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Supplementary Information

lodine oxide in the global marine boundary layer

1 Methods

1.1 Measurements of 10 during Malaspina 2010

1.1.1 Spectral retrieval of 10

The analysis of 10 on the 417-439 nm spectral region was performed as described in the study
of Mahajan et al. (2012), with the updated H,O water cross-section (Rothman et al, 2013).
Glyoxal (CHOCHO) was not included in the spectral fit of 10 since CHOCHO was under the
instrumental detection limit (Mahajan et al., 2014). Aiming at increasing the signal-to-noise

ratio, spectra were accumulated during 1 h, resulting in a residual root-mean-square (RMS) of

2-6 x10™ and a mean 2o detection limit of 1.2-3.5 x10*® molecules cm™ for 10. An example

of a typical spectral fit of 10 is shown in Fig. 3a.

Similar to previous studies (Sinreich et al., 2010; Mahajan et al., 2012; Gomez Martin et al.,

2013a; Grolimann et al., 2013), the following filters were included in the DOAS data analysis

for quality assurance:

The data collected at SZA>60° were excluded in the analysis (minimizing possible
contribution of stratospheric trace gases).

Saturated spectra that occurred around noon at some locations were also excluded
before the DOAS analysis.

The upper limit allowed for the RMS of the DOAS fit was of 107,

A wind direction filter was applied, preventing data in which the ship’s exhaust plume
crossed the MAX-DOAS field-of-view.

A cloud filter was also introduced based on in-situ measured solar radiation and
radiances measured at the edges of the chip of the CCD camera of the MAX-DOAS
(400 and 480 nm in this case). With this cloud filter a threshold for the cloud-free
scenario was set, assuring therefore consistency in the scattering conditions between

all the data measured under clear sky. An example of this filter is shown in Fig. S1.
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For additional details on this cloud filter please refer to the previous works of, e.g.,
Sinreich et al. (2010); Mahajan et al. (2012) or Gomez Martin et al. (2013a).

e In order to assure measurements representative of open marine conditions, data
collected while the vessel was in a harbour or close to it were excluded from the data
set.

Data above/below these quality filters were considered statistically relevant/irrelevant as
presented in Fig. 3b. Only statistically relevant data were used for the retrieval of 10 vmr.

1.1.2 Retrieval of 10 mixing ratios

Following the approach of previous studies (e.g., Sinreich et al., 2010; Mahajan et al., 2012;
Gbmez Martin et al., 2013a), the 10 mixing ratios along the ship track were inferred from the
measured 10 dSCD applying the O, method (Wagner et al., 2004; FrieR et al., 2006) after
validating that method with the 10 mixing ratios inferred by the inversion method, i.e., by
means of a RTM (NIMO, Hay et al. (2012)) combined with the optimal estimation approach
(Rodgers, 2000). Since the O4 method and the inversion method have been both widely used
for retrieving mixing ratios in the MBL, no details on the methods are provided herein. For
the rationale and further details behind either of these methods, please refer to the above
mentioned references.

Briefly, in the O, method the atmospheric scattering conditions are characterised and,
consequently, the light path needed to infer mixing ratios from dSCD. In order to retrieve the
10 mixing ratios by applying this method, the O, dSCD along the Malaspina’s ship track were
measured in the 338-370 nm spectral region. For this vmr retrieval exercise, only the dSCD
for the 2° elevation angle (o) were used and a scaling factor was applied to transfer the
scattering conditions inferred in the UV to the spectral range of 10 (further details in Mahajan
et al., 2012; Gomez Martin et al., 2013a). Sensitivity studies performed with the NIMO RTM
(Hay et al., 2012) with data collected along the cruise indicated a last scattering altitude
between 250-1300 m for a = 2°, with 600 m as the mean last scattering altitude (LSA). Hence
the 10 mixing ratios obtained through the O, method should be regarded as an averaged value
within the first 600 m of the troposphere. Similarly, the degrees of freedom (0.6-0.8) and
averaging kernels obtained after applying the inversion method indicated that the retrieved 10
vmr vertical profile was smoothed in the first 600-800 m, therefore not gaining any additional
information by applying the costly inversion method. Nevertheless, for validation purposes,
vertical profiles of 10 vmr were inferred by the inversion approach for several days during
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the different legs of the circumnavigation. For this inversion approach, in order to
characterise the scattering properties of the atmosphere, a vertical profile of the aerosol
extinction coefficient (EC) was previously inferred through forward modelling O, dSCD
(Wagner et al., 2004; Friel et al., 2006). An example of the derived aerosol EC is shown in
Fig. S2a, with a vertical profile decreasing rapidly with height. Note that the MAX-DOAS
instrument during Malaspina 2010 was placed at ~10 m.a.s.I and no measurements were
performed at negative elevation angles. Hence the EC inferred below that altitude should be
regarded with caution. Nevertheless in all cases only an aerosol EC vertical profile type as
Fig. S2 —with relatively high values up to 10 m altitude and virtually zero above 30 m- could
reproduce measured O, dSCD for all elevation angles. This sort of EC profile was included in
the model in order to invert the 10 vmr vertical profiles. Based on previous works (e.g.
Mahajan et al., 2012) the surface albedo used in the RTM was of 7% and the aerosols were
assumed to be of marine origin (asymmetry parameter 0.75 and single scattering albedo 0.97).
The vertical grid for the vmr inversion exercise was of 100 m. Examples of the inverted 10
vmr through this inversion approach are shown in Fig. S2b.

Figure S3 provides the comparison of the 10 vmr obtained from the O, method and from the
inversion approach considering the modelled LSA = 600 m altitude. As shown in the figure,
the 10 vmr inferred with both methods showed a good agreement with more than 99%
confidence, although values gained after the O, method overestimated the 10 vmr by about
15%. That factor was hence applied to the O, method-derived 10 vmr reported in this study.
Error analysis

Herein we discuss the error characterisation of the 10 vmr inferred by both methods. In Fig.
S3, the error bars of the 10 vmr inferred through the inversion method derive from the optimal
estimation equations (Rodgers, 2000), being the measurement error (18%) the dominant error
source. The error related to the 10 vmr derived from the O, method is rather complex to
estimate given the different assumptions related to the method itself such as a similar shape of
the vertical profile of 10 and O,4, or the presence of a homogenous 10 layer until the last
scattering altitude (e.g., Wagner et al., 2004; Mahajan et al., 2012; Gomez Martin et al.,
2013a). The 10 vmr values reported in the main text were obtained through this O, method
and the error bars provided (Fig. 5 and Fig. S3) derived from the 10 and O, dSCD
measurement errors and from forward RTM modelling sensitivity studies for different aerosol
loads and 10 profile shapes. Overall, we estimated a 30% uncertainty for the retrieved 10 vmr
reported in this work, albeit probably underestimated.
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1.2 Ancillary data during Malaspina 2010: measurements vs. model

Since the newly included formulation of ISG in the CAM-Chem model depends on Os, wind
speed and sea surface temperature (Carpenter et al., 2013; MacDonald et al., 2014), aiming at
testing the model performance, we compared observations of those parameters observed
during Malaspina 2010 with the modelled ones. Figure S4 shows the comparison of the
modelled daily averages (9:00-17:00 LT) of the three parameters computed for each
Malaspina’s time and geolocation, with daytime values observed during the cruise in the
period where 10 was also observed. As shown in the figure, the model climatology
reproduces well the experimental measurements, with relative deviations smaller than 15%.
From the three parameters, SST showed the best representation with R*=0.91 and 99.9%
confidence. Note that wind speeds measured along the Malaspina’s transect were above the
threshold of 3 m s* set by MacDonald et al. (2014) for the validity of the 1SG
parameterisation. Further discussions on the intrinsic limitations and uncertainties of the
parameterisation of 1SG flux are addressed elsewhere (Carpenter et al., 2013; MacDonald et
al., 2014; Prados-Roman et al., 2014).

1.3 Modelled Oz in the global marine environment

For completeness of results shown in the main text, Fig. S5 provides the globally modelled O
mixing ratios. Modelled values and spatial distribution agree with observations (e.g., Myhre et
al., 2013).
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Figure S1. Example of the cloud filter applied in the Malaspina dataset. The left axis indicates
the in-situ measured radiation (in blue). The right axis corresponds to the cloud filter (in
green) and indicates cloud-free conditions for 0, cloudy conditions for 1 and missing data for -

1 (neglected therefore).
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Figure S2. Inversion method for retrieving vertical profiles of 10 mixing ratios. a. In
consistency with previous works (Mahajan et al., 2012; Gémez Martin et al., 2013a), this
panels shows the typical aerosol extinction coefficient considered in the RTM (inferred after
0O, dSCD forward modelling) for the inversion of 10 vmr vertical profiles. b. Profiles of 10
vmr inverted in the first kilometre of the MBL for several days during Malaspina 2010. The
dashed gray line is the a priori 1O used, with its covariance indicated by the gray shadow. The

solid lines show the 10 vmr profiles inverted (100 m vertical grid).



oS oA WD

-
N

' !
04 Method

= (0.8520.07)- 10

Inversion Method

e ]

£ R?=0.81 -

2 104 p<10° . .
2

B3 "

Z 0.8

(] - -
= [ ’./"/

S !

Z

Q 06+ i la/' +HH -
= T T+

c |

o

0 04- _
© . .

; ®  |O mix. ratio |
= Linear fit

®) 0.2 I : T : T r

= 0.4 0.6 0.8 1.0 1.2

IO mix. ratio from O, Method (pmol mol™)

Figure S3. Comparison of the 10 mixing ratios along the Malaspina’s transect derived from
the O, method and from the inversion approach. The linear fit (dashed gray line) of the
inverted mixing ratios (black squares) indicates a high correlation between the two retrieval
methods, with a confidence level higher than 99%.
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Figure S4. Measured and modelled daytime values of surface Os; mixing ratios (upper panel),
wind speed (middle panel) and sea surface temperature (SST, lower panel) during the
Malaspina campaign. The relative deviation of each modelled values (i.e., difference of the
measured and modelled values relative to measured ones) is also provided as “Rel. dev.”.
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Figure S5. Modelled annual averaged surface 0zone mixing ratios in the marine environment.

10



