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RESEARCH ARTICLE

Low ozone dry deposition rates to sea ice during the
MOSAiC field campaign: Implications for the Arctic
boundary layer ozone budget

Johannes G.M. Barten1,*, Laurens N. Ganzeveld1, Gert-Jan Steeneveld1,
Byron W. Blomquist2,3, Hélène Angot4,5, Stephen D. Archer6, Ludovic Bariteau2,3,
Ivo Beck4, Matthew Boyer7, Peter von der Gathen8, Detlev Helmig5,9, Dean Howard3,5,
Jacques Hueber5,10, Hans-Werner Jacobi11, Tuija Jokinen7,12, Tiia Laurila7,
Kevin M. Posman6, Lauriane Quéléver7, Julia Schmale4, Matthew D. Shupe2,3,
and Maarten C. Krol1,13

Dry deposition to the surface is one of the main removal pathways of tropospheric ozone (O3). We quantified
for the first time the impact of O3 deposition to the Arctic sea ice on the planetary boundary layer (PBL) O3
concentration and budget using year-round flux and concentration observations from the Multidisciplinary
drifting Observatory for the Study of Arctic Climate (MOSAiC) campaign and simulations with a single-
column atmospheric chemistry and meteorological model (SCM). Based on eddy-covariance O3 surface flux
observations, we find a median surface resistance on the order of 20,000 s m�1, resulting in a dry deposition
velocity of approximately 0.005 cm s�1. This surface resistance is up to an order of magnitude larger than
traditionally used values in many atmospheric chemistry and transport models. The SCM is able to accurately
represent the yearly cycle, with maxima above 40 ppb in the winter and minima around 15 ppb at the end of
summer. However, the observed springtime ozone depletion events are not captured by the SCM. In winter, the
modelled PBL O3 budget is governed by dry deposition at the surface mostly compensated by downward
turbulent transport of O3 towards the surface. Advection, which is accounted for implicitly by nudging to
reanalysis data, poses a substantial, mostly negative, contribution to the simulated PBL O3 budget in summer.
During episodes with low wind speed (<5 m s�1) and shallow PBL (<50 m), the 7-day mean dry deposition
removal rate can reach up to 1.0 ppb h�1. Our study highlights the importance of an accurate description
of dry deposition to Arctic sea ice in models to quantify the current and future O3 sink in the Arctic,
impacting the tropospheric O3 budget, which has been modified in the last century largely due to
anthropogenic activities.

Keywords: Ozone deposition, Arctic ozone, Modelling, Atmospheric boundary layer

1. Introduction
Tropospheric ozone (O3) acts both as a greenhouse gas and
air pollutant negatively affecting human health (Nuvolone

et al., 2018) and plant growth (Ainsworth et al., 2012).
Furthermore, O3 plays an important role in atmospheric
oxidation chemistry. On the global scale, the main O3
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sources are photochemical production and stratosphere-
troposphere exchange. Tropospheric O3 is removed by dry
deposition to the Earth’s surface and by photochemical
destruction (Lelieveld and Dentener, 2000). Due to its
relatively short atmospheric lifetime (3 to 4 weeks) com-
pared to other greenhouse gases, tropospheric O3 is sub-
ject to high spatiotemporal variability, especially close to
the Earth’s surface. Many local processes determine the
evolution of the O3 concentration in the planetary bound-
ary layer (PBL). These processes include local O3 precursor
emissions, dry deposition to the Earth’s surface, advection
of different air masses, vertical mixing in the PBL and
entrainment of O3-rich free tropospheric air as a result
of PBL growth (Ganzeveld et al., 2008; Lin et al., 2009;
Tang et al., 2017; Lu et al., 2019).

In the Arctic, tropospheric O3 has been increasing up
to the beginning of this century due to increasing emis-
sions of precursors and long-range transport from the
mid-latitudes (Cooper et al., 2014). During the last dec-
ades (2000 to 2020), the trend in Arctic tropospheric O3

has been leveling off or even showing some decrease at
individual sites (Cooper et al., 2020). Long-term O3

observations at coastal sites such as Utqiagvik (Alaska,
USA), Alert (Canada) and Zeppelin (Norway) have shown
a clear seasonality in surface O3 and a common occur-
rence of ozone depletion events (ODEs) in springtime.
ODEs are often defined as events when the surface O3

mixing ratio drops below 10 ppb and even down to
almost 0 ppb (Simpson et al., 2007; Yang et al., 2020).
These ODEs have been attributed to activation of reactive
bromine chemistry in the PBL from sea-ice and snow-
covered surfaces (Falk and Sinnhuber, 2018; Marelle et
al., 2021; Swanson et al., 2022). Recently, Zhou et al.
(2020) showed that the ODEs are also sensitive to the
background nitrogen oxides (NOx) concentrations. Local
anthropogenic emissions of O3 precursors are generally
absent in the Arctic due to its remote location. Therefore,
the O3 PBL budget is predominantly driven by dry depo-
sition to snow, ice (Helmig et al., 2007) and the Arctic
Ocean (Barten et al., 2021), natural O3 precursor emis-
sions and halogen chemistry (Yang et al., 2020), atmo-
spheric stability (Van Dam et al., 2016), and long-range
transport of O3 and its precursors.

Many previous studies have quantified the O3 budget
and controlling factors for (sub-)urban (Tang et al., 2017;
Zhao et al., 2019), rural (Senff et al., 1996; Berkowitz et al.,
2000; Hou et al., 2015), forested (Cros et al., 2000; Wolfe
et al., 2011; Chen et al., 2018) or marine (Monks et al.,
2000; Conley et al., 2011) environments. However, less
effort has been spent to understand O3 dynamics in- and
above the Arctic PBL. Compared to the previously men-
tioned environments, the Arctic PBL is characterized by
the occurrence of strong surface inversions (Tjernström
et al., 2019), especially in autumn, winter, and spring
(Zhang et al., 2011). These inversions inhibit vertical mix-
ing and PBL growth with consequences for boundary layer
O3. Previously, Helmig et al. (2007) and Barten et al.
(2021) have shown the important role of O3 deposition
to the snowpack on the composition of the lower tropo-
sphere. Van Dam et al. (2016) characterized an important

role of atmospheric stability on summertime O3 dynamics
over the Arctic tundra. In contrast, the O3 budget above
the Arctic sea ice has not yet been characterized due to
limited observational data (Jacobi et al., 2010). The ongo-
ing retreat of the Arctic sea ice as a result of climate
change (Keen and Blockley, 2018; Stroeve and Notz,
2018) urges us to improve our understanding of the
exchange and further cycling of climate active trace gases,
such as O3, in the Arctic PBL in current and future climate.
Considering that atmospheric chemistry and transport
models are still strongly biased with respect to Arctic O3

observations and showing large model-to-model variabil-
ity (Whaley et al., 2022), improved process representation
is necessary to better constrain Arctic tropospheric O3 and
its radiative effects.

In September 2019, the German research vessel (RV)
Polarstern was docked within the Arctic sea ice for one
year (October 2019–2020) as part of the Multidisciplin-
ary drifting Observatory for the Study of Arctic Climate
(MOSAiC) expedition. MOSAiC is centered around the
goal to understand the causes and consequences of Arc-
tic sea ice decline from an interdisciplinary perspective.
This expedition provided, for the first time, detailed year-
round observations of key meteorological and other dri-
vers involved in O3 dynamics in and above the PBL over
sea ice (Shupe et al., 2022). For example, the campaign
provided one year of surface O3 concentration observa-
tions, enabling us to study the magnitude and variability
of surface O3 over the entire year. Supporting observa-
tions include turbulent O3 flux observations to quantify
the role of O3 deposition to snow and ice, and O3 sondes
to analyze the vertical structure of O3 in and above the
PBL. The main objectives of this study were 1) to arrive at
an improved quantification of Arctic snow/sea-ice O3

deposition for various meteorological conditions and 2)
to evaluate the contribution of dry deposition and other
processes to the temporal variability of O3 concentra-
tions in the Arctic PBL during MOSAiC using a single-
column atmospheric chemistry and meteorological
model (SCM).

2. Methods
To reach the research objectives, we have combined
MOSAiC observations with atmospheric modelling. We
performed a year-round atmospheric simulation with a
single-column atmospheric chemistry and meteorological
model and attempted to represent most optimally
MOSAiC observed meteorological and chemical condi-
tions. This approach enabled us to use the model as a com-
plementary tool to analyze the observations and to
quantify processes that have not been or cannot be
observed. We are confident that the behaviour of the SCM
is representative for other 3D atmospheric chemistry and
transport models, being applied to study Arctic O3, in its
representation and parameterizations of the meteorolog-
ical and chemical processes. Applying the SCM, being con-
strained with reanalysis data, has allowed us to investigate
in detail the contribution by all processes that explain the
observed O3 temporal variability.
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2.1. Single column model

For analysis of in-situ observations, such as those collected
during the 1-year MOSAiC field campaign, the SCM has
demonstrated its merits in numerous studies (Ganzeveld
et al., 2002; Ganzeveld et al., 2008; Kuhn et al., 2010; Seok
et al., 2013; Barten et al., 2020). The SCM simulates the
atmospheric physics and atmospheric chemistry processes
in one column for a fixed location or, as in this case,
following the track of the RV Polarstern in a quasi-
Lagrangian mode. The SCM-simulated physics also drive
atmospheric chemistry processes, including a selection of
natural emissions, gas-phase chemistry, wet and dry depo-
sition, and vertical turbulent and convective tracer trans-
port in an online mode. The result is a feedback between
the simulated meteorology and atmospheric chemistry
and vice versa. Stratospheric and tropospheric chemistry
are represented in this study by the MECCA1 box model-
ling system (Sander et al., 2005), including an O3-NOx-
halogen chemistry scheme considering 74 tracers. In
addition, the SCM has been coupled to the Coupled
Ocean-Atmosphere Response Experiment Gas transfer algo-
rithm (COAREG) (Fairall et al., 2011) for a more explicit
representation of ocean-atmosphere fluxes of O3, as well
as carbon dioxide (CO2), methane (CH4), and dimethyl sul-
fide (DMS), all being climate-active trace gases, the fluxes of
which were measured during MOSAiC. These fluxes are
quantified in the model considering atmospheric- and
waterside turbulence and the atmosphere-ocean concentra-
tion gradient. Furthermore, the SCM contains a straightfor-
ward 2-layer representation of snowpack-atmosphere
exchange considering the role of diffusion, wind pumping,
sorption, emissions, and gas- and aqueous-phase chemistry
on snow-atmosphere exchange of trace gases. This 2-layer
representation formed the basis of the development of
a more detailed snowpack trace gas exchange model by
Murray et al. (2015) that was applied in a study of O3 and
NOx snow-atmosphere exchange at Summit, Greenland. The
simplified 2-layer version applied here mainly makes strong
assumptions on the physicochemical representation of the
snow layer compared to the extended version by Murray et
al. (2015). In this study, we have applied the simplified 2-
layer version mainly to study whether this explicit repre-
sentation of in-snowpack O3 concentrations might explain
short-term events of bidirectional exchange of O3. We
selected an overall snow uptake rate of 0.005 cm s�1 such
that the snowpack model reproduced the observation
inferred from long-term snowpack uptake resistance
(Murray et al., 2015).

Here, the SCM was set up with 60 atmospheric layers
having 11 layers in the lowest kilometer, of which 5 layers
are in the lowest 100 meters. This layering allows for
a relatively detailed resolution in the PBL and lower free
troposphere, which is the focus of this study. The model
simulation was initialized with European Centre for
Medium-Range Weather Forecasts Reanalysis (ERA5)
meteorological (Hersbach et al., 2020) and Copernicus
Atmosphere Monitoring Service (CAMS) chemical compo-
sition (Inness et al., 2019) reanalysis data and run for the
period of October 1, 2019, 00:00 UTC to October 1, 2020,
00:00 UTC at time steps of 60 seconds. We studied model

results at a temporal resolution of 1 hour. The SCM also
explicitly estimates heat transport through 5 s-coordinate
sea-ice layers with one snow layer on top. The ice-covered
fraction of the SCM was initialized with a sea-ice thickness
of 1.0 m and a 20-cm-thick snow layer on top based on
a preliminary analysis of ice mass balance buoys deployed
at the start of MOSAiC (Lei et al., 2021; Nicolaus et al.,
2022). Furthermore, the SCM updates the geostrophic and
vertical wind speeds, sea-ice fraction, sea surface temper-
ature, and surface pressure from ERA5 throughout the
simulation.

We nudged the SCM to the ERA5 and CAMS reanalysis
data to consider the role of advection and changes in
synoptic conditions. More specifically, we nudged the
model to air temperature, u and v winds and liquid water
content above the PBL. We did not nudge the SCM to
ERA5 for heights below 250 m to avoid a stronger forcing
of surface layer variables for very shallow PBLs. Further-
more, we nudged the SCM to mixing ratios of O3, NOx,
carbon monoxide (CO) and formaldehyde (HCHO) in and
above the PBL to assure that these model simulations
optimally consider the role of changes in synoptic condi-
tions and advection regimes in determining local meteo-
rological and chemical conditions. We applied relaxation
coefficients of 1 h and 3 h for physical parameters and
chemical tracers, respectively. The relaxation coefficient to
physical parameters is 6 times larger compared to Sterk et
al. (2015), who applied a 1D version of the Weather
Research and Forecasting model to simulate clear-sky sta-
ble PBLs over snow covering a 2-day period. We have
tested a range of relaxation coefficients, and with the
relaxation coefficients of 1 h and 3 h, aiming to ensure
that the SCM follows the seasonal cycle in meteorology
and atmospheric chemistry from the ERA5 and CAMS rea-
nalysis products, but not to nudge too strongly to avoid
that these simulations would mainly reflect the quality of
the ERA5 and CAMS products. A preliminary analysis
showed that additional nudging to specific humidity (q)
leads to unrealistically abundant cloud formation in the
SCM creating numerical issues associated with differences
in the representation of the surface energy balance in the
SCM and ERA5 (Ganzeveld et al., 2006). Therefore, no
nudging to q has been applied in the SCM simulation to
secure a more realistic representation of cloud cover and
surface radiation. ERA5 assimilates the radiosondes
launched during MOSAiC and the RV Polarstern automatic
weather station data. Here, we used the same radiosondes
to determine the PBL height during MOSAiC that were
also used to nudge the SCM above the PBL. However, the
SCM still explicitly calculates boundary layer mixing and
the PBL height. In Figure S1, we show a direct comparison
of SCM-simulated, MOSAiC-observed, and ERA5 reanalysis
2-m air temperature, 10-m wind speed, and 10-m wind
direction. CAMS assimilates observations from several
satellites but it does not assimilate O3 observations from
MOSAiC, other in situ measurement sites, or ozone sondes
(Inness et al., 2020). In Figure S2, we show a direct com-
parison of SCM-simulated, MOSAiC-observed, and CAMS
reanalysis surface O3 mixing ratios.
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2.2. Observations

2.2.1. Meteorological data

To evaluate the SCM-simulated micro-meteorology, we
used observations taken at a meteorological tower oper-
ated on the sea ice 300 m to 500 m from RV Polarstern as
part of the MOSAiC Central Observatory (Shupe et al.,
2022). Here, we used 1-min observed 2-m air temperature
(T2m), 10-m wind speed (V10m), and 10-m wind direction
(Cox et al., 2021) re-sampled to hourly mean observations.
Data gaps occurred during periods when the RV Polarstern
was in transit, i.e., May 10 to June 24 (2020) for the Leg 3
to Leg 4 exchange at Svalbard and July 29 to August 25
(2020), when the original ice floe broke apart and a new
Central Observatory was set up around 88 N (Shupe et al.,
2022). See Figure 1 for an overview of the MOSAiC drift
trajectory.

2.2.2. Surface O3 concentrations and fluxes

Ambient air for the O3 flux analyzers was drawn from
a Teflon inlet at the top of the RV Polarstern bow tower.
The tower was installed at the end of a horizontal crane
extending approximately 5 m in front of the ship’s bow
(see Shupe et al., 2022). Inlets were co-located on the
tower with a 3D ultrasonic anemometer, approximately
20 m above the ice surface. A heated Teflon inlet line
(approximately 1-cm inner diameter, 45-m long) carried
sample air to the O3 flux analyzer located in a below-
deck laboratory space at a mean flow of 30 standard
liters-per-minute (SLPM). This flow was sub-sampled into
the O3 flux analyzer at a flow of 1.2 SLPM through
a Nafion air dryer. See Bariteau et al. (2010) and Boylan
et al. (2014) for a detailed description of the fast O3 flux
analyzer.

Figure 1. Drift trajectory of MOSAiC. Drift trajectory of MOSAiC from October 15, 2019, to September 30, 2020,
colored per month. The thick lines indicate the drift trajectory and the thin lines show the path of the RV Polarstern
when in transit. The white contours in the background indicate the March 2020 sea-ice maximum from ERA5 and the
dashed black line indicates the September 2019 sea-ice edge minimum from ERA5 (sea-ice fraction ¼ 0.3).
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Synchronization of fast O3 response with fast wind
speed and correction for low-pass filtering effects of the
inlet tubing were facilitated by subjecting the sampling
system once every hour to a 5-s pulse of pure nitrogen at
the inlet tip. See Bariteau et al. (2010) and Blomquist et al.
(2010; 2014). The O3 flux was estimated as the covariance
of synchronized dry-air O3 mole fraction and vertical wind
velocity. The flux detection limit was evaluated hourly as
the covariance of time-shifted (decorrelated) O3 mole frac-
tion and vertical velocity. Additional filtering with respect
to wind speed (>1 m s�1) and wind direction (±90�) was
applied to limit interference from RV Polarstern on the
eddy-covariance system. Furthermore, non-stationary con-
ditions were filtered out. Finally, we have filtered out the
O3 flux data for boundary layers shallower than 40 m—
twice the reference height of the flux observations—based
on the SCM-simulated PBL heights. The motivation for this
additional filtering was to exclude those O3 flux observa-
tions not deemed being representative for the actual O3

surface fluxes, but more reflecting the role of entrainment
due to presence of a very shallow inversion layer. This
filtering resulted overall in removing approximately 12%
of the O3 flux observations. The radiosonde-inferred PBL
height was not applied for this filtering due to its high
uncertainty in the case of very shallow boundary layers
and the limited temporal coverage.

Redundant measurements of ambient air O3 concentra-
tions were performed in three distinct sea-laboratory con-
tainers (Angot et al., 2022a; Beck et al., 2022). Here we
used an hourly-averaged merged dataset that combines
the cross-evaluated individual O3 datasets. A detailed
description of the set-up and filtering of O3 flux data, as
well as measurements of the CO2, CH4 and DMS fluxes, is
planned for an upcoming manuscript.

2.2.3. Observation-derived ozone deposition resis-

tance terms

In state-of-the-art atmospheric chemistry transport mod-
els, the deposition process is generally considered by cal-
culation of a deposition velocity following the resistance
in series approach first proposed by Wesely (1989). The O3

deposition velocity Vd;O3 (m s�1) is estimated as

Vd;O3 ¼ 1
ra þ rb þ rc

; ð1Þ

where ra is the aerodynamic resistance (s m�1), rb is the
quasi-laminar sub-layer resistance (s m�1), and rc is the
surface resistance (s m�1). Both ra and rb, representing
turbulent transport and diffusion close to the surface,
strongly depend on meteorological conditions. The term
rc represents the efficiency of removal by the surface and
is typically two to three orders of magnitude larger than ra

and rb for simulated O3 deposition to snow and ice
(Helmig et al., 2007; Hardacre et al., 2015). The simulated
O3 flux w0O3

0 (ppb m s�1) at the surface is calculated as

w0O3
0 ¼ Vd;O3 � ½O3�surf ; ð2Þ

where ½O3�surf is the O3 mixing ratio at the surface (ppb).
Here, we used the observed O3 deposition fluxes to derive

an estimate of rc as the residual term in explaining the
observed flux. Similar to de Jalón et al. (2019), we esti-
mated ra and rb from observed meteorological properties
according to:

ra;obs ¼ Vz

u�2
ð3Þ

and

rb;obs ¼ 2
k � u� �

Sc
Pr

2=3
; ð4Þ

where Vz is the wind speed at height z (m s�1), u� is the
friction velocity (m s�1) from the eddy-covariance system,
k is the von Karman constant of 0.4, and Sc ¼ 1.07 and Pr
¼ 0.72 are the Schmidt number of O3 and Prandtl number
in air, respectively (Hicks et al., 1987). Then, we derived rc

from Equations 1 and 2 using the observed surface O3

mixing ratio and flux as

rc;obs ¼
½O3�surf

w0O3
0

obs

� ra;obs � rb;obs: ð5Þ

A stability correction of ra is suggested to be significant
for very stable conditions under bulk Richardson numbers
>0.2 (Toyota et al., 2016) in atmospheric chemistry mod-
els. By using the observed wind speed and friction velocity,
we accounted for the stability effects in the observation-
derived method. Furthermore, this stability correction of
ra is accounted for in the representation of the deposition
process in the SCM (Ganzeveld and Lelieveld, 1995).

2.2.4. Radiosondes

We used data from radiosondes launched during MOSAiC
(Maturilli et al., 2021) to infer the magnitude and tempo-
ral evolution of the PBL Height (PBLH). Radiosondes were
launched four times per day (6-hourly) and provide
detailed information on the vertical structure of atmo-
spheric temperature, humidity, and horizontal wind
speed. We applied the bulk-Richardson-number method,
which is a common method to derive the PBLH from
radiosondes (e.g., Zilitinkevich and Baklanov, 2002; Zhang
et al., 2014). Furthermore, Jozef et al. (2022) found this
automated objective method to be most accurate com-
pared to subjective identification of the PBLH during
MOSAiC. The bulk Richardson number RiB (�) from the
surface up to height h (m) is defined as the ratio between
the estimated buoyancy and shear production as given in
Equation 6:

RiB ¼
ðg=Tv;0Þ � ðθvðhÞ � θvð0ÞÞ � h

uðhÞ2 þ vðhÞ2
: ð6Þ

Here, g is the gravitational acceleration (m s�2), Tv;0 is
the virtual temperature at the surface (K), θvðhÞ and θvð0Þ
are the virtual potential temperature (K) at height h and at
the surface, respectively, and uðhÞ and vðhÞ are u and v
wind components (m s�1) at height h. The bulk-
Richardson-number method assumes that the PBLH is the
height at which the bulk Richardson number reaches the
critical bulk Richardson number RiBc. When RiB > RiBc ,
turbulence production by shear is insufficient to
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compensate for the suppression of turbulence by buoy-
ancy. For this study, we applied a RiBc of 0.40 based on
a preliminary analysis of a subset of the observed profiles
and manual identification of the PBLH based on temper-
ature and humidity gradients at the PBL top.We note that
even though a constant RiBc is often applied it rather
depends on atmospheric stability (Richardson et al.,
2013; Basu et al., 2014), with values for RiBc typically
ranging from 0.1 to 1.0 (Zilitinkevich and Baklanov,
2002). However, a detailed analysis of appropriate RiBc for
best estimates of PBLH during MOSAiC, e.g., compared
with other PBLH estimates from sodar (Brooks et al.,
2017), is out of scope for this study. Additional uncertainty
arises from the fast ascent of the radiosonde and uncer-
tainty in the GPS-retrieved altitude, especially close to the
surface. Therefore, the exact magnitude of the radiosonde-
derived PBLH might be subject to a substantial uncer-
tainty. However, we do not focus on the magnitude but
rather on the temporal evolution of the PBLH and identi-
fication of periods with suppressed mixing relevant for the
analysis of surface O3 concentration and flux observations.

To complement the surface O3 concentration and flux
observations, we used additional observations on the ver-
tical distribution of O3 using sondes launched during
MOSAiC (von der Gathen and Maturilli, 2020; 2022).
Approximately one radiosonde per week was equipped
with an O3 sensor, with some periods (e.g., springtime)
having a higher temporal coverage. In total, 56 O3 sondes
were launched between October 1, 2019, and September
30, 2020. For better comparison with the SCM, we have
regridded the data from the O3 sondes to 30-m vertical
bins to allow for identification of O3 gradients above the
PBL. In this study, we focused on the vertical profiles of O3

in the PBL and free troposphere and discarded

observations of stratospheric O3, which have been shown
to be highly depleted in the 2020 spring season due to
severe chemical loss in a strong and long-lasting polar
vortex (Inness et al., 2020; Wohltmann et al., 2020).

3. Results
First, we present the model evaluation of meteorological
diagnostics essential for the analysis of the PBL budget of
O3. Second, we compare the simulated and observed O3

deposition resistance terms as one of the main compo-
nents of the O3 budget. Thereafter, we compare the mod-
elled and observed surface O3 concentrations and quantify
the contribution of each process to the O3 budget in the
PBL. Finally, we evaluate the link between surface obser-
vations and free tropospheric O3 by a comparison of SCM
simulations and observations on the vertical O3

distribution.

3.1. Evaluation of SCM-simulated meteorology

The SCM shows a good performance with respect to
observed T2m (Figure 2a and e) with an explained vari-
ance R2 of 0.88. The SCM and observations agree on the
seasonal cycle, with a minimum T2m of about �40�C
reached at the end of winter and a persistent period of
T2m around 0�C in summer due to the melting sea ice
(Shupe et al., 2022). Even though the SCM is able to
represent most of the temporal variability in observed
T2m, the observations show larger variability on hourly
timescales, arguably due to the misrepresentation of local
processes in the SCM or a misrepresentation of surface
properties such as albedo, sea-ice cover and sea-ice thick-
ness affecting the surface energy balance. The SCM gener-
ally simulates warmer conditions than observed with
a bias of þ1.0�C. Most notably, the warm bias increases

Figure 2. Comparison of simulated and observed meteorology. Temporal evolution of simulated (black) and
observed (olive green) (a) 2-m air temperature (�C), (b) 10-m wind speed (m s�1), (c) 10-m wind direction (�) and
(d) planetary boundary layer height (m) and (e–h) corresponding 1:1 scatter plots of observed (x-axis) and simulated
(y-axis) variables shown in (a–d). The grey shadings in (a–d) indicate the periods when RV Polarstern was in transit.
The colors in (e–h) express the kernel density estimation, where brighter colors correspond to a higher point density
with (e) R2 ¼ 0.88, (f) R2 ¼ 0.84, (g) R2 ¼ 0.85, (h) R2 ¼ 0.35, and the red line indicates the 1:1 line.
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to þ2.1�C for observed T2m < �25�C, indicating a poten-
tial overestimation of turbulent mixing during very stable
conditions (Kral et al., 2021). Note that the SCM-simulated
meteorology is strongly affected by nudging the SCM to
the ERA5 reanalysis data above the boundary layer. For
a direct comparison of SCM-simulated, MOSAiC-observed
and ERA5 reanalysis meteorology see Figure S1.

The SCM also shows a relatively good performance with
respect to observed V10m (Figure 2b and f) with an R2 of
0.84. The SCM is able to represent the observed maxima
and minima in V10m, showing no significant positive or
negative bias. Periods with a large positive T2m bias up to
þ10�C (e.g., around May 1) appear to coincide with a pos-
itive V10m bias of 1 to 2 m s�1, related to an underestima-
tion of surface stratification. However, the bias in V10m

cannot completely explain the warm bias in T2m, indicat-
ing the role of other processes such as energy exchange at
the surface or thermal radiation divergence. Similarly to
V10m, the wind direction is well represented by the SCM
(Figure 2c and g) with an R2 of 0.85. This result indicates
that we anticipate a good model representation of the
contribution by advection of O3 and other long-lived pre-
cursors with air masses coming from different origins.

Simulated and observed PBLH show large variations,
with boundary layer depths ranging from approximately
10 m to 1000 m (Figure 2d and h). The 25th and 75th

percentiles for the observations and SCM amount to [86,
305] and [57, 241] m, respectively. These values indicates
that for this study the Arctic boundary layer was typically
shallower than a few hundred meters and boundary layers
of a few tens of meters were common. Both the SCM and
observations show the largest variation and deepest
boundary layers in spring/early summer (March to June).
Also during calm conditions with V10m < 5 m s�1 (e.g.,
around March 1 and August 1) both the SCM and observa-
tions agree well on the presence of boundary layers often
shallower than 50 m. In general, the temporal evolution

and variability in radiosonde-derived PBLH was captured
by the SCM even though biases were more pronounced
during certain periods (e.g., May to June). Moreover, a sub-
stantial positive bias in PBLH was found around May 1
when the SCM significantly overestimated T2m and V10m.
This finding again indicates the presence of excessive tur-
bulent mixing in the SCM during that period.

3.2. Ozone deposition resistance terms

The observations show that the aerodynamic resistance
(ra) is typically on the order of 102 s m�1, with extremes
exceeding 103 s m�1 during periods with very low wind
speeds (Figure 3a). For the quasi-laminar sub-layer resis-
tance (rb), being typically one order of magnitude smaller
than ra, we find a typical magnitude of 101 s m�1 and
peaks exceeding 102 s m�1. We find that the SCM simu-
lates generally well the observed magnitude and temporal
variability in ra and rb both in the timing of the maxima
and minima. The co-sampled frequency distributions (Fig-
ure 3b) show that the SCM slightly underestimates the
observed peak in ra of 102 s m�1. Rather, the SCM shows
a peak around 80 s m�1. We argue that this discrepancy is
related to overestimated surface mixing conditions in the
SCM leading to an underestimation in ra. The SCM resem-
bles rather well the observed frequency distribution of rb,
both peaking at 101 s m�1 and only exceeding high values
of rb of 102 s m�1 approximately 4% of the time.

We find a large variability in observed surface resis-
tance (rc), with minima as small as 103 s m�1 and maxima
up to 106 s m�1. The frequency distribution (Figure 3b)
peaks between 104 s m�1 and 2 � 104 s m�1. By comput-
ing a 7-day running median, we find a rc of approximately
2 � 104 s m�1 (Vd;O3 � 0.005 cm s�1) in winter before
dropping below 104 s m�1 for the months of April and
May. This snow-sea ice uptake resistance inferred from
these long-term O3 flux observations is much larger com-
pared to the still commonly applied snow-ice uptake rate

Figure 3. Comparison of simulated and observed ozone deposition resistance terms. (a) Temporal evolution and
(b) co-sampled frequency distribution of observation-derived (colors) and simulated (grey scales) aerodynamic
resistance (ra (s m�1); blue, grey), quasi-laminar sub-layer resistance (rb (s m�1); orange, light grey), surface
resistance (rc (s m�1); green, black) and 7-day running median observed surface resistance (rc;median (s m�1); red).
The grey shadings indicate the periods when RV Polarstern was in transit.
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of 2 � 103 s m�1, resulting in a dry deposition velocity
of 0.05 cm s�1 in most atmospheric chemistry and
transport models (Simpson et al., 2012; Hardacre
et al., 2015; Falk and Søvde Haslerud, 2019). The
observation-inferred uptake resistance of 2 � 104 s
m�1 is more in line with estimations of 1 � 104 s
m�1 by Helmig et al. (2007) implemented in more
recent model experiments (Barten et al., 2021; Herr-
mann et al., 2021; Marelle et al., 2021). The reduction
in observation-derived rc in spring and summer might
potentially be related to a larger open water flux foot-
print and the reactions between O3 and ocean water
reactants (Loades et al., 2020). At the end of summer,
the observed rc is again on the order of 2 � 104 s m�1.
The increase in the summer appears to be insignificant
due to the large variability in the observations. The SCM
results show less variation compared to observed rc .
This result indicates that the simulated temporal vari-
ability in processes considered in the first-order 2-layer
snowpack-atmosphere exchange model, e.g., the role of
wind pumping, does not explain the observed temporal
variability in rc . However, the model agrees on a rather
constant rc of 2 � 104 s m�1 (Vd;O3 � 0.005 cm s�1) in
the weekly median from November to April. During
August, the SCM-simulated rc is biased low for a period
with significant open water fraction (>0.5 for 2 weeks)
in the ERA5 forcing dataset. This bias highlights the
sensitivity in the SCM to O3 deposition to water sur-
faces that might not be representative for the 7-day
median observations with a more local footprint. The
ra and rb terms, being typically 2 and 3 orders of mag-
nitude smaller than rc, appear to put no significant
constraint on the total resistance term over the entire
year. This lack of constraint indicates that the removal
rate is dominated by the actual snow/sea-ice uptake
efficiency with an insignificant role of turbulent trans-
port to and molecular diffusion near the surface.

Therefore, the impact of a misrepresentation of SCM-
simulated atmospheric stability on the O3 deposition
flux is limited.

3.3. Surface ozone concentrations and tendencies

The observed evolution in daily mean surface O3 mixing
ratios shows a seasonal cycle with a maximum in winter,
followed by ODEs in spring and another minimum at the
end of summer (Figure 4a). Daily mean O3 mixing ratios
reach 45 ppb in wintertime and 15 to 20 ppb at the end-
of-summer minimum. In March, April and May, the obser-
vations show clear indications of ODEs with observed O3

mixing ratios as low as <1 ppb. These ODEs occur on
timescales of several hours to days in shallow boundary
layers (Figure 2d) during episodes with low wind speeds
(Figure 2b). The recovery of ozone to mixing ratios up to
45 ppb occurs at a similar timescale. The SCM results agree
with the seasonal cycle in observed surface O3 mixing
ratios in terms of the winter maximum and end-of-
summer minimum. However, the SCM is unable to repre-
sent the ODEs in spring due to the fact that we have not
considered the halogen emissions in these model experi-
ments. Moreover, the role of halogen chemistry is not
considered in the CAMS reanalysis data used for nudging
(Figure S2). The SCM and observations also agree on sharp
changes in surface O3 mixing ratios in winter (e.g., around
January 1) caused by advection of different air masses
in CAMS depicted by a sudden shift in wind direction
(Figure 2c) and a changing footprint area of the surface
O3 concentration observations. Interestingly, the SCM
shows less variability in the daily mean surface O3 mixing
ratios compared to observations, due to a misrepresenta-
tion of local processes affecting the surface O3 concentra-
tions. This reduced variability can be caused by a lower
variability in O3 deposition (Figure 3) in the SCM, a mis-
representation of local processes such as snow ridging
causing additional surface roughness, or local chemistry

Figure 4. Surface ozone and the ozone budget. Temporal evolution of (a) simulated (black) and observed (olive
green) daily running mean surface O3 mixing ratios (ppb) ± two standard deviations (shadings) and (b) 7-day running
means for simulated net (dotted line), nudging (blue, implicitly representing advection), turbulent (orange), dry
deposition (green), chemistry (red) and entrainment (purple) O3 tendencies (ppb h�1) in the planetary boundary
layer. The grey shadings indicate the periods when RV Polarstern was in transit.
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caused by halogen emissions from the snowpack which
are not included in the SCM. Especially in wintertime, the
temporal variability in surface O3 simulated by the SCM is
very low. In wintertime, the model shows no significant
positive or negative bias. In springtime, the model is
strongly positively biased due to the missing halogen
sources and resulting ODEs. From June onwards, the SCM
modelled O3 is slightly negatively biased by 3 to 4 ppb.

The observed and simulated O3 mixing ratios
(Figure 4a) are governed by many processes. Ultimately,
we want to determine the role of these different processes
on the PBL-integrated mixing ratios over the entire year
for various meteorological conditions. Therefore, we have
estimated the PBL O3 integrated process tendencies in the
SCM. Basically, we have estimated for every time step the
contribution by nudging, vertical mixing, dry deposition,
chemistry (the net result of all chemical reactions), and
entrainment from the free troposphere to the simulated
changes in O3 mixing ratios, as described in Equation 7:

d½O3�
dt
¼Nudging þMixing þ Depositionþ Chemistry

þ Entrainment: ð7Þ

To interpret how temporal changes in observed O3 mix-
ing ratios are explained by the different processes control-
ling boundary layer O3, the process tendencies are given in
ppb h�1. These values were calculated by integrating the
O3 and air mass over the PBLH accounting for the decreas-
ing density and increasing thickness of layers with alti-
tude. Here, the nudging tendency mainly reflects the
contribution by advection if differences between the SCM-
and CAMS-simulated processes in the vertical column are
small relative to this contribution by advection. Although
vertical mixing and entrainment are calculated as differ-
ent tendencies, both represent mixing of O3-rich air from
layers aloft to layers in the PBL. The turbulent transport
tendency, calculated from the divergence of the fluxes at
the interfaces of the SCM model layers representing the
boundary layer, mostly reflects the compensating effect by
downward transport throughout the boundary layer to the
surface to compensate for dry deposition. In contrast, the
entrainment tendency solely represents the increase in O3

concentration due to the increase of the PBLH over time
and thus entrainment of free tropospheric air masses
enhanced in O3 using a bulk approach. Because the SCM
is unable to capture the high temporal variability in depo-
sition (Figure 3) and surface mixing ratios (Figure 4a) on
hourly timescales, we have applied a 7-day running mean
to these tendencies to determine the dominant processes
on timescales of days to weeks (Figure 4b).

Over the entire year, vertical mixing, representing the
redistribution of O3 towards the surface, always contri-
butes positively to the net O3 PBL budget. The nudging
tendency can be either a positive or a negative contribu-
tion. The net effect of chemistry (both positive and nega-
tive) and entrainment (only positive) only contribute
marginally (<5%) to the simulated 7-day running mean
net tendency. In winter, vertical mixing and dry deposition
appear to be the processes that dominate the magnitude

and temporal variability of PBL O3 as reflected by their
contribution to the net tendency. The removal at the sur-
face by dry deposition is mainly counteracted by the redis-
tribution of O3 by downward turbulent transport. We
expect a larger contribution by chemistry in spring given
the ODEs (Figure 4a); however, not having considered the
potential sources and resulting chemical destruction of
O3, the tendencies for ODEs do not represent the antici-
pated on-site observed conditions.While in wintertime dry
deposition appears to mainly determine the O3 sink, com-
pensated for by vertical mixing, nudging also plays a sub-
stantial role in the period of June to September.
Interestingly, we find a strong negative contribution by
dry deposition up to �1.0 ppb h�1 in August. Here, both
observations and the SCM are characterized by a period of
persistent low wind speeds (Figure 2b) and shallow
boundary layers (Figure 2d). Also in wintertime, we find
that during periods with relatively shallow boundary
layers the role of dry deposition on the O3 concentrations
increases. On the other hand, this finding also implies
stronger O3 gradients from the surface layer to layers aloft,
which will ultimately be compensated by turbulent
mixing.

3.4. Vertical distribution of tropospheric ozone

Although we have shown that the SCM is overall very well
able to represent the observed seasonal cycle in surface O3

during MOSAiC, the SCM clearly fails in representing
observed springtime surface O3 concentrations related to
ODEs. To further study the dynamics of O3 in the PBL and
in the free troposphere, including its representation in the
SCM, we used data from O3 sondes launched during
MOSAiC (Figure 5). In wintertime, we find modelled and
observed free tropospheric O3 mixing ratios up to 50 ppb
with weak gradients towards the surface. On average, we
find a DO3ð1500m�surf Þ of 5.2 and 8.4 ppb in wintertime for
the SCM co-sampled with observations and O3 sondes,
respectively. O3 sonde observations close to the surface
have a high uncertainty due to the fast ascent, measure-
ment delay and chaotic rotation of the sonde after launch
(Carminati et al., 2019). In springtime, the observations
show strong O3 gradients above the PBL. The vertical
extent of the ODEs appears to be confined to the first few
hundreds of meters above the estimated PBLH. The
observed O3 mixing ratios above 1000 m are hardly
affected by the ODEs in spring, which also indicates a role
of entrainment in the recovery of surface O3 after ODEs.
Unfortunately, this entrainment cannot be quantified
using the SCM because the ODEs are not represented in
these model experiments. Additionally, the temporal cov-
erage of the O3 sondes is too coarse to allow a quantifica-
tion of the role of entrainment during ODEs. During
springtime, we find a mean DO3ð1500m�surf Þ of 31.2 ppb
from the O3 sondes. Similarly to Figure 4a, we find that
summertime O3 is more depleted compared to winter-
time, also in the free troposphere (Figure 5). During sum-
mertime, we find that both model and observations show
stronger gradients towards the surface compared to win-
tertime, with a mean DO3ð1500m�surf Þ of 16.3 and 11.6 ppb
in the SCM and O3 sondes, respectively. However, in
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summer the SCM produces a negative bias in surface O3 of
3 to 4 ppb (Figure 4a) which explains the stronger gra-
dient in the SCM.

Figure 6 confirms that the SCM is most prominently
biased in the lowest few hundreds of meters. Including all
O3 sondes results in a positive bias over 10 ppb close to
the surface, while excluding the O3 sondes in springtime
still results in a bias of 6 ppb (not shown here). The bias in
the free troposphere reduces with increasing altitude and
reaches a minimum around 3 km. Above this height, the
absolute bias towards the tropopause increases due to
elevated O3 mixing ratios. Most notably, we find a positive
bias over the entire troposphere for the October 2019 to
February 2020 months with low variability. The bias in
May 2020 to September 2020 is smaller, but shows more
variability. Again, the fast ascent of the O3 sonde leads to
a high uncertainty in the O3 observations close to the
surface because we do not find a bias of 6 ppb in the
surface O3 observations (Figure 4a). This significant bias
in the PBL can hint towards an underestimation of the dry
deposition sink term, even though we have shown that
simulated dry deposition corresponds well with the long-
term (weekly mean) observed dry deposition rates
(Figure 3a). Another reason could be the underestimation

of sources of halogens, resulting in removal of O3 in the
PBL. Furthermore, enhanced turbulent mixing in the SCM
(also reflected by overestimated T2m; Figure 2a) might
result in an overestimation of entrainment from O3-rich
air from the free troposphere into the PBL.

4. Discussion
This study demonstrates the role of O3 dry deposition to
snow and ice on the year-round O3 budget in the Arctic
PBL using observations as part of the MOSAiC campaign
and supported by application of a single-column atmo-
spheric chemistry and meteorological model. By con-
straining the SCM with the ERA5 meteorological
(Hersbach et al., 2020) and CAMS chemical (Inness et al.,
2019) reanalysis data, we aim to arrive at the most accu-
rate representation of on-site conditions observed during
MOSAiC based on correct process representation. The SCM
simulates all of the atmospheric column physical and che-
mical processes as a function of the explicitly resolved sea-
ice/snow and ocean surface source and sink processes.
However, application of these reanalysis data to constrain
the SCM-simulated processes implies that the simulated
meteorology and chemistry also reflects the accuracy of
these reanalysis datasets to represent the in-situ

Figure 5. Vertical distribution of ozone. Time-height cross section of simulated (background) and observed (filled
circles) O3 mixing ratios (ppb) for (a) October–November–December 2019, (b) January–February–March 2020, (c)
April–May–June 2020 and (d) July–August–September 2020. The black line and white crosses represent the
simulated and observation-derived planetary boundary layer heights, respectively.
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meteorological and atmospheric composition observa-
tions. Furthermore, the results reflect the average condi-
tions for a domain of 0.25� � 0.25� (ERA5) or 0.75� �
0.75� (CAMS). This resolution suggests that the SCM
results, regarding properties that are mostly affected by
the role of large-scale synoptic conditions and tracer
advection regimes, are more representative for a larger
domain compared to the local meteorological and O3 flux
observations. By also forcing the SCM with the ERA5 sea
ice fraction, we account for sub-grid scale variability in
open water and snow or ice surfaces and a different rep-
resentation of O3 dry deposition to these surfaces. How-
ever, this 0.25� � 0.25� averaged sea-ice fraction might
not be representative for the local footprint of the O3

flux observations, especially in the marginal ice zone. A
detailed footprint analysis of the short-term hourly flux
observations would be necessary to distinguish the con-
tribution by ocean and snow/ice-covered surfaces in the
marginal ice zone as a function of wind direction. Addi-
tionally, the ERA5 forcing data set does not account for
leads, melt ponds, and ice ridges, which were commonly
observed during spring and summer (Nicolaus et al.,
2022; Rabe et al., 2022) and that could lead to potential
non-linear effects on surface energy balance and turbu-
lent mixing.

Regarding the SCM-simulated meteorology, our find-
ings confirm many other studies that found that model
simulations and reanalysis datasets are typically showing
a warm bias over snow-covered surfaces (e.g., Savijärvi,
2014; Sterk et al., 2015; Wang et al., 2019; Tjernström
et al., 2021). Most notably, Wang et al. (2019) found that
the warm bias of ERA5 increases to þ5.4�C for T2m <

�25�C over the Arctic sea ice. Here, we find an SCM
warm bias of þ2.1�C for T2m < �25�C compared to
a mean T2m bias of þ1.0�C for the entire MOSAiC data-
set. ERA5 assimilates RV Polarstern weather station data
(not used in this study) and soundings, which might
explain a large part of this discrepancy with Wang et al.
(2019). Graham et al. (2019) found that ERA5 performs
best among 5 reanalysis products, especially related to
the wind fields for a case study in summer. Here, we find
that the wind fields (both speed and direction) are well
represented by the SCM and arguably also by the role of
nudging to ERA5 above the PBL.

Other results further corroborate the representative-
ness of the SCM for a larger domain compared to the local
observations. For example, the surface O3 observations
show more variability on short timescales compared to
the SCM (Figure 4a). In the SCM, the variability around
the mean daily surface O3 mixing ratio is 2.3 ppb (2s),
whereas the variability in the surface O3 observations is
5.8 ppb (2s). Arguably, this difference in variability
includes some measurement uncertainty (Angot et al.,
2022a) but can also point to missing local processes in
the SCM such as snow ridging causing additional surface
roughness (Haapala et al., 2013) and mixing, local chem-
istry caused by halogen emissions from the snowpack
(Grannas et al., 2007; Simpson et al., 2007; Morin et al.,
2012) and sea ice (Simpson et al., 2005; Jacobi et al.,
2006), or missing temporal variability in surface
deposition.

The results presented here provide insight on the
observed and simulated variability in O3 deposition, sur-
face O3 concentrations and the O3 budget in the PBL.

Figure 6. Vertical distribution of simulated ozone bias. Vertical distribution of mean O3 bias (simulated minus
observations) (ppb) for all ozone sondes (blue), October 2019 to February 2020 (orange) and May 2020 to September
2020 (green). The shadings and error bars indicate ± one standard deviation. Note the extended y-scale with respect
to Figure 5.
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Rinke et al. (2021) has shown that the meteorological
conditions during MOSAiC were relatively normal even
though anomalous conditions occurred, especially related
to more frequent storm events from fall to spring. Fur-
thermore, because the overall shape and the major fea-
tures in the MOSAiC observed O3 concentrations are
similar to the limited previous O3 observations over the
Arctic Ocean (Jacobi et al., 2010, and references therein),
we deem the results presented here to be representative
for the baseline state of Arctic surface O3.

By analysing for the first time a year-round dataset of
eddy-covariance O3 flux observations over the Arctic sea
ice, we have quantified the removal efficiency by the Arc-
tic sea ice and snow surface over the entire year. Previous
studies mostly relied on an indirect evaluation of the rep-
resentation of the dry deposition mechanism in models
using surface O3 observations (Helmig et al., 2007; Barten
et al., 2021). Here, we find a large variability in
observation-derived surface resistance (rc) between 103 s
m�1 and 106 s m�1. To what extent this variability can be
explained by physical processes, such as wind pumping in
snow (Helmig et al., 2007) as opposed to measurement
uncertainty due to missing observations in the snowpack,
remains an open question. The SCM, which contains an
empirical representation of wind pumping (Toyota et al.,
2014; Murray et al., 2015), only shows a weak sensitivity of
wind speed on O3 deposition to snow. Here, we find
a median rc of 20,000 s m�1, resulting in an O3 deposition
velocity (Vd;O3) of 0.005 cm s�1. This result corroborates
the findings by Helmig et al. (2007) who determined that
the magnitude and variability in simulated surface O3

concentrations were best represented using a Vd;O3

between 0.00 and 0.01 cm s�1 as already implemented
by several modelling studies (Barten et al., 2020; Herr-
mann et al., 2021; Marelle et al., 2021). However, many
atmospheric chemistry and transport models still apply by
default a surface resistance that is too low by up to an
order of magnitude (Simpson et al., 2012; Hardacre et al.,
2015; Falk and Søvde Haslerud, 2019; Swanson et al.,
2022), resulting in an overestimation of O3 removal by
the surface.

There is uncertainty as to what degree emissions from
the RV Polarstern being deposited onto the sea-ice surface
may have contaminated the snow surface and altered the
natural conditions and behaviour of O3 deposition. From
our current understanding of processes controlling O3

surface uptake (Clifton et al., 2020), most probably any
such contamination effects would have increased the O3

surface uptake through additional depletion of O3 with
gas and liquid-phase particles in the snowpack interstitial
air (Bocquet et al., 2007). Consequently, results from the
observations reported here, despite being about the low-
est surface O3 uptake rates ever determined, would most
likely represent upper threshold values.

The largest discrepancy between the observed and
SCM-simulated O3 concentrations was found in March to
the beginning of May when the observations showed
ODEs at the surface (Figure 4a) also affecting O3 concen-
trations above the estimated PBL height (Figure 5b
and c). The SCM does not represent these ODEs, given that

we have not considered the role of springtime snowpack
and sea-ice emissions of halogens and NOx in this analysis
due to missing observations to constrain these events.
Therefore, we deem the results of the SCM PBL O3 budget
as not representative of the spring ODEs for which we
would expect a larger contribution by chemistry and
recovery of O3 from turbulent mixing and entrainment
of O3-rich air. An analysis of the multi-year (2003–2021)
CAMS O3 data used to nudge the SCM above the PBL
indicates that CAMS also does not show ODEs in spring.
Therefore, constraining the SCM with overestimated O3

concentrations does not provide a realistic representation
of the conditions of relevance for the simulation of these
ODEs, even if the surface halogen sources would be repre-
sented accurately. A detailed analysis of the ODEs and
relevant halogen sources should rely on a high resolution
regional 3D model simulation, including reactive halogen
production due to blowing snow, sea salt aerosols and
other sources (Marelle et al., 2021). Alternatively, ODEs
could be further assessed with halogen-O3 chemistry box
model experiments being constrained with MOSAiC mete-
orological and tracer observations.

This study arrives for the first time at a quantification
of the PBL O3 budget over Arctic sea ice and specifically
the role of dry deposition in the PBL O3 budget. We show
that dry deposition can strongly affect O3 concentration in
the PBL, especially during events with a shallow boundary
layer, even though the O3 dry deposition velocity to the
Arctic sea ice is small compared to any other natural sur-
face (Hardacre et al., 2015). A detailed analysis of the O3

flux observations, including the potential role of bi-
directional exchange and a comparison with other flux
observations of CO2, CH4 and DMS, is planned for a future
manuscript. Such an analysis of flux observations and
footprints in combination with ocean water iodide obser-
vations might provide insight on the contribution of O3

deposition to the ocean surface during MOSAiC. However,
such an analysis will be limited to individual events when
the footprint is dominantly over open ocean and is not
expected to influence the results of this study. Further-
more, presence of fresh meltwater on top of the saline
ocean (Rabe et al., 2022) during spring and summer might
limit the atmosphere-ocean exchange of trace gases. Given
the findings that dry deposition to the Arctic sea ice is an
important removal mechanism of PBL O3, a reconsidera-
tion of the dry deposition routines and corresponding
surface resistance in global and regional atmospheric
chemistry and transport models or reanalysis datasets is
recommended. This study now confirms based on this
one-year O3 flux dataset that these models overestimate
O3 deposition to snow and ice (Simpson et al., 2012; Hard-
acre et al., 2015; Falk and Søvde Haslerud, 2019; Barten
et al., 2021), likely resulting in an underestimation of
Arctic surface and PBL O3 concentrations. For example,
Barten et al. (2021) found a mean underestimation of
5.0 ppb for the CAMS reanalysis product at 6 High Arctic
sites (>70�N) for an end-of-summer case, indicating
a potential overestimation of the surface removal in shal-
low boundary layers. Furthermore, the anticipated
increase of local air pollution (Law et al., 2017; Schmale
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et al., 2018) and shipping emissions (Aliabadi et al., 2015;
Stephenson et al., 2018) calls for continuing efforts to
enhance our understanding of current estimates of O3

radiative forcing and the fate of O3 in the Arctic PBL.

5. Conclusion
This study highlights the role of dry deposition in the O3

budget of the Planetary Boundary Layer (PBL) over the
Arctic sea ice. We quantified the removal of O3 by dry
deposition to sea-ice and snow-covered surfaces using, for
the first time, year-round O3 flux observations in the High
Arctic as part of MOSAiC campaign. By combining this
information with model simulations using a single-
column atmospheric chemistry and meteorological
model, we quantified the role of deposition and other
processes in determining the O3 concentration in the PBL.

The SCM-simulated meteorology shows a good resem-
blance with observations, having an R2 of 0.88, 0.84 and
0.85 for 2-m air temperature (T2m), 10-m wind speed
(V10m) and 10-m wind direction, respectively. On average,
the SCM is unbiased with respect to wind direction
and V10m. However, the SCM shows a warm bias for
T2m, being on average þ1.0�C and increasing to
þ2.1�C for T2m < �25�C, related to an underestimation
of the stable stratification at the surface. The SCM-
simulated meteorology is also strongly affected by
nudging to ERA5 above the boundary layer. The SCM-
simulated PBL Height (PBLH) agrees well with
radiosonde-derived PBLH in terms of temporal variability
and identification of extended periods, with shallow
boundary layers and limited mixing during calm condi-
tions essential for the fate of O3 in the PBL.

From the eddy-covariance O3 flux observations we infer
the O3 deposition surface resistance (rc) as a residual term
by calculating the aerodynamic resistance (ra) and quasi-
laminar sub-layer resistance (rb) based on the stability of
the atmosphere. We find that ra, representing turbulent
transport to the surface, is on the order of 102 s m�1.
Diffusion close to the surface, reflected by rb, is typically
one order of magnitude smaller (101 s m�1) than ra. A high
temporal variability in observation-derived rc was found,
ranging between 103 s m�1 and 106 s m�1. Applying a 7-
day running median to derive the long-term rc relevant for
the PBL O3 budget results in an rc of 20,000 s m�1

(Vd;O3 � 0.005 cm s�1). This value is among the lowest
surface O3 uptake ever determined and most likely repre-
sents upper threshold values, given potential contamina-
tion effects. Over the whole year, the total removal rate of
O3 to the surface is determined by the uptake efficiency of
the snow and ice surface, because turbulent transport to
the surface and diffusion close to the surface are seldom
a limiting factor for O3 deposition in this study.

The SCM is able to represent the yearly cycle in
observed surface O3 related to the wintertime maximum
of >40 ppb and the end-of-summer minimum of approx-
imately 15 ppb. However, the SCM is unable to reproduce
the ODEs in spring due to missing halogen sources in the
model and in the CAMS reanalysis dataset that was used to
nudge the model. In wintertime, the PBL O3 budget is
governed mainly by removal of O3 at the surface by dry

deposition compensated by downward turbulent trans-
port, with weekly mean tendencies up to 0.25 ppb h�1.
In summer, advection, which is accounted for implicitly by
nudging to CAMS, also poses a significant mostly negative
contribution to the PBL O3 budget that is typically larger
than the removal of O3 by dry deposition. The contribu-
tion by dry deposition strongly depends on the depth of
the PBL. During extended periods with low wind speeds
(V10m < 5 m s�1) and shallow boundary layers (<50 m), the
weekly mean removal tendency of O3 by dry deposition
can reach up to �1.0 ppb h�1. Entrainment and the net
effect of chemistry only contribute marginally (<5%) to
the total simulated PBL O3 budget.

By including vertical O3 concentration profiles col-
lected by 56 O3 sondes, we gain insight on the vertical
structure of PBL and free tropospheric O3. In wintertime,
we find weak O3 gradients from the surface to the free
troposphere. In springtime, the observed profiles indicate
that depleted O3 concentrations caused by the ODEs are
limited to a few hundreds of meters above the PBL, result-
ing in very sharp vertical O3 gradients. In the end-of-
summer period, strong vertical O3 gradients are caused
by depleted O3 concentrations in the PBL and limited
entrainment of free tropospheric air with enhanced O3

concentrations.
Results of this study strongly motivate a revision of the

representation of sea ice and snow deposition of O3 in
global and regional atmospheric chemistry models, espe-
cially because many models still use surface resistances for
snow and ice surfaces up to an order of magnitude smaller
than presented here. Improved representations of deposi-
tion will yield better simulations of Arctic air quality, espe-
cially during calm conditions with very shallow PBLs when
dry deposition strongly affects boundary layer O3 concen-
trations. They also provide improved constraints on the
removal role of snow and ice in the total tropospheric
O3 budget and O3 burden in current and future climate.
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Sander, R, Kerkweg, A, Jöckel, P, Lelieveld, J. 2005. The
new comprehensive atmospheric chemistry module
MECCA. Atmospheric Chemistry and Physics 5(2):
445–450. DOI: http://dx.doi.org/10.5194/acp-5-
445-2005.

Savijärvi, H. 2014. High-resolution simulations of the
night-time stable boundary layer over snow. Quar-
terly Journal of the Royal Meteorological Society
140(680): 1121–1128. DOI: http://dx.doi.org/10.
1002/qj.2187.

Schmale, J, Arnold, SR, Law, KS, Thorp, T, Anenberg, S,
Simpson,WR,Mao, J, Pratt, KA. 2018. Local Arctic
air pollution: A neglected but serious problem.
Earth’s Future 6(10): 1385–1412. DOI: http://dx.
doi.org/10.1029/2018EF000952.
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Schmale, J, Shupe, MD, Krol, MC. 2023. Low ozone dry deposition rates to sea ice during the MOSAiC field campaign: Impli-
cations for the Arctic boundary layer ozone budget. Elementa: Science of the Anthropocene 11(1). DOI: https://doi.org/
10.1525/elementa.2022.00086

Domain Editor-in-Chief: Jody W. Deming, University of Washington, Seattle, WA, USA

Associate Editor: Lisa A. Miller, Institute of Ocean Sciences, Fisheries and Oceans Canada, Sidney, Canada

Knowledge Domain: Ocean Science

Part of an Elementa Special Feature: The Multidisciplinary Drifting Observatory for the Study of Arctic Climate (MOSAiC)

Published: February 15, 2023 Accepted: January 4, 2023 Submitted: June 17, 2022

Copyright: © 2023 The Author(s). This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

Elem Sci Anth is a peer-reviewed open access
journal published by University of California Press.

Barten et al: Arctic ozone deposition and the boundary layer ozone budget Art. 11(1) page 21 of 21
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/11/1/00086/770023/elem

enta.2022.00086.pdf by guest on 20 February 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


