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Table S3. Parameters perturbed in the ECHAM-HAM and UKESM1-A PPEs. Empty entries indicate parameter not perturbed. A few pa-
rameters are missing for UKESM1-A as they did not seem to matter in the current study.

Process Parameter name Comments
ECHAM-HAM UKESM1-A

Fossil Fuel emissions EMI_FF
Anthropogenic SO2 emissions EMI_ANTH_SO2 anth_so2 5 parameters for 5 regions
Volcanic SO2 emissions volc_so2
Dimethyl Sulfide emissions EMI_DMS dms
Sea-salt emissions EMI_SS sea_spray
Primary marine organic emissions prim_moc
Biomass Burning emissions EMI_BB
BioFuel emissions EMI_BF
Dust emissions EMI_DUST
Biomass emitted particle size EMI_CMR_BB carb_bb_diam
Biofuel emitted particle size EMI_CMR_BF
Fossil fuel emitted particle size EMI_CMR_FF carb_ff_diam
Residential sources emitted particle size carb_res_diam
Primary SO4 emitted particle size pim_so4_diam concerns only 50% of emissions
Width of Aitken mode ait_width
Dry deposition rate Aitken mode DRYDEP_AIT dry_dep_ait
Dry deposition rate Accumulation mode DRYDEP_ACC dry_dep_acc
Dry deposition rate SO2 dry_dep_so2
Dry deposition rate Coarse mode DRYDEP_COA
Wet deposition Below Cloud WETDEP_BC
Wet deposition In Cloud WETDEP_IC
Black Carbon Imaginary refractive index BC_RAD_NI bc_ri
Dust Imaginary refractive index DU_RAD_NI
All SO2 chemistry reaction rates SO2REACTIONS
Biogenic monoterpene SOA production rate bvoc_soa
Nucleation rate in Boundary Layer bl_nuc
Nucleation rate in Free Troposphere NUC_FT
Cloud PH for aqueous chemistry PH_PERT cloud_ph
SO4 hygroscopicity KAPPA_SO4
Organic carbon hygroscopicity kappa_oc
Sea-salt hygroscopicity KAPPA_SS
SO4 layer thickness for aging SO4COATING
Ice fallspeed m_ci
Cloud top entrainment rate a_ent_1_rp

3
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Figure S1. Examples of S(t) and m(t) generated from Eq. 6. The left panel shows two cases for S(t), with either weakly correlated (red,
cS = 0.5) or strongly correlated (blue, cS = 0.99) fluctuations. The right panel shows four cases of m(t), for either a short (solid, T = 4 d)
or a long (dashed, T = 8 d) life-time and either S(t) scenario. The decorrelation time can be obtained from the m(t) time-series and Eq. 4.

S1 Simple box model for a source with a rectangular pulse

We will consider a system that is in equilibrium, but experiences a rectangular pulse in its source term of duration Θ:

S(t) =


S0 if t < 0

S0 +∆S if 0≤ t≤Θ

S0 if t >Θ

(S1)

The solution of Eq. 6 is now:

m(t) =


S0

k if t < 0
S0

k + ∆S
k

(
1− e−kt

)
if 0≤ t≤Θ

S0

k + ∆S
k

(
ekΘ − 1

)
e−kt if t >Θ

(S2)5

Obviously, <m(t)>= S0

k . By substituting m(t) =m′(t)+ S0

k , we can now rewrite Eq. 2 as:

ρ(τ) =
<m′(t)m′(t+ τ)>

<m′(t)2 >
, (S3)

where the denominator is a special case of the numerator, which is:

<m′(t)m′(t+ τ)> = lim
θ→∞

1

2θ

θ∫
−θ

m′(t)m′(t+ τ)dt. (S4)

We can ignore the 1
2θ as it occurs in both numerator and denominator, and concern ourselves with the integral only (which10

exists):

<m′(t)m′(t+ τ)> ∝
∞∫

−∞

m′(t)m′(t+ τ)dt. (S5)
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Figure S2. Decorrelation times τ∗
m versus pulse duration Θ (2, 4, 8 or 12 weeks) for several parameter combinations (cS ,T ) in the simplebox

model Eq. 6. Shown are averages over a sample of 100 times-series. Linestyles indicate cS (dashed: low correlation, dotted: high correlation).
The symbols indicate lifetime T (triangle: 1 day, circle: 6 days, square: 10 days). Colors indicate ratio of pulse amplitude to source fluctuations
(red: 0.1, blue: 10). We distinguish three "regimes". A: uncorrelated fluctuations that are larger than the pulse; decorrelation time depends
on lifetime with influence from pulse width. B: pulse amplitude is larger than fluctuations; decorrelation time is dominated by pulse width.
C: correlated fluctuations that are larger than the pulse; decorrelation time is dominated by the source fluctuations. Note that in all three
regimes, there is usually a clear separation between different lifetimes, allowing them to be estimated if sufficient extra information on S(t)
is available.

For τ <Θ, this results in

<m′(t)m′(t+ τ)> ∝
∆S2

k3
{
kΘ− kτ − 1

2

(
1− e−kΘ

)
−(

1− ekΘ − 1
2e

−kΘ
)
e−kτ − 1

2e
−kΘekτ

}
(S6)15

while for τ ≥Θ we find:

<m′(t)m′(t+ τ)> ∝
∆S2

k3
(
1− e−kΘ

)(
1− ekΘ

)
e−kτ (S7)

From the latter relation we obtain (τ ≥Θ):

ρ(τ) = e−kτ (S8)20

Note that if Θ> T = 1
k , the decorrelation time will be determined by Eq. S6 and not by Eq. S7.

S2 Impact from satellite sampling

The sampling of satellite data has a substantial effect on autocorrelations, just as it has on AOD (Schutgens et al., 2016). In this
section we briefly discuss how sampling affects autocorrrelations in three different ways. To assess sampling impacts we will
use the ECMWF-IFS model as a truth, which may then be sampled according to a satellite product.25

First, there is a difference in the autocorrelation calculated from the full AOD data from ECMWF-IFS compared to the
autocorrelation from ECMWF-IFS AOD sampled to a particular satellite product. The first is the autocorrelation we ideally
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Figure S3. Impact of satellite sampling on autocorrelations at various lags (0-14 days). Each dot is the autocorrelation at a certain lag, the
lines connect increasing lags (starting at (1,1) for a lag of zero). The autocorrelations are calculated from a synthetic truth (ECMWF-IFS
model), using either the full model data (horizontal axis) or only the model data sampled to a satellite dataset (vertical axis, either RemoTAP
or Aqua-DT). The dashed black line represents y = x. Only autocorrelations calculated over at least 30 datapoints are shown.
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Figure S4. Impact of sampling on autocorrelations (at a lag of 6 days) for two different satellite products in 2010. The vertical axis shows the
difference in ρ6 for RemoTAP vs Aqua-DT (each product uses its own sampling). The horizontal axis shows the difference in ρ6 for ECMWF-
IFS, sampled to either RemoTAP or Aqua-DT. Each dot is ρ6 for a particular region. Colours indicate regions (red: deserts, blue: ocean, green:
biomass burning, yellow: North America, Europe, South-East Asia). The dashed black line represents y = x. Only autocorrelations calculated
over at least 30 datapoints are shown.

want to know, the second is the autocorrelation we can actually observe. We note substantial differences, see Fig. S3. In
general these differences result from the satellite not sampling the full diurnal cycle and not sampling the entire domain
even at overpass. For many regions, results for RemoTAP and Aqua-DT are quite similar, even though the first product has30
substantially less observations. The relationships between ρ for the sampled and full dataset are nearly monotonically and often
fairly linearly increasing, suggesting that the sampled dataset contains information about the full dataset.

Second, although it is not readily visible in the previous figure, there is a difference between autocorrelations from either
RemoTAP or Aqua-DT, related to their sampling as is shown in Fig. S4. This analysis suggest that about 50% (PCorr2 = 0.49))
of the difference in observed ρ is due to different orbits, swath widths, over pass times and pixel masking, all issues that35
determine the final sampling of a satellite product. We surmise the remaining 50% can be explained from observational errors
in RemoTAP and Aqua-DT, which will be different, see Sect. 5 and 6, as well as errors in ECMWF-IFS to accurately model
autocorrelations.

Third, there is a year-to-year variation in sampling that also leads to differences, see Fig. S5. The left two figures show that
the year-to-year variation that might be observed in satellite products is not related to natural variation from year to year. The40
right two figures show that this year-to-year variation can to a significant extent be explained by satellite sampling, especially
for RemoTAP which has, on the whole, less observations that Aqua-DT. This suggests that most of the variation seen from
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Figure S5. Impact of sampling from year to year on autocorrelations (at a lag of 6 days). The left two figures show a study based on
only model data. The vertical axis shows autocorrelations calculated from sampled model data (sampled to a specific satellite product).
The horizontal axis shows autocorrelations calculated from the full model data. The right two figures show a study based on both satellite
observed and modelled autocorrelations (model was sampled to satellite product). In all cases what is shown is the autocorrelation in 2010
minus the autocorrelation in 2008. Each dot is ρ6 for a particular region. Colours indicate regions (red: deserts, blue: ocean, green: biomass
burning, yellow: North America, Europe, South-East Asia). The dashed black line represents y = x. Only autocorrelations calculated over at
least 30 datapoints are shown.

year-to-year (Fig. 13 and 14) does not indicate natural variation. For Aqua-DT, which has many more observations, interannual
differences are substantially smaller but can still to some extent be explained by sampling.

While satellite sampling can thus have a substantial impact on autocorrelations, proper collocation (see Sect. 2.5) of data45
ensures that the evaluation of satellite observed and modelled autocorrelations is possible.

7



0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.0

0.1

0.2

0.3

0.4

0.5

0.6
Average AOD

0.0 0.1 0.2 0.3 0.4 0.5 0.6
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

0.6
A

q
u
a
−

D
T

Mean:  0.01
StdDev:  0.03
PCorr:   0.97
OLSB s:  1.05
Nr:     191

Mean:  0.02
StdDev:  0.02
PCorr:   0.99
OLSB s:  1.04
Nr:     135

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

A
q
u
a
−

D
B

Mean: −0.00
StdDev:  0.04
PCorr:   0.97
OLSB s:  1.01
Nr:     165

Mean:  0.01
StdDev:  0.03
PCorr:   0.98
OLSB s:  1.00
Nr:     107

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

A
q
u
a
−

M
A

IA
C

Mean: −0.03
StdDev:  0.02
PCorr:   0.99
OLSB s:  0.94
Nr:     182

Mean: −0.03
StdDev:  0.02
PCorr:   0.99
OLSB s:  0.94
Nr:     112

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

A
q
u
a
−

B
A

R

Mean: −0.00
StdDev:  0.03
PCorr:   0.98
OLSB s:  0.89
Nr:     182

Mean: −0.00
StdDev:  0.03
PCorr:   0.98
OLSB s:  0.88
Nr:     122

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

A
V

H
R

R

Mean: −0.01
StdDev:  0.03
PCorr:   0.98
OLSB s:  0.93
Nr:     196

Mean: −0.01
StdDev:  0.03
PCorr:   0.98
OLSB s:  0.93
Nr:     168

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5
S

e
a
W

iF
S

Mean: −0.01
StdDev:  0.03
PCorr:   0.97
OLSB s:  0.91
Nr:     156

Mean:  0.01
StdDev:  0.02
PCorr:   0.98
OLSB s:  1.18
Nr:      57

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5
Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

O
M

A
E

R
U

V

Mean:  0.03
StdDev:  0.07
PCorr:   0.85
OLSB s:  0.78
Nr:     180

Mean:  0.01
StdDev:  0.08
PCorr:   0.84
OLSB s:  0.58
Nr:      78

0.0 0.2 0.4 0.6 0.8

0.0

0.2

0.4

0.6

0.8

Average AOD

0.0 0.2 0.4 0.6 0.8
AERONET Direct Sun

0.0

0.2

0.4

0.6

0.8

P
O

L
D

E
R

−
G

R
A

S
P

−
M

Mean: −0.00
StdDev:  0.04
PCorr:   0.98
OLSB s:  1.10
Nr:     108

Mean: −0.03
StdDev:  0.02
PCorr:   0.21
OLSB s:  1.14
Nr:      19

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

P
O

L
D

E
R

−
R

e
m

o
T

A
P

Mean: −0.01
StdDev:  0.03
PCorr:   0.99
OLSB s:  0.84
Nr:     168

Mean: −0.02
StdDev:  0.02
PCorr:   0.99
OLSB s:  0.85
Nr:      67

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5 0.6
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

0.6

T
e
rr

a
−

D
T

Mean:  0.03
StdDev:  0.03
PCorr:   0.97
OLSB s:  1.06
Nr:     191

Mean:  0.03
StdDev:  0.02
PCorr:   0.99
OLSB s:  1.05
Nr:     147

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.0

0.1

0.2

0.3

0.4

0.5

0.6
Average AOD

0.0 0.1 0.2 0.3 0.4 0.5 0.6
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

0.6

T
e
rr

a
−

D
B

Mean: −0.00
StdDev:  0.03
PCorr:   0.97
OLSB s:  1.06
Nr:     166

Mean:  0.01
StdDev:  0.03
PCorr:   0.98
OLSB s:  1.04
Nr:     117

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

T
e
rr

a
−

M
A

IA
C

Mean: −0.02
StdDev:  0.03
PCorr:   0.98
OLSB s:  0.93
Nr:     182

Mean: −0.03
StdDev:  0.02
PCorr:   0.99
OLSB s:  0.95
Nr:     113

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

Average AOD

0.0 0.1 0.2 0.3 0.4 0.5
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

T
e
rr

a
−

B
A

R

Mean:  0.00
StdDev:  0.03
PCorr:   0.98
OLSB s:  0.90
Nr:     182

Mean: −0.00
StdDev:  0.03
PCorr:   0.98
OLSB s:  0.89
Nr:     127

0.0 0.2 0.4 0.6

0.0

0.2

0.4

0.6

Average AOD

0.0 0.2 0.4 0.6
AERONET Direct Sun

0.0

0.2

0.4

0.6

A
A

T
S

R
−

A
D

V

Mean: −0.03
StdDev:  0.05
PCorr:   0.93
OLSB s:  0.87
Nr:      61

Mean: −0.03
StdDev:  0.01
PCorr:   0.96
OLSB s:  1.09
Nr:      11

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.0

0.1

0.2

0.3

0.4

0.5

0.6
Average AOD

0.0 0.1 0.2 0.3 0.4 0.5 0.6
AERONET Direct Sun

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
A

T
S

R
−

S
U

Mean:  0.01
StdDev:  0.04
PCorr:   0.95
OLSB s:  0.96
Nr:      55

Mean: −0.00
StdDev:  0.03
PCorr:   0.99
OLSB s:  1.48
Nr:      12

0.0 0.2 0.4 0.6

0.0

0.2

0.4

0.6

Average AOD

0.0 0.2 0.4 0.6
AERONET Direct Sun

0.0

0.2

0.4

0.6
A

A
T

S
R

−
O

R
A

C

Mean:  0.02
StdDev:  0.03
PCorr:   0.94
OLSB s:  0.93
Nr:      70

Mean:  0.01
StdDev:  0.01
PCorr:   0.99
OLSB s:  1.16
Nr:      15

Figure S6. Evaluation of satellite observed regional averaged AOD with AERONET. Each symbol is the regional AOD for a specific region
and lag. These autocorrelations are only shown if at least 30 data pairs were available to calculate autocorrelations. Colours indicate regions
(red: deserts, blue: ocean, green: biomass burning, yellow: North America, Europe, South-East Asia, black: Australia). Symbols indicate lags
(upward triangle: 3 days, square: 6 days, downward triangle: 9 days, dots: all other lags from 1 to 14 days). Statistics are shown for symbols
based on at least 30 data pairs (upper left) or 300 (lower right, not shown for GRASP due to paucity of data). The mean, standard deviation,
Pearson correlation and an unbiased slope estimate (OLSB) are shown for relevant symbols (Nr in total). The dashed black line represents
y = x.
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Figure S7. Evaluation of satellite observed autocorrelations with AERONET. Each symbol is the correlation for a specific region and lag.
For more explanation, see the caption to Fig. S6
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Figure S8. Model bias in autocorrelation at a lag of 6 days for all satellite products, as in Fig. 17. The models have been collocated to each
product separately. Only region/lag cases with at least 3000 data pairs were used.
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Figure S9. Standard deviation of the errors in model autocorrelation at a lag of 6 days for all satellite products, as in Fig. 17. The models
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Figure S10. Temporal autocorrelations for a 3-year climatology from Aqua-DT (black) and the individual years (colors), for selected ocean
regions. Also shown, for lags of 3, 6 and 9 days, are the σ uncertainty estimates from Sect. 6.
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Figure S11. Temporal autocorrelations for a 3-year climatology from Aqua-DT (black) and the individual years (colors), for selected land
regions. Also shown, for lags of 3, 6 and 9 days, are the σ uncertainty estimates from Sect. 6.
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Figure S12. Temporal autocorrelations for AEROCOM models (colours) and Aqua-DT (black), for selected ocean regions. Also shown, for
lags of 3, 6 and 9 days, are the 3σ uncertainty estimates from Sect. 6, as well as errors vs AERONET (in red, from Sect. 5) and Aqua-BAR
(in yellow, from Sect. 6). Note that these uncertainties and errors were estimate for different sampling of Aqua-DT.
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Figure S13. Temporal autocorrelations for AEROCOM models (colours) and Aqua-DT (black), for selected land regions. Also shown, for
lags of 3, 6 and 9 days, are the 3σ uncertainty estimates from Sect. 6, as well as errors vs AERONET (in red, from Sect. 5) and Aqua-BAR
(in yellow, from Sect. 6). Note that these uncertainties and errors were estimate for different sampling of Aqua-DT.
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