea-
sonally resolved dust size distribution that minimizes the disagree-
ment against a compilation of in situ dust size distribution
measurements. This study also obtained error bounds on the dust size
distribution, which are propagated into the uncertainties on the results
reported here using the bootstrap procedure (see Supplementary
Methods). We extended this data set to include dust with diameters
between 20 to 100 pm using simulations from Meng et al.” of the ratio
of dust mass loading in this size range with dust mass loading for
particles with D <20 pum. As described in more detail in Adebiyi et al.’$,
in order to optimally match in situ measurements of super coarse dust
size distributions far from source regions, these simulations used a
dust density reduced by a factor of 10 (250 kg m™) as a proxy for as-of-
yet unclear processes missing from models that likely cause coarse
dust to deposit less quickly than simulated in models®. These simu-
lations indicate that dust with D>20 pm accounts for ~2-4% of the
global mean LW DAOD (ref. 18 and Supplementary Table 2), although
in situ measurements suggest that this might be an underestimation®.
As these simulations estimate that the contribution of giant dust
(D>62.5pum) to the LW DAOD is <0.1%", we do not diagnose this
fraction separately, but include its contribution in our results for the
super-coarse (10 <D < 62.5 um) fraction.

The final ingredient needed to use Eq. (11) is data on surface
properties (temperature and emissivity) and atmospheric properties
(vertical profiles of temperature and absorptivity and the downwelling
radiation at the surface), which co-determine €,,, €yei, Tpelr Tapy, and
T4. We obtained surface temperature (T,) from the MERRA-2*
meteorological reanalysis data set (Supplementary Fig. 12a). Further-
more, we assumed that ocean surface emissivity is 0.985 based on
theory and observations® and obtained land surface emissivity from
the five wavelength bands of land surface emissivity retrieved by the
Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) in the atmospheric window*®. Note that some deserts have
surface emissivity substantially less than 1 (Supplementary Fig. 12b),
particularly the Sahara desert, which is important to account for in
accurate calculations of the LW DRE®. Finally, data on atmospheric
absorptivity and downwelling radiation at the surface were obtained
for clear-sky conditions, averaged over the atmospheric window (using
Amin=8pm to A, =14pm) by forcing the LibRadTran radiative
transfer model’**° with MERRA-2* seasonally averaged reanalysis data
of 2D surface temperature and 3D atmospheric temperature, atmo-
spheric humidity and ozone. We obtained these seasonally averaged
data for 6-hour increments (0, 6, 12, and 18 UTC) to account for the
effect of diurnal variability in surface temperature and in vertical
profiles of atmospheric water vapor, ozone, and temperature on the
dust LW DRE. Relative to using diurnally averaged data, the effect of
this accounting for diurnal variability was of the order of a few percent
over land and less over ocean. As such, using higher temporal
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resolution data would have had a negligible impact on our results
compared to other uncertainties in the analysis. All 6-hourly and sea-
sonally averaged reanalysis data was further averaged over the years
2004-2008 to match the period for which the DustCOMM dust cli-
matology data was obtained".

Combining all these ingredients together yielded the spatio-
temporal pattern of the LW DRE at TOA for clear-sky conditions (Fig. 1).

Using model simulations to calculate all-sky LW DRE from clear-
sky LW DRE
The approach above constrains the clear-sky LW DRE (Figs. 2, 3a), but
the all-sky LW DRE is more important for the Earth’s energy balance. If
clouds are present above the dust layer then the TOA LW DRE is
essentially zero'*%, as is likely also the case for the SW DRE®. However,
if clouds are present below the dust layer, then these normally
decrease the effective surface temperature Ty, thereby somewhat
decreasing the TOA LW DRE while increasing the fraction of that LW
DRE that is due to scattering. These interactions are too complicated to
account for in our analytical model and we thus use results from cli-
mate models to convert the clear-sky to the all-sky LW DRE at TOA:
Ras(s, 6, )=1(s, 6, ®)Rcs(s, 6, 9), (12)
where s denotes the season, 8 and ¢ denote longitude and latitude, and
n is the spatiotemporally varying ratio of the all-sky to the clear-sky LW
DRE at TOA. We use results from the six different models in our
ensemble (see Supplementary Fig. 6) and propagate the uncertainty
due to the spread in these results using a bootstrap procedure (see
Supplementary Methods). Note that a limitation of Eq. (12) is that these
model simulations of n do not account for the effect of dust LW
scattering.

Propagation of uncertainty and use of LW DREE observations
using bootstrap procedure

Each of the data sets used in the calculation of the LW DRE has uncer-
tainties, which we propagated to the extent possible using a bootstrap
method that also integrates observationally based estimates of the LW
DREE. In order to compare our results against these observations, we
used our analytical model to calculate the LW DREE (Q,,4) by dividing
the clear-sky LW DRE (R, Eq. 11) by the clear-sky dust aerosol optical
depth in the shortwave spectrum at 550 nm (zgy,). That is,

R € € San(Ta) Tg
Qmar= Tk = Osp (l - eabv)faw (Ts,eff) T:,eﬂ“ —4(1- M 4Cl
Tsw Tsw faw ( Ts, eff) TS’ eff (13)

= faw(Tabv) T4b
1=y i 22 ) .
Tsw ( abvfaw(Ts,eff) T; eff

Because both €4 and R, scale with 7,,,, a major determinant of Q,4 is
the ratio of the clear-sky LW to SW DAOD (7, /Tsw), Which is plotted in
Supplementary Fig. 14.

We performed a sufficiently large number of simulations (1000)
that our results did not change substantially with additional simulations.
For each simulation, we drew from the probability distributions or
ensembles of the data sets that are inputs to the analytical model (see
Supplementary Fig. 2). We then compared the calculated LW DREE
(Eq. 13) against the compilation of observational estimates (see below)
and, in a procedure similar to that used in perturbed parameter
ensembles®, we only retained the simulations consistent with these
observational estimates (Supplementary Fig. 3). However, this proce-
dure is hindered by the fact that most LW DREE observations did not
include uncertainties, and even those studies that did*”** accounted for
different factors in this uncertainty. Therefore, we estimated a common
uncertainty on all reported observational DREE values as the standard
deviation of groups of LW DREE values for similar regions. Specifically,
the various observations of LW DREE over the springtime Sahara (six

total; ref. 22) show a standard deviation of 1.6 Wm™%; observations of LW
DREE over the summertime Sahara (eight total; refs. 22,57,63.) show a
standard deviation of 2.5Wm™ and the two measurements over the
tropical North Atlantic in September®*®> show a spread of 3.3 Wm™.
Based on this, we estimate an observational error of +2 Wm™. Accord-
ingly, simulations that perfectly reproduce nature would be expected to
have a root-mean-squared error (RMSE) of RMSE,;i» = ~2 Wm ™ relative to
these observations. And indeed, simulations in our bootstrap ensemble
have a minimum RMSE of ~2 Wm, so similar to RMSE i, (Supplemen-
tary Fig. 3). We therefore retained simulations with twice this minimal
error, so with RMSE < RMSE ax, Where RMSE max = 2 X RMSEmin =4 Wm™.
This procedure eliminated the - 55% of the bootstrap simulations that
are in the poorest agreement with the LW DREE observations. The result
that nearly half of our bootstrap iterations are statistically consistent
with the compilation of LW DREE observations supports closure
between the “bottom-up” calculation of the LW DRE and “top-down”
constraints from in situ and satellite data. However, this closure could be
due to canceling errors (see Supplementary Methods). Note that our
main results are relatively insensitive to the exact value of RMSEax. In
fact, applying no constraint (RMSE,.x = oo) yields a median all-sky LW
DRE of +0.25Wm™, which is identical to our results using
RMSE .. =4 Wm™ (Fig. 4). Moreover, using an RMSE,,x of 3Wm?,
which retains only ~24% of bootstrap iterations, also yields a similar
median all-sky LW DRE of + 0.27 Wm™.

The bootstrap procedure yields a probability distribution of the
dust LW DRE, which we use to quantify the errors in our results®**’. An
analysis of the LW DRE resulting from different bootstrap simulations
shows that the uncertainty on the LW DRE arises primarily from
uncertainty in the LW refractive index (Supplementary Fig. 3), followed
by variability in the global model simulations used to invert the global
dust cycle in the DustCOMM data set', which co-determine the dust
spatial distribution (including dust height). Uncertainty due to the dust
size distribution plays a somewhat smaller role. Overall, the uncer-
tainties obtained through the bootstrap procedure should be seen as a
lower bound because of the possibility of systematic errors that were
not accounted for, including in the observational LW DREE estimates.
These and other limitations, as well as the bootstrap procedure, are
described in more detail in the Supplementary Methods.

Compilation of observational estimates of the clear-sky

LW DREE

Over a dozen studies have used observations to estimate the clear-sky
LW DREE. Those studies can be roughly divided into two groups. The
first group of studies used ground-based and/or in situ measurements of
radiative fluxes, dust aerosol properties (e.g., size distribution), and/or
atmospheric and surface properties (temperature and humidity profiles)
to inform and constrain a radiative transfer model that was then used to
calculate the clear-sky LW DREE®*S, The second group of studies com-
bined satellite remote sensing data of SW (dust) aerosol optical depth
and LW flux measurements to estimate the clear-sky LW DREE, often also
using a radiative transfer model***. We combined estimates of both
types of studies into a compilation of observational estimates of the
clear-sky LW DREE at TOA. For quality control purposes, we excluded
studies that (i) did not account for the effect on TOA LW fluxes of the co-
variability of dust with atmospheric humidity and surface
temperature®”, which confound the effects of dust on OLR in the
atmospheric window? (ii) studies that did not use observations of LW
fluxes to constrain the results from a radiative transfer model?, and (iii)
studies that were based on very small amounts of observational data or
had very large uncertainties in those data”. We did not include the
results of Brindley’ because these results were superseded by Brindley
and Russell>. We also did not include the results of Kuwano et al.””
because these results, obtained near the Salton Sea in California, are not
representative of the long-range transported dust that is most relevant
to climate, but rather of locally emitted dust confined within 1-2 km of
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the ground, which models struggle to accurately represent in marginal
source regions like the U.S. Southwest’. Furthermore, we combined the
estimates of di Sarra et al.” and Meloni et al.”®, both of which were
obtained during spring time at the Mediterranean island of Lampedusa
and had similar methods and author teams. Overall, we identified
11 studies that met these criteria, yielding a total of 21 observationally
informed estimates of the clear-sky LW DREE (see Supplementary
Table 5). To directly compare the observational clear-sky LW DREE
estimates to the seasonally and diurnally averaged results presented in
this paper, we applied a correction factor to convert all observations in
our compilation to a seasonally and diurnally averaged value (see Sup-
plementary Methods).

Limitations of the methodology

Our methodology is subject to limitations, which we discuss in detail in
the Supplementary Methods and summarize below. First, simplifying
assumptions and treatments required to keep the analytical model sol-
vable can cause biases in our results. These include assuming that dust
and atmospheric absorption are small (i.e., T\w, €yel, €apy « 1), Using
atmospheric and dust properties spectrally averaged over the atmo-
spheric window rather than resolving spectral variability, and using
seasonally averaged inputs, thereby neglecting sub-seasonal co-varia-
bility between input fields. Second, the conversion of the clear-sky LW
DRE calculated by the data-driven analytical model to the all-sky LW DRE
most relevant for Earth’s climate and energy balance relied on an
ensemble of model simulations of the ratio of the clear-sky to the all-sky
LW DRE, which is likely to have biases because these models do not
include LW scattering by dust and also struggle to accurately simulate
the properties and spatiotemporal distribution of both dust and clouds.
Third, our results could be biased due to errors in the input data (e.g.,
atmospheric temperature and humidity fields and dust concentration,
size distribution, altitude, and optical properties). Fourth, errors in
observational LW DREE estimates could cause biases. These observa-
tional estimates often focus on intense dust events with atypical prop-
erties, may conflate surface temperature responses with radiative
effects, and are regionally and seasonally biased towards North African
dust in the boreal spring and summer seasons, with few observations for
boreal fall and none for boreal winter or for any season in the Southern
Hemisphere (Fig. 1). As such, systematic differences in dust properties
with season and location that are not captured by the analytical model
could induce a bias in our results. These limitations are partially miti-
gated by retaining only bootstrap iterations consistent with observa-
tional constraints (Supplementary Fig. 3), but substantial biases remain
possible because compensating errors could still result in agreement
with these observations. The uncertainties on our results should there-
fore be interpreted as lower bounds.

Data availability

The data shown in Figs. 1, 2 and 3 have been deposited in the Zenodo
database under accession code 18880560. The data for Fig. 4 are
provided in Supplementary Tables 1 and 2.

Code availability
The code used to conduct the analysis presented in this paper and in
the production of the figures is available from https://doi.org/10.
24433/C0.5409430.v1.
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