
Supplementary to: Revised direct radiative forcing of air-1

borne microplastics suggests warming2

Felix W. Goddard1,∗, Stefania Glukhova2, Eric C. Le Ru2, Nikolaos Evangeliou3,3

Cameron McErlich1, Catherine Hardacre1, Dave Frame1, Peter Kuma4, and Laura4

E. Revell1,∗5

1School of Physical and Chemical Sciences, University of Canterbury, Christchurch, New Zealand6
2The MacDiarmid Institute for Advanced Materials and Nanotechnology, School of Chemical and Physical Sci-7

ences, Victoria University of Wellington, Wellington, New Zealand8
3Stiftelsen NILU (formerly NILU - Norwegian Institute for Air Research), Department for Atmospheric & Cli-9

mate Research (ATMOS), 2007 Kjeller, Norway10
4Rossby Centre, Swedish Meteorological and Hydrological Institute, Norrköping, Sweden11
∗Corresponding authors: felix.goddard@pg.canterbury.ac.nz and laura.revell@canterbury.ac.nz12

S1 Variation of forcing efficiency with surface albedo13

Fig. S1a–c shows the dependence of the longwave, shortwave, and net IRF efficiency on the14

shortwave albedo of the underlying surface. The forcing efficiency is independent of the surface15

MP concentration, hence panels (a) and (b), showing the uniform and non-uniform MP spatial16

distributions respectively, are the same. The general pattern is the same across all of our exper-17

iments (not shown), i.e. the longwave forcing efficiency is close to constant across the range of18

surface albedos, while the shortwave forcing efficiency increases as surface albedo increases. The19

shortwave forcing efficiency is very well constrained by its surface albedo dependence, whereas20

the longwave forcing is more uncertain, likely due to the influence of atmospheric moisture on21

the longwave transmittance.22

Hatching in Fig. S1b shows areas where the surface MP number concentration is < 1 MP m−3
23

(when scaled to a global-average surface MP concentration of 3.99 MP m−3 between 50 and24

100 µm diameter). Large areas of the ocean (i.e. low albedo surfaces) have low MP concentra-25

tions; this is illustrated in Fig. S1d, which plots the total MP burden found over surfaces with26

a given albedo. The lowest albedo value (∼ 0.07) includes all ocean surfaces, and has a 70%27

smaller MP burden for the non-uniform horizontal distribution than for the uniform one.28

This relationship between radiative forcing and surface albedo accords with that described29

for other aerosol species1,2,3; however, Yang et al. 4 in a modelling study of MP radiative effects30

find a longwave forcing that decreases with albedo and a shortwave forcing that is a concave31

function of albedo, increasing at low albedo, peaking around ∼ 0.5, and decreasing for higher32

values. The reason for this difference in behaviour is not clear, but may be due to differences in33

the radiative transfer model used.34
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Figure S1: Spatial distribution of net IRF efficiency for experiments (a) ‘Reference’ and (b) ‘Spa-
tially non-homogeneous’; forcing efficiency here is calculated per-grid cell as the net forcing [W m−2]
per unit column MP mass density [g m−2] hence has units W g−1. Hatching on panel (b) indicates
regions where the scaled surface MP concentration is less than 1 MP m−3. (c) Dependence of net IRF
efficiency on surface shortwave albedo for the same two simulations; solid lines indicate the ‘Refer-
ence’ experiment while dashed lines indicate the ‘Spatially non-homogeneous’ experiment. Each curve
was calculated by dividing surface albedo into 40 evenly-spaced bins between the minimum and max-
imum values (0.07 and 0.85 respectively); the mean IRF efficiency (line) and and one standard devi-
ation (shaded region) for each bin were calculated from those grid cells with a surface albedo falling
in that bin. (d) Total MP burden divided into the same bins of surface shortwave albedo for the two
horizontal MP distributions. Both distributions were scaled to a global-average surface concentration
of 1 MP m−3 (and hence also the same total plastic burden, 3.36 × 107 kg) for comparability. Map
data from Natural Earth (www.naturalearthdata.com) and plotted using Cartopy5.
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Figure S2: Variation of the net forcing efficiency of MPs following a power law size distribution as
a function of the power law exponent α (see Equation 2) and the lower bound of the distribution.
Panels (a), (b), and (c) show the longwave, shortwave, and net components of the forcing efficiency
respectively. Contours on (a) show the average particle radius r that yields 2πr/λ = 0.1 for the in-
dicated wavelengths λ (chosen to be representative of the longwave band); this corresponds to the
Rayleigh regime of Mie theory (r ≪ λ). Contours on (b) show the average particle radius r that
yields 2πr/λ = 100 for the indicated wavelengths λ (chosen to be representative of the shortwave
band); this corresponds to the Geometric optics regime of Mie theory (r ≫ λ). Contours on (c) show
the average particle radius in µm. Note that we set the lower bound of the size distribution to 1 µm,
as discussed in the text, but show here lower bounds as small as 0.01 µm to demonstrate the impor-
tance of constraining size distribution to determine nanoplastic radiative forcing.

S2 Variation in parameters of the power law size distribution35

Fig. S2 shows the MP radiative forcing efficiency across a range of values of the exponent α and36

the lower radius bound in the power law size distribution (Equation 7 in the main text). Leusch37

et al. 6 report power law exponents in the range 1 to 2 for MPs across a range of environmental38

matrices.39

We calculate forcing efficiency as the ratio of radiative forcing to total MP burden. As40

such, they are sensitive to the average particle volume: smaller particles produce a higher par-41

ticle number concentration for the same mass burden, giving a higher optical depth. However,42

absorption and scattering cross sections scale with the particle cross-sectional area (σ ∝ r2) in43

the geometric optics regime (r ≫ λ) and with the sixth power of radius (σ ∝ r6) in the Rayleigh44

regime (r ≪ λ), hence become smaller for smaller particles. These two effects are in competition45

as the average particle size decreases.46

Increasing the exponent of the power law causes the distribution to favour smaller particles47

and to produce stronger forcing efficiencies. Decreasing the lower bound of the size distribution48

similarly produces smaller particles and stronger forcing efficiencies, though for exponents < 149

this effect is very weak. It can also be seen that shortwave forcing efficiencies increase in magni-50

tude faster than longwave forcing efficiencies, such that the net forcing efficiency is increasingly51

negative when moving to larger exponents or lower minimum radii. The greatest magnitude of52

net forcing efficiency we show in Fig. S2c is −62.7 mW m−2 Tg−1 at an exponent α = 3 and53

lower bound of 0.01 µm diameter.54
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Figure S3: (a) Change in IRF efficiency with variation in the depth of the well-mixed boundary
layer (zBL in Equation (11)); throughout the main text, a value of zBL = 2 km is assumed. (b) Varia-
tion in IRF efficiency with altitude.

S3 Variation in forcing efficiency with microplastic altitude55

Fig. S3a shows how the forcing efficiency of the ‘Whole troposphere’ experiment (using the ver-56

tical distribution given by Equation 11 in the main text) varies with choice of zBL. This param-57

eter represents the depth of the well-mixed boundary layer at the surface; throughout the main58

text we assume a constant zBL = 2 km, however in the real atmosphere the planetary boundary59

layer varies substantially in depth over different land surfaces and seasonally7,8.60

It can be seen that variations in zBL between 0 and 3 km produce a negligible variation in61

the resulting forcing efficiency. This insensitivity to zBL can be explained by the vertical vari-62

ation in forcing efficiency: Fig. S3b shows the forcing efficiency for a layer of MPs at the indi-63

cated pressure. It can be seen that both the shortwave and longwave forcing efficiencies increase64

in magnitude with decreasing pressure (increasing altitude). The longwave forcing efficiency in65

particular increases rapidly enough that at pressures lower than ∼ 550 hPa (altitudes greater66

than ∼ 5 km) the net forcing efficiency becomes positive.67

This implies that it is the extent of the MP vertical distribution rather than the choice of68

zBL that produces the increase in longwave and net forcing efficiency observed in the ‘Whole69

troposphere’ experiment (main text, Fig. 1), and hence a constant zBL = 2 km is not a limiting70

assumption.71
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S4 Selection of MP concentrations and scaling procedure72

Leusch et al. 6 demonstrated that the size distribution function of MPs across a range of envi-73

ronmental compartments is well-described by a power law. In particular, for outdoor airborne74

MPs, their results yield the distribution function75

dN

dr
= 36.6 r−1.52 (S1)

where r is the particle radius in µm and N is the particle number concentration. The total num-76

ber concentration within a given range of particle radius is given by the integral of this distribu-77

tion function, hence between 50 and 100 µm diameter, this yields78

N50−100 =

∫ 50 µm

25 µm
36.6 r−1.52 dr = 3.99 MP m−3 (S2)

The gamma size distribution is given by79

dN

dr
= A

(
2r

15

)2
1

r
e−2r/15 (S3)

where A [MP m−3 µm−1] is a normalisation constant. We match this distribution to the power80

law by choosing A such that we get the same N50−100, i.e.81

N50−100 = 3.99 MP m−3 =

∫ 50 µm

25 µm
A

(
2r

15

)2
1

r
e−2r/15 dr (S4)

= A× 0.145 µm (S5)
∴ A = 27.6 MP m−3 µm−1 (S6)

Because we consider all MPs between 1 and 100 µm diameter, this corresponds to a total82

number concentration of83

N1−100 =

∫ 50 µm

0.5 µm
36.6 r−1.52 dr = 91.7 MP m−3 (S7)

for the power law size distribution, and84

N1−100 =

∫ 50 µm

0.5 µm
27.6

(
2r

15

)2
1

r
e−2r/15 dr = 27.3 MP m−3 (S8)

for the gamma size distribution. We use these values as the reference global-average surface MP85

number concentrations to which our radiative forcing results are scaled, and refer to both as86

“3.99 MP m−3 between 50 and 100 µm diameter” for simplicity.87

As these concentrations are small and do not reliably produce a radiative forcing above88

the level of noise in the atmospheric model, we perform each simulation at an arbitrarily chosen89

global-average surface MP concentration ([MP]simulated in Equation (S9) below). This concen-90

tration is chosen to produce a clear signal-to-noise ratio in the radiative forcing. Our reported91

radiative forcings are then rescaled to correspond to our reference global-average surface MP92

concentrations (N1−100 given above), assuming a linear relationship between the radiative forc-93

ing and the MP concentration.94

This rescaling is described by Equation (5) in the main text, repeated here:95

RFscaled = RFsimulated × [MP]scaled

[MP]simulated
(S9)
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where [MP]simulated is the arbitrarily chosen global-average surface MP concentration (listed in96

Table 2 of the main text); [MP]scaled = 27.3 or 91.7 MP m−3 for the gamma or power law size97

distributions respectively; and RFsimulated is the radiative forcing obtained in each simulation.98

This is the same scaling procedure as used by Revell et al. 9 , who used [MP]simulated =99

100 MP m−3 for all of their simulations. We found that, for our purposes, using the same [MP]simulated100

for all experiments did not produce a desirable signal-to-noise ratio due to differences in forcing101

efficiency between parameter settings. Consequently, we chose a unique [MP]simulated for each102

simulation.103

We observed that the uncertainty produced by internal variability in the HadGEM3-GA7.1104

model was largely independent of parameter settings, hence by targeting a particular radiative105

forcing magnitude we could achieve a uniform signal-to-noise ratio across experiments. For each106

experiment (Table 2 in the main text), we first estimated the IRF efficiency using the SOCRATES107

radiative transfer model. This then allowed the calculation of a value for [MP]simulated such that108

the expected radiative forcing was of a sufficient magnitude.109

We chose a target radiative forcing magnitude of ±200 mW m−2. For the ‘Previous esti-110

mate’ simulation, this implied [MP]simulated = 1680 MP m−3 (as given in Table 2 of the main111

text). The HadGEM3-GA7.1 simulation yielded a net effective radiative forcing of RFsimulated =112

−157 ± 45 mW m−2 (as expected, close to our target radiative forcing). As the ‘Previous esti-113

mate’ simulation uses a gamma size distribution, [MP]scaled = 27.3 MP m−3, thus114

RFscaled =
(
−157± 45 mW m−2

)
× 27.3 MP m−3

1680 MP m−3 (S10)

= −2.55± 0.73 mW m−2 (S11)

as given in Table 1 of the main text.115

Fig. S4 shows the dependence of the MP net radiative forcing on the MP surface concen-116

tration. Radiative forcings were calculated for the ‘Previous estimate’ parameter scenario, i.e.117

colourless plastic, a gamma particle size distribution, a vertical distribution confined to < 2 km118

altitude, and a uniform surface concentration. The instantaneous radiative forcing (IRF) is ex-119

tremely well fit by the linear regression. The effective radiative forcing (ERF) shows greater120

variation but the linear regression passes through the 5 to 95% confidence interval for each point,121

and the IRF linear regression falls within the 5 to 95% confidence interval of the ERF linear re-122

gression. This suggests that the assumption underlying Equation (S9), i.e. proportionality be-123

tween the MP radiative effect and the MP surface concentration, is valid for the forcing magni-124

tudes we consider.125
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Figure S4: Dependence of MP net radiative forcing on surface MP concentration. All simulation
parameters other than the surface MP concentration were set as in the ‘Previous estimate’ simulation
(i.e. colourless plastic, a gamma size distribution, a vertical distribution confined to < 2 km altitude,
and a uniform spatial distribution). We constrain the linear regression to pass through the origin for
physical consistency.

S5 Complex refractive index of coloured plastics126

Fig. S5 shows the complex refractive index of the different plastics considered in this work. They127

are: the colourless plastic considered by Revell et al. 9 ; the colourless UV-absorbing plastic ob-128

tained from measurements of UV-absorption in plastic samples; the four coloured PET samples129

and the mixed colour, calculated as the average of the coloured plastics; and the colourless UV-130

absorbing plastic with 20% by weight black carbon included as homogeneous spheres. The calcu-131

lation of these values is discussed in Section 4.1.3 of the main text.132
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Figure S5: Complex refractive index m = n + ik of different plastic colours in the UV-IR range of
wavelengths.
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