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Abstract The COVID-19 pandemic led to a 72% reduction of air traffic over Europe in March–August
2020 compared to 2019. Modeled contrail cover declined similarly, and computed mean instantaneous
radiative contrail forcing dropped regionally by up to 0.7 W m−2. Here, model predictions of cirrus optical
thickness and the top-of-atmosphere outgoing longwave and reflected shortwave irradiances are tested
by comparison to Meteosat-SEVIRI-derived data. The agreement between observations and modeled data
is slightly better when modeled contrail cirrus contributions are included. The spatial distributions and
diurnal cycles of the differences in these data between 2019 and 2020 are partially caused by differences in
atmospheric and surface conditions, particularly for solar radiation in the spring of 2020. Aviation signals
become discernible in the observed differences of these data between 2019 and 2020 when subtracting
numerical weather prediction model results that approximate the atmosphere and surface conditions
without contrails.
Plain Language Summary

Aircraft flying in cold and humid air masses induce contrails
which warm the Earth-atmosphere system by reducing the terrestrial radiation out into space and cool
by increasing the Earth’s albedo. Previous studies found that the warming effects dominate and that
contrails may contribute most of the present radiative forcing of climate change induced by aviation. The
COVID-19 pandemic led to a worldwide and long-duration reduction of air traffic. This paper compares
model predictions and satellite-observed cirrus properties and irradiances over Europe for 6 months
in 2019 and 2020. The models account for changes in the atmosphere and at the Earth’s surface in the
two half-years. Model and observation results show about 90% correlation and 20% mean normalized
deviations. The agreement between observed and modeled optical cirrus thickness and terrestrial
irradiances improves slightly when the modeled contrail cirrus contributions are included. Solar radiation
changes show a larger variability because of large changes in the lower atmosphere and at the Earth
surface. Since worldwide traffic activity has stayed at low levels after August 2020, the comparisons
may be extended. Further model studies, including the effects of other emissions, are needed for a more
comprehensive understanding of the observed changes.

1. Introduction
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Contrails induced by water vapor and soot emissions from aircraft flying in cold and humid air masses are
expected to have caused more than half of the about 0.1 W m−2 global effective radiative forcing (RF) by
aviation in recent years (Lee et al., 2021). Contrails impact climate by positive longwave RF because they
reduce top-of-atmosphere (TOA) outgoing longwave radiation (OLR), leading to a warming of the Earth-atmosphere system. In addition, contrails cause negative shortwave RF by reflecting solar radiation (RSR)
inducing system cooling (Meerkötter et al., 1999; Minnis et al., 1999; Myhre et al., 2009). Most studies conclude that the net RF (sum of TOA instantaneous longwave and shortwave contrail RF) is positive (Boucher
et al., 2013; Burkhardt & Kärcher, 2011; Fuglestvedt et al., 2010; Lee et al., 2021; Penner et al., 1999; Sausen
et al., 2005; Schumann et al., 2015). Still, contrails and aircraft emissions impact the atmosphere in a complex manner and not all aspects are well understood (Brasseur et al., 2016; Kärcher, 2018; Lee et al., 2021;
Schumann & Heymsfield, 2017). Uncertainty arises, e.g., due to possible contributions from cloud changes
induced by indirect effects of aerosol from aircraft exhaust, possibly including soot released from sublimating contrail ice crystals (Lee et al., 2021; Penner et al., 2018; Urbanek et al., 2018). Reducing warming contrails would have an immediate impact on aviation RF, while reducing CO2 emissions reduces the forcing
only slowly (Penner et al., 1999). Therefore, minimizing contrail RF by route changes may be an option for
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a more sustainable air transport (Schumann et al., 2011). Such mitigation options require reliable estimates
of the contrail RF and accurate predictions of their regional and temporal distributions (Teoh et al., 2020).
The contrail-induced RF is difficult to derive from observations. Early studies adjusted modeled cover and
optical properties of contrail cirrus to match observations and then estimated RF with radiative transfer
models (Meyer et al., 2002; Minnis et al., 1999; Stuber et al., 2006). Others estimated RF from observed
multiyear trends in contrails, or cirrus cloudiness, with a factor estimating the RF from the added cirrus
(Boucher, 1999; Eleftheratos et al., 2007; Minnis et al., 2004; Stordal et al., 2005; Stubenrauch & Schumann, 2005; Zerefos et al., 2003). The forcing can be derived directly from differences in irradiances from
satellite observations in contrail regions relative to irradiances in neighboring contrail-free regions (Spangenberg et al., 2013; Vázquez-Navarro et al., 2015). This approach requires clearly identifiable and well
separated contrail lines, outside dense traffic regions (Bedka et al., 2013; Mannstein et al., 2010). A second
direct approach, applicable to strong contrail cirrus outbreaks, derives RF from differences between observed irradiances in contrail regions with irradiances computed by a model without contrails (Haywood
et al., 2009). A third approach derives aviation-induced cirrus and irradiance changes from long-term cirrus and irradiance observations correlated with systematic traffic patterns such as the diurnal traffic double-wave over the North Atlantic (Graf et al., 2012). This worked well for longwave irradiances (Schumann
& Graf, 2013). However, the shortwave component could not be derived this way because its diurnal cycle is
dominated by the solar cycle and only weakly sensitive to the diurnal traffic cycle.
Since March 2020, various measures to curb the COVID-19 pandemic led to a worldwide reduction of air
traffic (ICAO, 2021; Schumann et al., 2021). This can be viewed as an unintended opportunity for testing
model predictions on the RF by aviation. We therefore started to model aviation-induced cirrus and irradiance changes and to collect comparable observation data (Voigt et al., 2020).
This paper investigates whether the traffic changes have measurable impact on cirrus coverage and optical thickness (OT) and TOA atmosphere irradiances. The investigation domain (20°W–20°E, 35°N–60°N)
includes parts of Europe and the North Atlantic, with dense air traffic, for the time periods March to August in 2019 and in 2020. The observations are derived from the Spinning Enhanced Visible and Infrared
Radiometer (SEVIRI) aboard the Meteosat Second Generation (MSG) satellite (Schmetz et al., 2002). The
contrails are simulated with the Contrail Cirrus Prediction (CoCiP) model (Schumann, 2012). The model
uses deterministic, high-resolution operational analyses, and short-term forecasts of the European Centre
for Medium-Range Weather Forecasts (ECMWF) Integrated Forecast System (IFS) (Bauer et al., 2015).
We compare differences of observed and modeled OT, OLR, and RSR between comparable seasons in 2019
and 2020 over Europe, i.e., between periods with high and low air traffic. We search for comparable signatures in the spatial distribution and in the diurnal cycle of mean values in dense traffic areas. We expect
that the observed changes are partly due to different atmospheric and surface conditions (“weather”) in the
compared time periods (van Heerwaarden et al., 2021) and partly due to different air traffic, besides other
anthropogenic and natural emissions (Guevara et al., 2021; Le Quéré et al., 2020). The weather conditions
are represented by the ECMWF forecasts, assuming that the IFS simulates the atmosphere without aviation
effects. Changes due to different air traffic are assumed to be dominated by contrail effects simulated with
CoCiP.

2. Model and Observation Data
The contrail model uses traffic data from the European Organization for the Safety of Air Navigation (EUROCONTROL) and the UK air navigation service provider NATS (Schumann et al., 2021). Fuel consumption, overall propulsion efficiency, and soot emissions are estimated using the Base of Aircraft Data (BADA3)
from EUROCONTROL (Nuic et al., 2010), an open-access performance model PS (Poll & Schumann, 2021),
and a fractal aggregate soot model (Teoh et al., 2019). The air traffic data, the forecast data from the ECMWF
IFS, and the CoCiP model results, including contrail-contrail overlap effects (Sanz-Morère et al., 2021), are
described and discussed in a recent study (Schumann et al., 2021).
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Below, we summarize the observation methods used to derive ice cloud OT and OLR and RSR irradiances.
The observation methods provide contrail cirrus and irradiance properties, without reference to line-shaped
contrail patterns, as appropriate for dense traffic cases.
Ice cloud and contrail properties are derived hourly from thermal observations of the sensor SEVIRI
aboard the geostationary MSG satellite (Meteosat-11) operating at 0°E, with data provided by EUMETSAT
(Schmetz et al., 2002). MSG-SEVIRI is a 12-channel radiometer scanning the Earth disk with 4.2-km mean
spatial surface resolution in the investigation domain. The occurrence and OT of ice clouds including contrails is derived using the Cirrus Properties from SEVIRI (CiPS) algorithm (Strandgren et al., 2017a, 2017b).
The method uses a set of four neural networks trained with cloud products from the CALIOP lidar aboard
CALIPSO (Winker et al., 2009). The estimated mean absolute errors against CALIOP are smaller than 50%.
The irradiance, i.e., the amount of radiant flux impinging on a unit surface area, of both the RSR and
the OLR are derived from SEVIRI observations using the Rapid Retrieval of Upwelling irradiances from
MSG-SEVIRI (RRUMS) algorithm (Vázquez-Navarro et al., 2013). The shortwave irradiances are computed from the three purely solar channels of SEVIRI while the longwave part is derived from its 7 thermal
channels. The solar retrieval uses a neural network, the thermal algorithm uses a linear combination of
brightness temperatures (Vázquez-Navarro et al., 2013). Both exploit an extensive set of radiative transfer
simulations performed with the libRadtran radiative transfer model (Emde et al., 2016; Vázquez-Navarro
et al., 2013). Compared to the Clouds and the Earth’s Radiant Energy System (CERES) (Wielicki et al., 1996)
and the Geostationary Earth Radiation Budget (GERB) instruments (Harries et al., 2005), RRUMS combines high temporal and high spatial resolution as required for the study of short lived and small scale features like contrails (Schumann & Graf, 2013; Vázquez-Navarro et al., 2015). The mean bias for a single scene
is estimated to be smaller than 5 W m−2 for OLR and of order 10 W m−2 for RSR with root-mean square
(rms) values of order 10 W m−2 and 30 W m−2 for OLR and RSR respectively based on various validation
results (Vázquez-Navarro et al., 2013). The RSR is determined for solar zenith angles (SZA) below 78.4°
(cos(SZA) > 0.2) and set to zero otherwise. The same cut-off is applied to model data. As a consequence, the
computed shortwave RF is slightly smaller than for the full solar cycle.

3. Results
3.1. Mean Distributions
Air traffic over Europe is maximum along the traffic routes between UK and the Balkan countries, and
between Scandinavia and the Iberian Peninsula. The mean traffic distances and fuel consumption declined
by 72% in 2020 on average over the 6 months compared to the same month in 2019. The reductions reached
91% in April 2020 (Schumann et al., 2021).
Most contrails occur near flight level (FL) 350 (10.7 km pressure altitude) which is often cold and humid
enough for the formation of persistent contrails. The spatial distributions of the computed differences in
mean OT of contrail cirrus and of the local net RF due to contrails between 2019 and 2020 are shown in
Figure 1. The mean area-coverage of contrails with an OT larger than 0.1 decreased from 4.6% in 2019 to
1.4% in 2020. The 2019–2020 OT differences are mostly positive and largest along an about 600-km wide and
1,500-km long band between the Atlantic northwest of Ireland and the Balkan countries. Apparently, this
is a zone with strong traffic reductions and suitable conditions for contrail formation at upper-tropospheric
FLs. The corresponding net RF reductions are mostly positive. Negative differences occur over the ocean
northwest of Ireland, the Irish Sea, and the English Channel because of regionally dominating shortwave
RF over low solar albedo surfaces.
The 6-month and domain-mean air traffic density, fuel consumption, contrail OT, longwave RF, and shortwave RF are 0.11 kg km−2 h−1, 0.40 kg km−2 h−1, 0.018, 0.90 W m−2, and −0.76 W m−2 in 2019, respectively,
with about (72 ± 2)% smaller values in 2020. The 6-month mean 2019–2020 differences reach extreme
values of 0.054, 2.2 W m−2 and −2.1 W m−2 for OT, longwave RF, and shortwave RF. Due to various nonlinearities, net RF decreased by 54%. These values apply for the reference case; parameter studies show an
uncertainty of order 50% (Schumann et al., 2021).
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Figure 1. Mean differences of modeled optical depth (top) and net RF (bottom) of contrails between March–August
2019 and March–August 2020. RF, radiative forcing.

Figure 2 compares spatial distributions of observation and model results of OT, OLR and RSR in terms of
mean differences between 2019 and 2020. Areas with enhanced cirrus cloudiness and negative longwave
and positive shortwave irradiances in 2019 compared to 2020 appear along a band from the North Atlantic
northwest of Ireland to the Balkan countries. Differences with opposite sign occur also, e.g., over Spain.
Regional contrail signatures (higher OT, lower OLR, and higher RSR) can be identified between UK and the
Balkan countries after subtracting the last row (IFS) from the first (MSG) and second (IFS + CoCiP) rows
(supporting information S1). Here, we assume that model and observation errors do not dominate the observed signatures. The mean observed and modeled spatial difference distributions show similarities which
are quantified in terms of the Pearson correlation coefficient (r2), a normalized mean bias (NMB), and the
root-mean-square error (RMSE) (defined in supporting information S2), see Table 1. The correlations are
highest for OLR, followed by RSR and by OT and higher in spring (MAM) than in the full half-year period.
In most cases, the correlations increase when including the contrail contributions (not for RSR in spring).
The NMB and RMSE values decrease for OLR and OT, but not for RSR. So, the model-observation agreement increases for OT and OLR when the contrail model is included.
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Figure 2. Mean differences of (a–c) observed, (d–f) modeled with contrails (IFS + CoCiP), and (g–i) modeled without contrails (IFS) ice cloud optical depth
(OT), outgoing longwave irradiance (OLR), and reflected shortwave irradiance (RSR) in March-August between 2019 and 2020. IFS, Integrated Forecast System;
CoCiP, Contrail Cirrus Prediction.

3.2. Mean Diurnal Cycles
The weekly cycles of traffic and contrail properties on average over the investigation domain in the two halfyear periods in 2019 and 2020 (supporting information S1) indicate large changes for each day and a weak
modulation during the week. Traffic is maximum at noon, with pronounced minima at midnight. Since
the contrail lifetimes are finite (∼2-h mean age), the contrail cover follows the traffic with a corresponding
delay, reaching maximum in early afternoon (Graf et al., 2012). The longwave RF signal follows mainly the
contrail cover which indicates a minor diurnal variability of other drivers like contrail temperature. The
shortwave RF is modulated mainly by the diurnal cycle of the solar zenith angle (Meerkötter et al., 1999;
Myhre & Stordal, 2001). As a consequence, net RF is positive during night, but negative in the afternoon.
Details depend amongst others on the ice particle scattering properties and their modeling (Markowicz
SCHUMANN ET AL.
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Table 1
Comparisons Between Measured and Modeled Mean Differences 2020–2019 for 6-Months or 3-Months Mean Values
(March-August and March-May), Either Without Contrail Model (IFS Only) or With Contrail Model Results
Without contrail model
Period
MAR-AUG

MAR-MAY

2

With contrail model
2

Parameter

r (%)

NMB (%)

RMSE

r (%)

NMB (%)

RMSE

RMSE
Unit

OT

77.7

−21.4

0.024

85.4

9.8

0.022

1

OLR

93.1

29.6

1.46

95.2

13.5

0.98

W m−2

RSR

82.8

5.5

3.57

82.9

12.9

3.60

W m−2

OT

88.7

−30.8

0.040

91.1

−12.8

0.034

1

OLR

97.7

9.1

1.81

97.9

1.3

1.55

W m−2

RSR

92.7

4.2

5.31

92.4

7.7

5.42

W m−2

Note. Often used acronyms (for a complete list, see Supplement): CiPS, Cirrus Properties from SEVIRI; CoCiP, Contrail
Cirrus Prediction; FL, flight level; IFS, Integrated Forecasting System of the European Center for Medium-Range
Weather Forecasts; LW, longwave; OLR, outgoing longwave radiation; OT, optical thickness; RF, radiative forcing;
RRUMS, Rapid Retrieval of Upwelling irradiances from MSG-SEVIRI; RSR, reflected shortwave radiation; SEVIRI,
Spinning Enhanced Visible and Infrared Radiometer; SW, shortwave; TOA, top-of-atmosphere.

& Witek, 2011; Schumann et al., 2012). The weekly cycle shows slightly
stronger traffic between Friday and Sunday than in the rest of the week.
The contrail properties should show similar weekly modulations with
maxima at end of the week. The correlations are not perfect, as expected
for only 26-weeks mean values.
Figure 3 shows the mean diurnal cycle of area-averaged differences of
OT, longwave RF, and shortwave RF. The interannual differences in longwave and shortwave RF equal the negative differences in OLR and RSR.
The area-average is computed with weights constant in time and spatially
proportional to the sum of the computed contrail OT in the two years,
similar to Figure 1.
For dominating aviation effects, with time scales of hours, we would expect temporally variable positive OT differences, positive longwave RF,
and a more negative shortwave RF in late afternoon than in the morning for stronger traffic in 2019 than in 2020. This is what is shown by
the model results in Figure 3. The diurnal cycles show nonzero mean
differences between 2019 and 2020 plus temporally variable values. The
mean values have large-scale causes, constant over a day, and cannot be
explained by the shorter-lived contrails. For shortwave radiation, a constant increase in surface albedo would cause an increase in RSR (reduction in shortwave RF) modulated by the incoming solar irradiance. The
mean difference 2019–2020 is positive for OT and for longwave RF; and
the negative differences in shortwave RF are larger in MAM than for the
full 6-month period. Hence, large parts of the differences are caused by
different atmospheric and surface conditions, and modulated by the aviation effects.
Figure 3. Mean diurnal cycles of area-averaged 2019–2020 differences of
(a) ice cloud optical thickness, (b) longwave RF (negative OLR difference),
and (c) shortwave RF (negative RSR difference) for March-August (full)
and March-May (dashed). Blue: Observations from MSG, red: combined
CoCip + IFS model result, black: pure IFS model result. The area-average
is taken over the European domain weighted with the sum of optical depth
values of contrails in 2019 and 2020. RF, radiative forcing; OLR, outgoing
longwave irradiance; IFS, Integrated Forecast System; MSG, Meteosat
Second Generation.

SCHUMANN ET AL.

The temporally variable 2019–2020 differences of MSG-SEVIRI observations correlate with the fluctuations in the model results including contrail contributions to some degree, not perfectly, but better than with the
corresponding differences of IFS contributions only. The correlations are
highest for longwave RF. The longwave RF is positive and larger during
afternoon than after midnight, in phase with contrail cover. For OT, it
appears as if the combined model computes values that are too large, or
other effects (e.g., soot changes of ambient cirrus) may also contribute
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changes in OT. For shortwave RF, the diurnal cycles are very different between spring and summer. Spring
2019 had about 30 W m−2 less shortwave RF at noon than 2020, far more than explainable by aviation
effects. Apparently, 2020 had a lower Earth albedo, i.e., less cloudiness and darker surfaces. The IFS data
show similar reductions. So, much of this shortwave RF change is due to the different weather conditions
covered by the IFS.

4. Discussion
The 2019–2020 differences in the modeled contrail cirrus OT (Figure 1) follow the corresponding changes in air traffic and fuel consumption (supporting information S1) but are far smoother in space because
of contrail dispersion during the up to 16 h contrail lifetime. The OT differences are largest over Central
Europe, not only because of maximum traffic changes but also because of suitable atmospheric conditions
in that region. The net RF differences shown in Figure 1 resemble different responses in the longwave
and shortwave parts, depending on solar irradiance, surface, ambient atmosphere, and contrail properties,
and therefore contrail properties are not always proportional to the OT differences (Meerkötter et al., 1999;
Schumann et al., 2012). The net RF changes with maximum of 0.7 W m−2 would have been about 30–50%
larger in a model without contrail-contrail overlap effects (Sanz-Morère et al., 2021; Schumann et al., 2021).
The observation and model results (Figure 2) show large differences in OT, OLR, and RSR over Europe
between 2019 and 2020. The signs of the differences are mostly as expected for higher traffic activity in 2019
compared to 2020 (increase in OT, decrease in OLR or increase in instantaneous longwave RF, increase in
RSR or decrease of instantaneous shortwave RF), but the changes are too large to be caused by aviation
alone. Figure 2 also reveals regional differences with signs opposite to the expected aviation effects (e.g.,
over Spain), presumably from different weather conditions. Moreover, other effects like surface emissions
and related changes in low-level clouds and interannual differences in model or observation biases might
contribute to the differences as well.
The correlations between observations and model results (Table 1) are all positive, between 78% and 98%,
with normalized biases in the 20% range. This is within the range of expected observation and model errors
and reflects the quality of the observations and the predictive skill of the IFS model. The correlations increase by a few percent and the biases decrease to about 10% when the CoCiP model results are included, at
least for OT and OLR, as they should when aviation contrail effects are important. The agreement is best for
OLR, which is sensitive to cirrus changes, with the lower troposphere humidity shielding part of the surface
radiation, whereas RSR is more sensitive to surface albedo changes (Gristey et al., 2018; Stephens, 2005).
Part of the RSR changes may be caused by low-level clouds for reduced surface emissions. Hence, the RSR
changes are dominated by nonaviation effects.
The modeled OT appears to be about 20% too large compared to the observations. The model may overestimate OT by overestimating solar extinction, which is modeled as a function of the IFS temperature and ice
water content using an empirical parameterization with about 30% uncertainty (Heymsfield et al., 2014).
The CiPS cirrus OT was calibrated with space lidar observations and saturates at OT values of 3–5 (Strandgren et al., 2017b). Therefore, these deviations are within the expected range.
The interannual differences in atmospheric states can be derived from the IFS data. The IFS represents the
atmosphere without contrails, since it does not simulate contrails, and the only cloud-affected radiance
observations that are assimilated are in the microwaves at frequencies insensitive to thin ice clouds (Geer
et al., 2018; Greenwald & Christopher, 2002; Hogan & Bozzo, 2018). The IFS data (supporting information S5 and S6) reveal differences in ambient conditions between 2020 and 2019. These are larger in spring
(MAM) than in summer (JJA), different in the northern and southern parts of the domain, and stronger
in the lower troposphere than at flight levels. As noted by van Heerwaarden et al. (2021), spring 2020 was
exceptionally sunny, warm, and dry in the northern parts of the European domain, with a “blue sky,” inducing 18 W m−2 more surface global solar irradiance on average. OLR and the planetary albedo also differed
strongly, in particular in spring in the northern part of the domain (by 7 W m−2 and by 2%). Summer 2020
was more similar to 2019.
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The direct impact of different atmospheric states on contrail formation is smaller: At FL 350, temperature
is about 1 K higher in 2020 than in 2019, with slightly higher absolute, but lower relative humidity. The
potential contrail cover (i.e., the area fraction with temperature below the contrail formation threshold and
humidity above ice saturation (Sausen et al., 1998; Schumann, 1996)) decreases from 16% in 2019 to 15% in
2020 (supporting information S5 and S7). This is also supported by simulations of RF for the 2019 meteorology with air traffic from 2020 (Schumann et al., 2021) yielding very similar values to the simulation for
2020 (meteorology and air traffic).
Besides contrails, other aviation effects might have contributed to the observed differences between 2019
and 2020. Greenhouse effects from long-lived emitted CO2 and NOx-induced changes of CH4 take years to
become important (Lee et al., 2010) and are too small to be noticeable after a few months. Ozone changes
induced by NOx take days to weeks to reach a new equilibrium after emission (Brasseur et al., 2016) and
they cannot explain differences at the hourly time scales as observed in the diurnal cycle (Figure 3). Emission changes outside Europe could have contributed to the mean values in this figure, but the fact that
the maximum changes occurred quickly after the emission reduction started in spring 2020 indicates that
these emissions are less important. Soot emissions and other aviation-induced aerosols could change cirrus
clouds regionally, but this process is slower than contrail formation (Zhou & Penner, 2014) and, hence, has
less impact on the variable part of the diurnal cycle. The diurnal cycles (Figure 3) do not suggest a cooling
from such aerosol because the mean longwave RF differences are positive and the mean shortwave RF differences are insignificant in the 6-month period.

5. Conclusions
Contrail and weather-induced cirrus and irradiance changes during the COVID-19 pandemic are derived
from SEVIRI observations and model results. Spring 2020 was far sunnier than spring 2019 contributing to
a “blue sky” over large parts of Europe, with summer months more similar in the two years. The changes at
FL were smaller, 1 K warmer on average, with slightly less potential contrail cover in 2020.
The contrail-induced cirrus and irradiance modulations are smaller than the weather-induced 2019–2020
differences, but aviation signatures are detectable. The modeled OT may overestimate the observed cirrus
OT, possibly due to an overestimate of cirrus in the models and potential observation underestimates. Different from RSR, which is strongly sensitive to surface albedo and low-level clouds, OLR is less sensitive to
low-level changes because of partial infrared shielding by water vapor. The overall model vs. observation
agreement, with correlations of order 90%, support the validity of the models. The IFS is likely to be responsible for most of this correspondence, but the correlations increase (except for RSR) and the normalized
biases drop below 15% when the contrail model is included.
The mean diurnal cycle reveals mean differences in OT, OLR, and RSR between 2019 and 2020 from contributions on time scales beyond days and overlaid on that variations during the day. The variable parts of
the observations correlate best with modeled values for OLR, consistent with the expected negative OLR
difference from increased air traffic longwave RF. The RSR variability is too large to conclude definitely on
aviation effects. None of the results indicate a strong misrepresentation of contrail effects in the models.
However, because of the different atmospheric and surface conditions in 2019 and 2020, a quantitative assessment of the contrail model validity is beyond the information content of the data.
Since worldwide traffic activity has stayed at low levels after August 2020, with no end currently in sight
(ICAO, 2021), these observations and comparisons may be extended into the future. Past years with strong
traffic increases should be studied similarly. Further model components that simulate the influence of other
emissions would allow an extension of the explanations of the observations.

Data Availability Statement
The model and observation results are available from http://doi.org/10.5281/zenodo.4481680.
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