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The following should cover the entire project duration.

Summary of project objectives
(10 lines max)

The Lagrangian particle dispersion model FLEXPART is run on ECMWF data to explore the
transport and dispersion of various atmospheric constituents from greenhouse gases, aerosols like
black carbon to volcanic ash released during eruptions. The model is used with various inversion
techniques to infer emission estimates of many atmospheric compounds. This helps improving
transport simulations of these substances and to understand their contribution and effects on the
climate system.

Summary of problems encountered
(If you encountered any problems of a more technical nature, please describe them here.)

Experience with the Special Project framework
(Please let us know about your experience with administrative aspects like the application procedure,
progress reporting etc.)

Summary of results
(This section should comprise up to 10 pages, reflecting the complexity and duration of the project, and can
be replaced by a short summary plus an existing scientific report on the project.)

The following summaries highlights our use of ECMWF data during the project:

1. Black Carbon (BC) in Arctic surface and snow

2. Determination of 134Cs, 137Cs and 1311 emissions using inverse modelling and an updated

measurement database

3. Modelling mineral dust in the Arctic and Iceland
Quantifying the mass loading of particles in an ash cloud remobilized from tephra deposits
on Iceland
Implementation, Test and Case study of a wet deposition algorithm in backward mode
6. Transport of Black Carbon (BC) in the Greenland Ice Sheet from the 2017 fires in
Greenland
Inverse modeling of Black Carbon (BC) in high northern latitudes in 2013-2015 time period
8. Radiative forcing by mineral dust
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1) Black Carbon (BC) in Arctic surface and snow

N. Evangeliou, A. Stohl

The concentrations of BC were simulated with version 10 of the LPDM FLEXPART (FLEXible PARTiIcle
dispersion model) (Stohl et al., 2005). The model was driven with operational meteorological analyses every three hours
from the European Centre for Medium-Range Weather Forecasts (ECMWEF, operational fields). Computational particles
released from the measurement locations were tracked back in time in FLEXPART’s “retroplume” mode (Stohl et al.,
2003). Simulations extended over 30 d back in time, sufficient to include most aerosol emissions arriving at the station,
given a typical BC lifetime (~1 week). This enabled identifying where the measured BC came from and allowed
quantification of BC source contributions. FLEXPART simulations were performed every hour during the cruise, with

June 2020



particles released from small boxes covering the latitude and longitude ranges of the ship track during the hour (Fig. 1).
The FLEXPART retroplumes consist of an emission sensitivity (often also called source-receptor relationship), which
yields a simulated concentration in the receptor box when multiplied with gridded emissions from an inventory.

(a) Arkhangelsk Severnaya Zemlya Arkhangelsk

1500

|e e 6 min average —_ HourIy runnlng averagel

1000

500

24?-0ct 25-Oct

A \ I I
11-Oct 12-Oct 13-Oct 14-Oct 15-Oct 16-Oct 17-Oct 18-Oct 19-Oct 20-Oct 21-Oct 22-Oct 23-Oct 24-Oct

(b) Age of BC vs. Observatlons

~aool o f . B O U S |
! : : |

1500

1000 --f|-ff :

500

A -
11 Oct 12-Oct 13-Oct 14-Oct 15-Oct 16-Oct 17-Oct 18-Oct 19-Oct 20-Oct 21-Oct 22-Oct 23-Oct 24-Oct 22—

9 12 15 18 21 24 27 3C
(Scog Source contribution to modeled BC concentrations vs. Observations

11 Oct 12-Oct 13-Oct 14-Oct 15- Oct 16- Oct 17- Oct 180ct 19-Oct 20-Oct 210ct 22-Oct 23-Oct 24-Oct 24?»0ct -
I e R e oon |

Fig. 1. (a) Time series of equivalent black carbon (EBC) during the expedition cruise. (b) Age spectra of
modeled BC (colors) showing the contribution of emissions each day back in time to the surface concentration
of BC. Hourly means of measured BC concentrations are shown as a black line. (¢) Contribution from different
emission source types to the BC surface concentrations (BB: biomass burning, WST: waste burning, IND:
industrial combustion, TRA: transportation, ENE: power plants, energy conversion, and extraction, DOM:
residential and commercial combustion from GFEDv3.1 and ECLIPSE inventories). More details in
Popovicheva et al. (2017).

The simulations for the snow BC (Fig. 2) were conducted using a new feature of FLEXPART that reconstructs
wet and dry deposition with backward simulations. This new feature is an extension of the aforementioned retroplume
mode. To reconstruct wet deposition amounts of BC, computational particles were released at altitudes of 0 to 20 km at
the locations where snow samples were taken, whereas to reconstruct dry deposition, particles were released between the
surface and 30 m at these locations. All released particles together represent a unity deposition amount, which was
converted immediately (i.e., upon release of a particle) to atmospheric concentrations using the deposition intensity as
characterized either by dry deposition velocity or scavenging rate. The concentrations were subsequently treated as in
normal retroplume backward tracking to establish emission sensitivity between the emissions and deposited amounts. The
ending time of the particle release was the time at which the snow sample was collected, whereas the beginning time was
set as the time when the ECMWF precipitation at the sampling site, accumulated backward in time, was equal to the water
equivalent of the snow sample, up to the specified sampling depth.
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Source contribution to snow BC
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Fig. 2. Contribution from the various emission categories considered in the ECLIPSE and GFED inventories (BB:
biomass burning, WST: waste burning, IND: industrial combustion, TRA: surface transportation, ENE: emissions from
energy conversion, DOM: residential and commercial combustion, FLR: gas flaring) to simulated BC concentrations in
snow during the 2014, 2015 and 2016 in Western Siberia and northwestern European Russia. Bars show the relative
source contribution (0 —100%, right axis) and are sorted, from left to right, from the northernmost to the southernmost
measurement location (coordinates are reported on the bottom as longitude/latitude). Measured EC concentrations in snow
are reported with open circles, whereas modelled BC is shown with open rectangles (left axis). More details in Evangeliou
et al. (2017).

2) Determination of 3Cs, 1¥’Cs and 31 emissions using inverse modelling and an
updated measurement database

N. Evangeliou, T. Hamburger, A. Stohl

We have used Bayesian inversion to determine of the source term of the radionuclides *3Cs, ¥’Cs and *3!I released
after the Chernobyl accident. The accident occurred on 26 April 1986 in the Former Soviet Union and released about
10'° Bq of radioactive materials that were transported as far away as the USA and Japan. Thereafter, several attempts to
assess the real magnitude of the emissions were made that were based on the knowledge of the core inventory and the
levels of the spent fuel. More recently, when modelling tools were further developed, inverse modelling techniques were
applied to the Chernobyl case for source term quantification. However, high quality measurements, that are essential for
inverse modelling, were not made available except for a few sparse activity concentration measurements far from the
source and far from the main direction of the radioactive fallout. For the first time, we apply Bayesian inversion of the
Chernobyl source term using not only activity concentrations, but also deposition measurements from the most recent
public dataset (Evangeliou et al., 2016).
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Fig. 3. Posterior emissions of 13Cs, 13’Cs and %1 against uncertainty plotted daily, as well as per time-step (3 h) from 26

April to 7 May 1986. On the right axis the vertical distribution of the emissions at altitudes 0-1 km (yellow), 1-2 km
(beige) and 2—-3 km (turquoise) is plotted as shaded background colours.

As regards to our inverse modelling results (Fig. 3), emissions of 1**Cs were estimated to be 80 PBq or 30-50 %
higher than what was previously published. From the released amount of 134Cs, about 70 PBq were deposited all over
Europe. Similar to 3*Cs, emissions of 137Cs were estimated as 86 PBq, in the same order with previously reported results.
Finally, 1311 emissions of 1365 PBq were found, which are about 10 % less than the prior total releases. The inversion
pushes the injection heights of the three radionuclides to higher altitudes (up to about 3 km) than previously assumed
(= 2.2 km) in order to better match both concentration and deposition observations over Europe. The results were of the
present inversion were confirmed using an independent Eulerial model, for which deposition patterns were also improved
when using the estimated posterior releases. Although the independent model tends to underestimate deposition in
countries that are not in the main direction of the plume, it reproduces country levels of deposition very efficiently. The
results were also tested for robustness against different set-ups of the inversion through sensitivity runs. More information
can be found in Evangeliou et al. (2017a).

3) Modelling mineral dust in the Arctic and Iceland
C. Groot Zwaaftink, H. Grythe, S. Eckhardt, A. Stohl

Mobilization, atmospheric transport and deposition of mineral dust in the Arctic have been studied with
FLEXPART. A module to estimate dust emission from source regions, called FLEXDUST, was developed. In
this module we use meteorological fields from the European Centre for Medium-Range Weather Forecasts
(ECMWEF) to estimate mineral dust availability and emission. In a series of global simulations for the years
2010-2012 we analysed the seasonal variation of dust emission. Simulations showed that emission from Arctic
source regions peaks in late summer/fall, likely due to limited snow cover. Atmospheric transport was
calculated with FLEXPART, driven by ECMWEF analysis fields. Seasonal variation of atmospheric dust load
in the Arctic was strong and peak dust loads were found in spring. Dust loads were dominated by dust from
remote source regions. Near the surface, however, simulations showed that local sources contribute
substantially to dust concentrations and therefore dust deposition in the Arctic. Dust deposition patterns (Figure
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1), reveal that transport of dust from northern high-latitude sources is limited and large fractions are deposited
close to the source regions.
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Figure 1 Simulated contribution of a selection of source regions to mean deposition of mineral dust in the Arctic in years 2010-2012
(Figure from Groot Zwaaftink et al., 2016).

Following this, we studied the high-Ilatitude dust sources in Iceland in more detail. Here, we run FLEXDUST
and FLEXPART simulations for a single year at high resolution and studied interannual variability over 27
years at a coarser resolution. For 2012, hourly ECMWF analysis data at 0.2°-resolution were used in
FLEXPART simulations. The model is able to predict the timing of dust events consistent with particulate
matter observations at short and long distances to the dust sources. Some inconsistencies were found for small
dust sources, related to source depletion and snow cover representation. For the period 1990-2016,
FLEXPART was driven with ERA Interim Reanalysis fields. These long-term simulations showed that annual
dust emission from Iceland is on average about 4.3 Tg. Considering the small size of dust sources (<20.000
km?) this is a large amount and Icelandic dust sources thus appear to be as active as parts of the Sahara. Most
of the dust mobilized in Iceland is deposited in the ocean, both north-east and south of Iceland, while some
dust also reaches the Greenland Ice sheet (Figure 2). Further study showed that dust deposition on glaciers in
Iceland strongly affects glacier melt rates (Wittmann et al., 2017).
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Figure 2 Simulated annual mean deposition of dust originating from Iceland in years 1990-2016 based on FLEXPART
simulations (figure from Groot Zwaaftink et al., 2017).
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4) Quantifying the mass loading of particles in an ash cloud remobilized from
tephra deposits on Iceland

Frances Beckett , Arve Kylling , Gudmunda Sigurdarddttir, Sibylle von Léwis , and Claire Witham

On 16-17 September 2013 strong surface winds over tephra deposits in southern Iceland led to the resuspension and
subsequent advection of significant quantities of volcanic ash. The resulting resuspended ash cloud was transported to
the south-east over the North Atlantic Ocean and, due to clear skies at the time, was exceptionally well observed in
satellite imagery. We use satellite-based measurements in combination with radiative transfer and dispersion modelling
to quantify the total mass of ash resuspended during this event. Typically ash clouds from explosive eruptions are
identified in satellite measurements from a negative brightness temperature difference (BTD) signal; however this
technique assumes that the ash resides at high levels in the atmosphere. Due to a temperature inversion in the
troposphere over southern Iceland during 16 September 2013, the resuspended ash cloud was constrained to altitudes of
< 2 km a.s.l. We show that a positive BTD signal can instead be used to identify ash-containing pixels from satellite
measurements. The brightness temperature (BT) varies with the amount of water vapour in the atmosphere, the
atmospheric temperature profile, and the temperature of the underlying surface. For these parameters analysis data from
the European Centre for Medium-Range Weather Forecasts (ECMWF) were utilized to estimate water vapour effects on
the brightness temperature difference signal used to identify ash affected pixels. Examples of BT Ds for the
remobilization event is shown in Fig. 1. The timing and location of the ash cloud identified using this technique from
measurements made by the Visible Infrared Imaging Radiometer Suite (VIIRS) on board the Suomi National Polar-
orbiting Partnership (NPP) satellite agree well with model predictions using the dispersion model NAME (Numerical
Atmospheric-dispersion Modelling Environment). Total column mass loadings are determined from the VIIRS data
using an optimal estimation technique which accounts for the low altitude of the resuspended ash cloud and are used to
calibrate the emission rate in the resuspended ash scheme in NAME. The column mass loading retrieval used look-up-
tables calculated using area-averaged ECMWF water vapour, pressure and temperature profiles . Considering the tephra
deposits from the recent eruptions of Eyjafjallajokull and Grimsvétn as the potential source area for resuspension for
this event, we estimate that ~ 0.2 Tg of ash was remobilized during 16-17 September 2013.
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Figure 1. VIIRS BTDs for pixels identified as resuspended ash, 16—17 September 2013.

5) Implementation, Test and Case study of a wet deposition algorithm in
backward mode.

Existing Lagrangian particle dispersion models are capable of establishing source-receptor relationships by running
either forward or backward in time. For receptor-oriented studies such as interpretation of “point” measurement data,
backward simulations can be computationally more efficient by several orders of magnitude. However, to date, the
backward modelling capabilities have been limited to atmospheric concentrations or mixing ratios. We extend the
backward modelling technique to substances deposited at the Earth’s surface by wet scavenging and dry deposition.
This facilitates efficient calculation of emission sensitivities for deposition quantities at individual sites, which opens
new application fields such as the comprehensive analysis of measured deposition quantities, or of deposition recorded
in snow samples or ice cores. This could also include inverse modelling of emission sources based on such
measurements. We have tested the new scheme as implemented in the Lagrangian particle dispersion model
FLEXPART v10.2 by comparing results from forward and backward calculations.

For this study, we used three-hourly ERA-Interim re-analysis data from ECMWF with a resolution of 1° latitude x 1°
longitude and 61 vertical levels. Figure 1 shows the emission flux of the inventory used (Fig. 1a), the average
concentration in the lowest model layer (0-100 m above ground level) (Fig. 1b), and the accumulated wet (Fig. 4c) and
dry deposition (Fig. 1d) for March 2012. Based on these results, we selected two locations where we compare the
results for forward and backward simulations. The two points represent very different concentration and deposition
levels, due to their different distances from strong BC source regions. While point A is located relatively close to strong
emission sources (average concentration of 270 ng m-3), point B on Spitsbergen in the Arctic is far away from sources
(average concentration of 7 ng m-3) .

In general, the forward and backward simulations show very good agreement for both receptor points. For example, the
distinct daily cycles in concentration and dry deposition at point A are simulated similarly, and the mean concentration
and deposition values are almost identical in the forward and backward simulations at both points. However, during
some episodes there can be notable differences, for example at the end of the simulation period at point A.
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Figure 1: Average BC emission fluxes (a), average BC concentrations in the lowest model layer (0-100 m) (b),
accumulated BC wet deposition (c) and accumulated BC dry deposition (d) for the period of 1 March to 1 April 2012.
The black dots show the locations A and B for which a detailed comparison of forward and backward calculations is
performed.

6) Transport of Black Carbon (BC) in the Greenland Ice Sheet from the 2017
fires in Greenland
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Figure 2. (a) Time-series of vertical distribution of BC concentrations averaged over the area of Greenland in summer
2017 as a function of time. (b) Total (wet and dry) deposition of BC (in pg m-2) from Greenland fires until 31 August
2017. The colored rectangle depicts the nested high-resolution domain.

We simulated highly-unusual open fires that burned in Western Greenland between 31 July and 21 August 2017, after a
period of warm, dry and sunny weather. The fires burned on peat lands that became vulnerable to fires by permafrost
thawing. We used several satellite data sets to estimate that the total area burned was about 2345 hectares. Based on
assumptions of typical burn depths and BC emission factors for peat fires, we estimate that the fires consumed a fuel
amount of about 117 kt C and produced BC emissions of about 23.5 t. We used the Lagrangian particle dispersion
model FLEXPART to simulate the atmospheric BC transport and deposition (Figure 2) driven by hourly 0.5°%0.5°
operational analyses from the European Centre for Medium-Range Weather Forecasts (ECMWEF). Concentration and
deposition fields were recorded in a global domain of 1°x1° spatial resolution with three hourly outputs. To capture the
spatiotemporal variability of BC over the Greenland Ice Sheet, a nested domain with 0.05°x0.05° resolution was used.
We find that the smoke plumes were often pushed towards the Greenland Ice Sheet by westerly winds and thus a large
fraction of the BC emissions (7 t or 30%) was deposited on snow or ice covered surfaces. The calculated BC deposition
was small compared to BC deposition from global sources, but not entirely negligible.

7) Inverse modeling of Black Carbon (BC) in high northern latitudes in 2013—
2015 time period
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Figure 3. Observation network used for the present inversion (a, b and ¢), and variable-resolution grid used
for the inversion (d, e, and f) also showing the location of the observation sites (red stars) for 2013-2015 period.
Sensitivity to the surface emissions (i.e., the footprint emission sensitivity or equivalently source-receptor
relationship) integrated over all observation sites and all time steps (g, h and i) for the vears 2013, 2014 and
2015 (units of log(ns)).

We conducted BC inversions at high northern latitudes (>50°N) for the 2013—2015 period. A sensitivity analysis was
performed to select the best representative species for BC and the best prior emission dataset. The same model
ensemble was used to assess the uncertainty of the posterior emissions of BC due to scavenging and removal and due to
the use of different prior emission inventory. The source-receptor relationships for the Bayesian inversion were
calculated using the Lagrangian particle dispersion model FLEXPART driven with European Centre for Medium-Range
Weather Forecasts operational meteorological analyses from the Integrated Forecast System (IFS) with 137 model
levels and a horizontal resolution of 0.5°x0.5°. The optimised emissions of BC were high close to the gas flaring
regions in Russia and in Western Canada (Alberta), where numerous power and oil/gas production industries operate.
The annual posterior emissions of BC at latitudes above 50°N were estimated as 560+171 kt yr-1, significantly smaller
than in ECLIPSEV5 (745 kt yr-1), which was used and the prior information in the inversions of BC. The average
relative uncertainty of the inversions was estimated to be 30%.

Posterior concentrations of BC simulated over Arctic regions were compared with independent observations from flight
and ship campaigns showing, in all cases, smaller bias, which in turn witnesses the success of the inversion. Posterior
emissions of BC in North America are driven by anthropogenic sources, while biomass burning appeared to be less
significant as it is also confirmed by satellite products. In North Europe, posterior emissions were estimated to be half
compared to the prior ones, with the highest releases to be in megacities and due to biomass burning in Eastern Europe.
The largest emissions of BC in Siberia were calculated along the transect between Yekaterinsburg and Chelyabinsk.
Flaring emissions in Nenets-Komi oblast (Russia) were estimated to be much lower than in the prior emissions, while in
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Khanty-Mansiysk (Russia) they remained the same after the inversions of BC. Increased emissions in the borders
between Russia and Mongolia are probably due to biomass burning in villages along the Trans-Siberian Railway.

8) Radiative forcing by mineral dust

Mineral dust sources at high and low latitudes contribute to atmospheric dust loads and dust deposition in the Arctic.
With dust load estimates from Groot Zwaaftink et al. (2016), we quantify the mineral dust instantaneous radiative
forcing (IRF) in the Arctic for the year 2012. The full study was presented by Kylling et al. (2018).

Meteorological input data for simulations with the dust emission model FLEXDUST, the atmospheric transport model
FLEXPART and the radiative transfer model libRadtran were ECMWF operational analysis fields at 1 degree
resolution. Results show that the annual-mean top of the atmosphere IRF is 0.225 W m-2, with the largest contributions
from dust transported from Asia south of 60°N and Africa (see Fig. 4). High-latitude (>60°N) dust sources contribute
about 39% to top of the atmosphere IRF and have a larger impact (1 to 2 orders of magnitude) on IRF per emitted
kilogram of dust than low-latitude sources. Mineral dust deposited on snow accounts for nearly all of the bottom of the
atmosphere IRF of 0.135 W m-2. More than half of the bottom of the atmosphere IRF is caused by dust from high-
latitude sources, indicating substantial regional climate impacts rarely accounted for in current climate models.
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Figure 4: Individual contributions from various regions to the top of the atmosphere (TOA) (a) and bottom of the
atmosphere (BOA) (b) dust instantaneous radiative forcing (IRF) for the year 2012. Note the logarithmic scale on y axis
in panel (a). The black dotted line in panel (b) indicates the zero line. Figure 3 from Kylling et al. (2018).
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