
Answers to the referee comments in the
interactive discussion regarding the article

“Deriving tropospheric ozone from
assimilated profiles”

The article with all changes marked using the latexdiff program is included
on page 8 of the current document.

All figures have been redrawn, but only significant changes will be addressed
explicitly in the answers below.

Referee #1

1. My main comments for the paper are that it lacks context; that is, it is
not well discussed in context of what is done so far for ozone assimilation
and how this work fits in the bigger picture.
A paragraph was added to the introduction which provides background
information and references to other ozone assimilation work.

2. The averaging kernels of OMI and GOME2-A can help you understand
and analyze your results (or at least a discussion of AKs e.g. the re-
cent publication by Keppens et al., 2018 that shows the OMI-GOME2 AK
and profiles), and can help the reader understand the added information
content from the satellite measurements. For example, in Figure 2, is
the largest improvement when you use the assimilated profiles at altitudes
where the AKs peak? This can be added in the methodology section when
you present GOME2 and OMI.
A description of the AK, the retrieval sensitivity and two new references
have been added to the methodology section. A new figure and explana-
tory text have been added to the results section. For this new figure we
averaged the AKs of all retrievals that were assimilated into TM5. This
figure shows that the largest improvement in Figure 2 is indeed where the
AKs peak.

3. What is the added value of using GOME2 + OMI versus using one or the
other separately? In other words did you try a simulation with GOME2
alone and with OMI alone and see the effect on the comparison with son-
des?
The added value of the combined assimilation of GOME-2 and OMI has
been demonstrated in van Peet et al. (2018). In that paper, we did three
assimilation runs: GOME-2 only, OMI only and GOME-2 + OMI as the
referee suggests. Since the combined assimilation showed clear improve-
ments over the assimilation of the separate instruments, we decided not
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to repeat the single GOME-2 and OMI assimilation experiments for the
current research.

4. The discussion in section 4 comes very late as the info (in particular on
TM5 chemistry and MSR need to be mentioned earlier.
The information on TM5 chemistry has been copied to the methodology
section.

5. Page 2 L1: you can add also the NOx contribution to ozone formation
Done

6. Page 2 L10-L15: the 0–6 km column is also chosen because satellite mea-
surements are not very sensitive close to the surface. So the 0–6 km col-
umn has been (historically) chosen as a compromise for a “tropospheric
column” that has some DOFS∼1 (although many times less than that). If
you have the AK plotted, you can see that.
The mean AKs of all assimilated GOME-2 and OMI retrievals have been
plotted in the new figure 4 in the results section and a reference to that
figure has been added to the introduction.

7. P2 L28: add reference for IASI ozone (Boynard et al., 2018).
The reference has been added.

8. P2 L35: “Since UV-VIS instruments are not very sensitive to the height
of tropospheric ozone”: this sentence has no meaning, please rephrase.
This sentence has been rephrased

9. P3 line 7: remind the reader here one more time that the FAT column is
[0-6km]
The text has been updated.

10. P3 L9: you introduce MSR without further info. What is MSR and why
are you using it in particular; Please move P4 L4-5 here.
The text has been moved.

11. P3 L27: correlation in the ozone distribution... Correlation with what?
We meant the spatial correlation between any two points in the ozone
field. The text has been updated.

12. P4 L 12-14: higher ozone is “a general artifact of parametrization” what
does this even mean? “without any further constraints to the model” makes
also no sense. Can you please explain why the model shows higher ozone
in the lower troposphere. Are we overestimating precursor emissions? Is
photochemistry to blame? While you cite the chemistry scheme authors
(Cariolle), you can mention here how the free model simulation was pre-
viously (if any) validated, especially for ozone.
The text at the start of section 3 has been clarified. Since the TM5 model
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used in this research only uses the parameterized chemistry, there is no
overestimating of precursor emissions or issues with the photo chemistry.
The free model has been validated against sondes (see figure 2).

13. P4 L29: (same as before): were these model “artefacts” seen in other
publications, were they discussed before? Any suggested reason for their
source (definition of tropopause etc.)
The option of a model artefact was a private communication by M. van
Weele, during a discussion of these results. The source of the artefact is
unknown.

14. P4 L33:“with the exception of the UTLS (around 15 km)..”: Why? Maybe
the AK can help you?
We think that the sharp ozone gradients in this altitude range are not
captured fully by the retrievals. Mean AKs for both GOME-2 and OMI
have been added as a new plot in the results section (new figure 3).

15. P5/Fig1: since the current figure already occupies the whole page, you can
add a difference plot so we see the clear contribution of the assimilated
profiles.
The difference plot has been added to the figure and the caption has been
updated.

16. P6 L5: the error bars on your figure are quite large and you attempt to
show each station contribution in Fig 4 so I suggest to move Fig 4 and
make it Fig 3. Unfortunately you don’t tell us why for example in the
northern hemisphere the assimilated O3 has smaller rms. Please attempt
a more in depth discussion.
The error bars on P6, L5 refer to Figure 2: the comparison of ozone pro-
files from the assimilation with sondes. Old figures 3 and 4 (new 5 and 6)
refer to the tropospheric columns. The same coloring of the sonde stations
has been applied to both old figures 2 and 3, so we believe that for easier
comparison they should be close together. We therefore left the order as
it was.
The tropical stations in old figure 4 (new figure 5) show larger rms and
mean values than the extratropical stations. The reason for that is un-
known, but it might be due to a higher variation in the sonde measure-
ments.

17. (current) Fig3: NP and NML are indistinguishable in color (pink and
red), make it orange? Same applies to other figures
The colors and marker sizes for both figure 2 and (old) figure 3 have been
harmonized which hopefully increases readability.

18. Again Figure 5: need to discuss the figure more and put it in context
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with the previous figures. I don’t understand why the largest differences
are in winter. I think you should present this by bands of latitude to
understand where it is coming from. Please discuss more the reasons
behind the assimilated O3 performance.
After discussing the results on a station basis, we wanted to study the
temporal variation throughout the year, as mentioned on page 8 (line 3)
of the discussion paper. We discuss the temporal variation on page 8
(line 3–11) and in the discussion section on pages 11 (lines 34–35) and 12
(lines 1–5). We don’t understand why the largest differences are in winter
either, but it should be noted that the differences are only in the order of
2-3 DU, which are close to the uncertainty. The results are now presented
by latitude bands and the discussion of the plot has been updated.

19. Figure 6 can be moved to before (after the discussion of Fig 2, or can be
put in supplementary materials).
The time series in figure 6 are meant as an illustration of the tropospheric
columns at a few selected stations. To understand the variability of the
results, it is important to first discuss the results in global terms before
looking at specific stations. We therefore propose to leave the figure at
its current location. On request of Referee #2 (see item 9), we’ve added
more of these time series as supplementary material online.

20. Page 1: Abstract: change opening sentence to: “we derived global tropo-
spheric ozone (O3) columns from assimilated O3 profiles of GOME-2A
and OMI into the TM5 global chemistry transport model.”
The opening sentence has been updated.

21. P1 L3: The horizontal model resolution is increased by a factor of six for
more accurate results. To reduce...
Done

22. P1 L6: assimilate → assimilated ozone fields
Done

23. P1 L9: it turned out that → Our results show that the residual method
has large variations...
Done

24. P2 L7,8,9 are not relevant to your study, they can be removed.
Lines removed.

25. P 3 L2: ... averaging kernels and the chemical → averaging kernels in a
chemical
Data assimilation combines information from retrievals and model, so we
believe that the current phrasing is correct.
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26. P4 L1: change to: TM5 was used in two runs: a free model
Changed

27. P4 L18: and anthropogenic *precursors* emissions
Added precursor to the text

28. P4 L20: NO2 → NOx
Changed

29. P6 L7: ozone sonde station *location*.
Added “location” to the text.

30. Please read carefully the rest of the paper for other mistakes...
We have checked the paper for other typos / mistakes.

Referee #2

1. A question is why would we expect that a free-running simulation could
compare better with ozonesondes than using TM5 with assimilated mea-
surements?
We don’t expect that a free-running simulation would compare better with
sondes. It’s included in the analysis for two reasons. First, it enables us
to assess and quantify the effect of the assimilation. For example, if a
feature in the ozone distribution is present in both free model run and
assimilated ozone fields, it is not a result of the assimilation. Second, it
is also a check if the assimilation algorithm is implemented correctly: if
the model run would have performed better, there would be serious issues
with the algorithm, the model or the data being assimilated.

2. Are there any estimates for accuracy and precision for these two large
independent columns that can be stated in the paper, or maybe better yet,
an estimate of the accuracy and precision of the final derived 0–6 km
residual ozone from their differences?
In the assimilation, the spatial correlation is assumed to be constant, and
the advection scheme works on the errors only. The correlation is derived
by the same method as described in van Peet et al. (2018). The errors
on the profile are part of the assimilation output, and combining these
two quantities allows the reconstruction of the covariance matrix in the
vertical direction. The tropospheric part of this covariance matrix can
be used to derive an error on the tropospheric column. The results of
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this calculation is a map showing the relative error on the tropospheric
FAT column and is added as a new plot to the article. The yearly mean
relative FAT error varies between 11 and 18 %, depending on the location
on Earth.

3. It may be that a lot or most of the 0-6 km column amount is coming from
CTM modeling and retrieval climatology (for the UV/VIS assimilation
run) rather than real measurement.
To asses the amount of ozone coming from the CTM modelling is part of
the reason to perform a free model run. See also the first comment by the
referee above.

4. It would be important to at least give some numbers for OMI and GOME-
2 retrieval sensitivity for directly integrated 0–6 km column ozone, even if
only qualitative.
GOME-2 and OMI are most sensitive in the altitude region between
100 and 5 hPa. To demonstrate this, the mean AK for all assimilated
GOME-2 and OMI profiles has been calculated and plotted in a new fig-
ure (caption: Mean AKs calculated...). See also the answer to Referee #1,
item 2.

5. Line 6 in Abstract: “assimilated”
Corrected.

6. Paragraph starting Line 26, page 2: Should include reference(s) for TES/IASI
IR retrieved ozone.
Added reference to Boynard et al. 2018. See also Referee #1, item 7.

7. In the paper I’m assuming that RMS refers to standard deviation every-
where.
The standard deviation is calculated according to

s =

√
1

n− 1
×
∑

(xi − xmean)2 (1)

When we’re referring to the RMS, such as in the old figure 3 (new:
figure 5), we use

rms =

√
1

n
×
∑

(xi − yi)
2 (2)

The difference is that the standard deviation is calculated for a single
dataset, but the rms can be calculated between two different datasets.

8. In Figure 2 and Figure 3, how actually are the uncertainty bars calculated?
Are they all plotted as +/- one-sigma?
The error bars in both figures give the 25–75 percentile range. In figure
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3 this was already mentioned in the caption. This information has been
added to the caption of figure 2.

9. I was hoping that there were some more FAT comparisons with ozoneson-
des in the Figure 6 time series. The current Figure 6 compares only three
sites, at latitude -70.7 deg, +19.4 deg, and +60.1 deg, but nothing for
mid-latitudes. Including a couple of sites in mid-latitudes would help this
figure and conclusions.
The time series for all ozone sonde stations used in the analysis with more
than 10 collocations are now available in the supplementary material on-
line. A line referring the reader to the supplementary material has been
added to the paper.

10. There are several typos in the manuscript that the authors may have al-
ready found and corrected.
We have checked the paper for other typos / mistakes.

References
van Peet, J. C. A., van der A, R. J., Kelder, H. M., and Levelt, P. F.:
Simultaneous assimilation of ozone profiles from multiple UV-VIS satellite
instruments, Atmospheric Chemistry and Physics, 18, 1685–1704,
https://doi.org/10.5194/acp-18-1685-2018, 2018.

7



Deriving tropospheric ozone from assimilated profiles
Jacob C. A. van Peet1,2 and Ronald J. van der A1,3

1Royal Netherlands Meteorological Institute (KNMI), De Bilt, The Netherlands
2Vrije Universiteit Amsterdam, Department of Earth Sciences, Amsterdam, The Netherlands
3Nanjing University of Information Science & Technology (NUIST), Nanjing, China

Correspondence: van Peet (j.c.a.van.peet@vu.nl), van der A (avander@knmi.nl)

Abstract. To derive global tropospheric
:::
We

::::::
derived

:::::
global

:::::::::::
tropospheric

:::::
ozone

:
(O3columns from satellite observations, profiles

retrieved from
:
)
:::::::
columns

::::
from

:
GOME-2A and OMI measurements O3:::::::

profiles,
:::
that

:
were simultaneously assimilated into the

TM5 global chemistry transport model for the year 2008. The horizontal model resolution has been increased by a factor of

6 for more accurate results, but to
:
.
::
To

:
reduce computational cost, the number of model layers has been reduced from 44 to

31. The model ozone fields are used to derive tropospheric ozone, which is defined here as the partial column between mean5

sea level and 6 km altitude. Two methods for calculating the tropospheric columns from the free model run and assimilate

:::::::::
assimilated

:
O3 fields are compared. In the first method, we calculate the residual between assimilated total columns and the

partial model column between 6 km and the top of atmosphere. In the second method, we perform a direct integration of the

assimilated O3 fields between the surface and 6 km. The results are validated against tropospheric columns derived from ozone

sonde measurements. It turned out
:::
Our

::::::
results

::::
show

:
that the residual method has a too large variation to be used reliably for the10

determination of tropospheric ozone, so the direct integration method has been used instead. The median global bias is smaller

for the assimilated O3 fields than for the free model run, but the large variation makes it difficult to make definitive statements

on a regional or local scale. The monthly mean ozone fields show significant improvements and more detail when comparing

the assimilated O3 fields with the free model run, especially for features such as biomass burning enhanced O3 concentrations

and outflow of O3 rich air from Asia over the Pacific.15

1 Introduction

Tropospheric ozone has direct and detrimental effects on human health (Beck et al., 1998; WHO, 2013). It mostly affects the

respiratory tract and the lungs, causing e.g. shortness of breath, coughing and a reduced lung function. Respiratory illnesses

such as asthma and bronchitis are aggravated by exposure to ozone. Long-term exposure to ozone might increase the mortality

rate due to respiratory illnesses. Ozone also negatively affects ecosystems and crop yield because it reduces photosynthesis and20

plant growth (EPA, 2013). Because plants react differently to exposure to ozone, the balance between species in an ecosystem

may shift as well. Monks et al. (2015) give an extensive review on tropospheric ozone and its precursors in relation to air

quality and climate.
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Apart from the direct and indirect effects on living organisms, ozone is also a greenhouse gas. It strongly absorbs solar

radiation below 300 nm, which is why the temperature of the stratosphere is increasing with altitude. Therefore, understanding

the ozone distribution is important for understanding the thermal structure of the atmosphere.

Ozone occurs naturally in the troposphere, but concentrations have increased due to human activity. Locally, ozone is pro-

duced primarily by reaction cycles involving carbon monoxide, NOx
:
, methane and other hydrocarbons. The most important5

source sectors of these pollutants are transport and industry. Photodissociation of tropospheric ozone is the main source of OH,

which has a major role in removing pollutants from the atmosphere. Ozone can also be transported from the stratosphere down

to the troposphere in stratosphere-troposphere exchange events. The tropopause (i.e. the top of the troposphere) can be defined

based on the lapse rate of the atmosphere (WMO, 1957), or on the dynamical and/or chemical properties of the atmosphere. In

general, the tropopause altitude is lowest at the poles (7–8 ) and highest around the equator (18 ).10

The tropospheric ozone column is defined as the total ozone amount per unit area between the surface and the tropopause.

However, near the tropopause, stratosphere-troposphere exchange of air may occur, which can lead to an under- or over-

estimation of the lower tropospheric ozone column. Since the tropospheric ozone in the lower layers has the highest im-

pact on living organisms, we will focus on the partial ozone column between the surface and 6 km above mean sea level.

:::::::
Satellite

::::::::::::
measurements

:::
are

:::
not

::::
very

:::::::
sensitive

:::::
close

::
to

:::
the

:::::::
surface,

:::
but

::
in

:::
the

::::::
chosen

:::::::
altitude

:::::
range

::::
some

::::::::::
information

:::::
from

:::
the15

:::::::::::
measurements

::
is
::::
still

::::::
present

::::
(see

:::::
Figure

:::
4). Because the top level is at a fixed altitude, it will be referred to as the fixed altitude

top level (FAT) hereafter. The corresponding 0–6 km ozone partial column will be referred to as the FAT column.

Tropospheric ozone can be determined by a number of satellite based methods. In nadir-limb matching techniques, the

integrated profile from a limb instrument is subtracted from the total column for the same air mass. Limb profiles and total

columns can be obtained from the same instrument (e.g. SCIAMACHY; van der A, 2001; Ebojie et al., 2014), but also from20

different instruments on the same satellite (e.g. OMI total column and MLS limb profile; Ziemke et al., 2006). In Schoeberl et al.

(2007), the horizontal resolution of the MLS limb profiles was increased by trajectory calculations before subtracting them from

the OMI total columns. Tropospheric ozone columns were also derived from assimilated OMI total columns and MLS limb

profiles by Stajner et al. (2008). Using only nadir observations, Fishman and Balok (1999); Fishman et al. (2003) combined

Total Ozone Mapping Spectrometer (TOMS) total columns and Solar Backscattered Ultraviolet (SBUV) stratospheric profiles25

and determined tropospheric ozone with the empirically corrected tropospheric ozone residual method. Assimilated GOME

profiles were subtracted from GOME/TOMS total columns by de Laat et al. (2009).

The methods mentioned above all use the UV-VIS range of the spectrum. There are also a number of ozone emission

lines in the thermal infrared (i.e. the wavelength range where the atmosphere emits radiation, instead of reflecting solar

light), most notably near 9.6µm. This emission line can also be used by satellite instruments (e.g. IASI) to measure ozone30

:::::::::::::::::::::
(e.g. Boynard et al., 2018).

In the tropics, the cloud top height is very stable at an altitude of approximately 200 hPa. Therefore, cloudy scenes can

be used to obtain the above-cloud ozone column while the cloud-free scenes can be used to obtain total ozone columns.

The difference between these two values is the ozone column below the cloud top. This convective-cloud-differential method
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(Ziemke et al., 1998) has recently been applied to European satellite measurements to study the trends in a 20 year time series

and as a preparation for the TROPOMI mission (Heue et al., 2016).

Outside the tropics, the cloud top height varies too much to reliably obtain ozone columns using the convective-cloud-

differential method. Since UV-VIS instruments
:::::::
retrievals

:
are not very sensitive to the height of tropospheric ozone ,

::::::
altitude

:::::
where

::::::::::
tropospheric

::::::
ozone

:
is
:::::::
located,

::
so

:
direct integration of UV-VIS ozone profiles does not provide a viable alternative either.5

The height information can be restored by using data assimilation, where information from ozone profiles, averaging kernels

and the chemical transport model are combined. The sensitivity and information content of UV-VIS retrievals is higher in the

stratosphere, therefore an alternative approach is to subtract stratospheric columns, derived from assimilated ozone profiles,

from accurate total columns (for example from DOAS retrievals). The remainder is taken as the residual tropospheric column

(de Laat et al., 2009).10

In this paper, assimilated
:::
The

::::::::::
assimilation

:::
of

:::::
ozone

::::::::::::
measurements

:::::
from

::::::::
satellites

::
is

::::::
usually

:::::
done

:::
by

:::::
either

:::::::
4DVAR

:::
or

:::::::::
(ensemble)

:::::::
Kalman

:::::
filters.

:::
For

::::::::
example,

:::::::
4DVAR

::::
data

::::::::::
assimilation

:::
has

::::
been

::::
used

:::
for

:::
the

:::::::::::
ERA-Interim

::::::
dataset

::::::::::::::
(Dragani, 2011)

:::
and

::
in

:::
the

:::::::
Belgian

:::::::::::
Assimilation

::::::
System

:::
for

::::::::
Chemical

:::::::::::
ObsErvations

::::::::::
(BASCOE,

::::::::::::::::
Errera et al. (2008)

:
).

::::
The

::::::::::
stratospheric

::::::
ozone

:::::::
analyses

::::
from

:::
the

:::::::::
BASCOE

::::::
system

:::::
have

::::
been

::::::::
evaluated

:::
by

:::::::::::::::::
Lefever et al. (2015),

::::
and

::
it

:::
has

:::::
been

:::::::
coupled

::
to

:::
the

:::::::::
Integrated

:::::::
Forecast

::::::
system

::
of

:::
the

:::::::
ECMWF

::::::::::::::::::
(Huijnen et al., 2016).

:::::::::
Ensemble

::::::
Kalman

:::::
filters

:::::::::::::::::::::::::::::::::::::::
(Evensen, 2003; Houtekamer and Zhang, 2016)15

::::
have

::::
been

::::
used

:::
for

:::
the

::::::::::
assimilation

::
of

::::::::
multiple

::::
trace

:::
gas

::::::::::::
measurements

:::
by

::::::::::::::::::
Miyazaki et al. (2012).

:::
In

:::
this

::::::::
research,

:::
we

:::
use

:::
the

::::::
Kalman

:::::
filter

::
as

::::::::
described

::
in

::::::::::::::::::::::::::::::::::
Segers et al. (2005); van Peet et al. (2018)

:::
for

:::
the

::::::::::
assimilation

::
of ozone profiles from the GOME-

2 and OMI UV-VIS instruments
::::::
satellite

:::::::::::
instruments.

:::
The

::::::::::
assimilated

:::::
ozone

::::::
fields will be used to derive tropospheric columns in two ways. One method is to integrate the

assimilated ozone column up to the FAT, hereafter called the FAT column
:::
(i.e.

:::
the

:::::::
column

::::::::
between

:::
the

::::::
surface

::::
and

::
6 km20

:::::::
altitude). The other method is to take the difference between the integrated assimilated profile from the FAT to the top of the

atmosphere and the assimilated total ozone columns from the Multi Sensor Reanalysis (MSR; van der A et al., 2010, 2015),

hereafter called the residual-FAT column.
:::
The

:::::
MSR

::
is

:
a
::::::::
long-term

:::::::::::
(1970–2017)

::::
data

:::
set

::
of

:::::::::
assimilated

:::::
total

:::::::
columns

::::
from

:::
all

:::::::
available

:::::::
satellite

::::::::::::
measurements.

:

2 Methodology25

We use the ozone profiles from the UV-VIS instruments GOME-2 (Callies et al., 2000; Munro et al., 2016) and OMI (Lev-

elt et al., 2006) that are described in van Peet et al. (2018). The ozone profiles from both instruments are retrieved with

the optimal estimation technique. For GOME-2 the algorithm is described in van Peet et al. (2014), while the OMI algo-

rithm is described in Kroon et al. (2011). The ozone profiles are assimilated into the global chemistry transport model TM5

(Tracer Model, version 5; e.g. Krol et al., 2005). Two major changes with respect to the settings used in van Peet et al.30

(2018) are an increased model resolution and a change from operational to ERA-Interim (Dee et al., 2011) meteorologi-

cal fields that drive TM5. The ERA5 reanalysis data was not yet available for use in the TM5-version used in the assim-

ilation.
::::::
Above

::::
230 hPa

:
,
:::
the

:::::
TM5

::::::
version

:::
in

:::
this

::::::::
research

::::
uses

:::
the

::::::::::::
parameterised

::::::
ozone

:::::::::
chemistry

::::::
scheme

:::::::
version

:::
2.1

:::
of
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:::::::::::::::::::::::::::::::::::::::::::::::
Cariolle and Déqué (1986); Cariolle and Teyssèdre (2007).

::::::
Below

:::
the

::::
230 hPa

:
,
:::
the

:::::
ozone

::::::::::::
concentrations

:::
are

:::::::
nudged

:::::::
towards

:::::::::::
climatological

:::::::
values.

To get more accurate assimilated ozone fields, the horizontal resolution of TM5 is increased from 3◦× 2◦ to 1◦× 1◦ (longi-

tude × latitude). At the same time, the vertical resolution is decreased from 44 to 31 layers to reduce the computational cost.

The original 44 layers are a subset from the vertical grid used by the European Centre for Medium-Range Weather Forecasts5

(ECWMF) operational data stream, while the new 31 layers are a subset from the vertical grid used for the ERA-Interim reanal-

ysis. Below about 73 hPa (19 km), the layers are between 0.8 and 1.5 km thick, until about 54 km every other level is selected

and the layer thickness increases from 3 to 5.5km, and the top four levels are all selected. It is not expected that the reduction

in vertical resolution affects the accuracy of the outcome, since the thickness of the model layers is still less than the estimated

vertical sensitivity of the retrievals, which is about 7–10 km in the stratosphere (Hoogen et al., 1999; Liu et al., 2010).10

:::
The

:::::::::
sensitivity

::
of

:::
the

:::::::
retrieval

:::
to

:::
the

:::
true

:::::
state

::
of

:::
the

::::::::::
atmosphere

::
is

:::::
given

::
by

:::
the

:::::::::
averaging

:::::
kernel

::::::
(AK).

:::
The

:::::
trace

::
of

::::
this

:::::
matrix

::::::
equals

:::
the

:::::::
Degree

::
of

::::::::
Freedom

:::
for

:::
the

::::::
Signal

::::::
(DFS).

::::
The

::::
rows

:::
of

:::
the

:::
AK

::::
give

:::
an

:::::::::
indication

::::
how

:::
the

::::
true

::::::
profile

::
is

::::::::
smoothed

::::
over

:::
the

:::::
layers

:::
of

:::
the

::::::::
retrieval.

:::
An

:::::::
extended

:::::::::
discussion

:::
on

:::
the

::::::::::
information

:::::::
content

:::
that

::::
can

::
be

:::::::
derived

::::
from

:::::
AKs

::::
from

:::::::
GOME,

:::::::::::::
SCIAMACHY,

::::::::
GOME-2

:::
and

:::::
OMI

::
is

::::::::
presented

:::
by

::::::::::::::::::
Keppens et al. (2018).

::::
AKs

:::
are

::::
also

:::
an

::::::::
important

::::::
factor

::
in

:::::::::::::
intercomparison

::
of

:::::::
different

::::::
ozone

:::::::
retrieval

:::::::::
algorithms

::::
such

::
as

::
in

::::::::::::::::
Meijer et al. (2006)

:
.15

Like Segers et al. (2005), we assume that the correlation in the ozone distribution
::
the

::::::
spatial

:::::::::
correlation

::::::::
between

:::
any

::::
two

:::::
points

::
in

:::
the

::
3D

::::::
ozone

::::
field is constant in time, and that changes over time occur in the ozone standard deviation only. Therefore,

the model covariance matrix is parameterised into a time independent correlation field and a time dependent uncertainty field.

Due to the changes in resolution and meteorological fields, the correlation field had to be derived again according the same

method as described in van Peet et al. (2018). No other changes have been made to the assimilation algorithm.20

Since the horizontal resolution of the chemical transport model has been increased, the computational cost of the assimilation

algorithm did also increase. In order to limit the total processing time only ozone profiles for the year 2008 were assimilated.

TM5 was used for a free
:
in

::::
two

::::
runs:

::
a

:::
free

:
model run without assimilation of observations, and an assimilation model run with

the simultaneous assimilation of both GOME-2 and OMI ozone profiles. For each model run, the FAT column was calculated

by direct integration of the O3 fields, and the residual-FAT column was calculated using the Multi Sensor Reanalysis (MSR,25

van der A et al., 2010, 2015) total columns.
:::
The

::::
total

:::::::
columns

:::
are

:::::::::
distributed

::::
over

:::
the

:::::
layers

::
of
:::
the

::::::
model

::::::::::::
proportionally

::
to

:::
the

:::::::::
subcolumn

::
of

:::
that

:::::
layer.

::::
The

::::::::::
MSR-model

::::
uses

:::
the

:::::
same

:::::::::::
parameterised

::::::
ozone

::::::::
chemistry

::
as

:::
the

::::::
profile

::::::::::
assimilation

::::
used

::
in

::::
this

:::::::
research

::::::::::::::::::::::::::::::::::::::::::::::
(Cariolle and Déqué, 1986; Cariolle and Teyssèdre, 2007)

:
,
:::
but

::::
with

:::
the

:::::
more

:::::::::
up-to-date

::::::
version

:::
2.9

::
of

:::
the

:::::::::
chemistry

:::::::::
parameters.

:

The MSR is a long term (1970–2017) dataset of assimilated total columns from all available satellite measurements. The30

results are validated against ozone sondes downloaded from the public World Ozone and Ultraviolet Radiation Data Center

(WOUDC, WMO/GAW, 2016) database. Since the model produces O3 fields with a 6 h interval at 0, 6, 12 and 18 hoursUTC,

the maximum difference between sonde launch and model field time is set to three hours. The sonde profile is compared to

the model profile from the gridcell containing the sonde launch site, no interpolation of the model field to the sonde launch

4



location is performed. In order for the ozone sondes to be used in the validation, it should have reached a minimum altitude of

10 hPa, and the integrated ozone profile should be between 100 and 550DU.

3 Results

Figure 1 shows the monthly mean FAT columns for the year 2008. In general
:
In
::::::::

general, the free model , which is driven

by the Cariolle chemistry parametrisations above 230 , shows higher ozone values than the model with assimilated ozone .5

This is a known artifact of this parametrisation (Cariolle and Teyssèdre, 2007) without any further constraints to the model.

::::::::::::
concentrations

::::
than

:::
the

:::::::::
assimilated

:::::
ozone

::::::
fields.

:::
The

:::::
ozone

:::::::::
chemistry

::::::::::::::
parameterisation

::::
used

::
in

::::
TM5

::
is
::::::
known

::
to

:::::::::::
overestimate

:::::
ozone

::::::::::::
concentrations

:::::::::::::::::::::::::::::::::::::::::::::::
(Cariolle and Déqué, 1986; Cariolle and Teyssèdre, 2007),

::::::::
resulting

::
in

:::
the

::::::
higher

:::::
ozone

:::::::::::::
concentrations

::
in

:::
the

::::
free

::::::
model.

:

Note that since the FAT has a fixed altitude with respect to sea level, elevated regions such as Antarctica or the Tibetan10

Plateau show a small tropospheric column. The Northern hemisphere has a higher FAT column than the Southern hemisphere,

and a yearly cycle can be clearly seen in the plots. The high ozone concentrations in the Northern Hemisphere have various

sources such as stratosphere-troposphere exchanges and anthropogenic
::::::::
precursor emissions (Ziemke et al., 2011). An increase

in ozone concentration is seen in the Southern Atlantic ocean for September, and between Africa and Australia in a zonal band

around −25◦ latitude. This increase can be attributed to biomass burning, and coincides with the month of maximum NOx15

concentration (an ozone precursor) in Africa (van der A et al., 2008). From March to September, transport of ozone rich air can

be seen from Asia across the Pacific. Similar features in the yearly cycle of ozone are also observed in the tropospheric ozone

climatology by Ziemke et al. (2011). This climatology is based on the residual of OMI total columns and MLS stratospheric

columns (using the thermal tropopause definition), on a horizontal resolution of 5◦× 5◦. Two sharply defined narrow zonal

features of elevated ozone concentrations can be seen at 10◦ and −20◦ latitude. These zonal features are also present in the20

free model run (left column in Figure 1), so they are not caused by the observations. Since the monthly mean (surface) pressure

fields do not show a similar feature, it is unlikely that it is caused by the meteorological data that is used to drive the model.

The most likely cause for these narrow zonal elevated ozone concentrations is therefore a model artefact. It should be noted

that the difference is only a few DU, so these zonal features are not easily observed in total column maps.

In
::
In

:::
the

:::::::::::
assimilation,

:::
the

::::::
spatial

::::::::::
correlation

::
is

:::::::
assumed

:::
to

::
be

::::::::
constant.

::::
The

:::::::::
correlation

:::
is

::::::
derived

:::
by

:::
the

:::::
same

:::::::
method25

::
as

::::::::
described

::
in

::::::::::::::::::
van Peet et al. (2018).

::::
The

:::::
errors

:::
on

:::
the

::::::
profile

:::
are

::::
part

::
of

:::
the

:::::::::::
assimilation

::::::
output,

::::
and

:::::::::
combining

:::::
these

:::
the

:::::::::
correlation

:::::
matrix

::::
and

::::
error

:::::::
profiles

::
in

:
a
:::::::::::::
post-processing

::::
step

::::::
allows

::
the

::::::::::::
reconstruction

:::
of

::
the

::::::::::
covariance

:::::
matrix

::
in

:::
the

:::::::
vertical

::::::::
direction.

:::
The

:::::::::::
tropospheric

:::
part

:::
of

:::
this

:::::::::
covariance

::::::
matrix

:::
can

:::
be

::::
used

::
to

::::::
derive

:::
the

::::::
relative

:::::
error

::
on

:::
the

:::::::::::
tropospheric

:::::::
column.

::
In

:::::
Figure

::
2
:::
the

:::::
yearly

:::::
mean

::::::::::
assimilated

::::::::::
tropospheric

::::
FAT

:::::::
column

::
is

::::
given

::
in
:::::
panel

::::
(a),

::::
while

:::
the

:::::::::
associated

:::::::
relative

:::::
errors

:::
are

:::::
shown

::
in

:::::
panel

:::
(b).

::::
The

:::::
yearly

:::::
mean

::::
FAT

:::::::
columns

::::::
varies

:::::::
between

:
3
::::
and

::
23DU

:
,
:::::
while

:::
the

::::::
relative

:::::
error

:::::
varies

:::::::
between

::
11

::::
and30

::
18%

:
,
::::::::
depending

:::
on

:::
the

:::::::
location

::
on

::::::
Earth.

::
In order to estimate the impact of the upgraded TM5 model resolution and meteorological data used to drive TM5, we

validate the resulting tropospheric ozone columns with ozone sondes (from the surface up to approximately 30 km). Figure 3
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Figure 1. Monthly mean tropospheric O3 fields. Left column (a, c
:
d, e, g

:
,
:
j): free model run, right

:::::
middle column (b, d

:
e, f, h

:
,
:
k): assimilated

O3 fields,
::::
right

::::::
column:

:::
the

::::::
relative

:::::::
difference

::::::::::::::
((free-assim)/free). From top to bottom: March (a, b

:
,
:
c), June (c, d

:
,
:
e,
:
f), September (e

:
g, f

:
h,
:
i)

and December (g
:
j, h

:
k,

:
l) 2008.
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Figure 2.
::
(a)

:::::
Yearly

:::::
mean

:::
FAT

::::::::::
tropospheric

::::::
column,

::::::
derived

::::
from

::::::::
assimilated

:::::
ozone

:::::
fields,

:::
and

:::
(b)

::
the

:::::::::::
corresponding

::::::
relative

::::
error.

shows absolute and relative biases for both the free model run and assimilated O3 fields. There is a significant improvement

of the assimilated O3 fields over the free model run when compared to ozone sondes, with the exception of the UTLS (around

15 km). The sharp ozone gradients in this altitude range are not captured fully by the model and the satellite observations. These

results are comparable to the TM5 model run used in van Peet et al. (2018, see their figure 13), where the same satellite data

was assimilated into TM5, running on a coarser model resolution and with operational meteo data. In van Peet et al. (2018),5

the median bias for the tropospheric column is between −5 to 0% for the period 2008–2011, while in the current research it is

between −2 and 3% for 2008 only.

:::
The

::::::::::
assimilation

:::
of

:::
the

:::::::
satellite

::::
data

:::
has

:::
the

::::::
largest

::::::
impact

::
in

:::
the

:::::::
altitude

:::::
range

:::::::
between

::::
100

::::
and

::
5 hPa

:
.
::::
This

::
is

::::
also

:::
the

:::::
region

::::::
where

:::
the

::::::::
retrievals

:::
are

::::
most

::::::::
sensitive

::
to

:::
the

:::::::::::::
measurements.

:::
To

:::::::
illustrate

::::
this,

:::
we

::::::::
averaged

:::
the

:::::
AKs

::
of

:::
all

::::::::
GOME-2

:::
and

::::
OMI

::::::::::::
measurements

::::
that

::::
were

::::::::::
assimilated

::::
into

:::
the

::::::
model.

::::
The

:::::::
resulting

:::::
mean

::::
AKs

:::
are

::::::
plotted

:::
in

:::::
figure

::
4,

::::
with

:
a
:::::::

marker10

:
at
:::
the

:::::::
altitude

::
of

:::
the

:::::::
retrieval

:::::
layer.

::::
The

::::
AKs

::::
have

:::
the

::::::
largest

:::::
value

::
in

:::
the

:::::::
altitude

:::::
range

:::::
where

:::
the

:::::::::::
improvement

:::
of

:::
the

::
of

:::
the

:::::::::
assimilated

:
O3 ::::

fields
::::
over

:::
the

::::
free

::::::
model

:::
run

:::
are

:::
the

:::::::
largest.

::::
The

:::::::::
oscillations

:::
in

:::
the

::::
AKs

::::
near

:::
the

::::
top

::
of

:::
the

:::::::
retrieval

:::::
have

::::::
limited

:::::
effect

::::::
because

:::
the

:
O3 :::::::::::

concentration
::
is

::::
small

:::
in

:::
that

:::::::
altitude

:::::
range.

In Figure 5, scatterplots of the FAT columns are shown for the free model run and the assimilated O3 fields and of the

residual-FAT column for the assimilated O3 fields only. The data are grouped according to ozone sonde station
::::::
location.15

The free model run and assimilated O3 fields perform comparably and both have a higher correlation coefficient than the

residual method (see Figure 5d). The residual method shows some negative columns, indicating that the stratospheric part of

the assimilated profiles is larger than the total column from the MSR. Residual-FAT columns based on the free model run show

even more negative values, so they are not shown in the figure. The residual method has a lower correlation coefficient and a

higher uncertainty than the FAT columns of the free model run and assimilated O3 fields, and therefore will be omitted from20

the subsequent analysis.

We can see from Figure 3 that the bias with respect to sondes in the troposphere is smaller for the assimilated O3 fields

than for the free model run. Figure 5 shows that the root mean square (rms) and correlation for the assimilated O3 fields

slightly improve compared to the free model run. To further investigate the variation between TM5 model results and sonde

measurements, the rms and mean differences between the model and sonde FAT columns are plotted in Figure 6. The figure25

7



60°S

30°S

0°

30°N

60°N

135°W 90°W 45°W 0° 45°E 90°E 135°E

(a)

3 2 1 0 1 2 3

median difference (DU)

10

100

1000

pr
es

su
re

(h
Pa

)

(b)

0

10

20

30

40

altitude (km
)

40 20 0 20 40

median difference (%)

10

100

1000

pr
es

su
re

(h
Pa

)

(c)

0

10

20

30

40

altitude (km
)

Figure 3. TM5 validation results with respect to sondes. The top plot (a) shows the locations of all sondes used in the validation of the

model. The color coding of the sondes is the same as in Figure 5. Bottom left (b): median absolute difference, bottom right (c): median

relative difference. The blue line is the model run without assimilation, the red line is the model run with assimilation of GOME-2 and OMI.

:::
The

::::
error

:::
bars

::::::
indicate

:::
the

::::
range

:::::::
between

:::
the

:::
25th

:::
and

::::
75th

::::::::
percentile.
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Figure 4.
:::::
Mean

:::
AKs

::::::::
calculated

::::
from

:::
all

::::::::
assimilated

:::::::
retrievals

::::
from

::::::::
GOME-2

::::
(left)

:::
and

::::
OMI

:::::
(right).

::::
The

::::::
markers

::::
show

:::
the

::::::
altitude

::
of

:::
the

::::::
retrieval

::::
layer.
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Figure 5. Scatterplots of tropospheric columns based on model output versus sonde measurements. The plot symbols are the median values

of collocations grouped by station. The error bars indicate the 25–75 percentiles of the distribution. Top (a): free model run, top right (b):

assimilated O3 fields, bottom left (c): residual-FAT column for the assimilated O3 fields. Colors indicate 30◦ latitude bands: SP = South

Pole, SML = Southern MidLatitudes, STr = Southern TRopics, NTr = Northern TRopics, NML = Northern MidLatitudes, NP = North Pole.

The grey dashed line is the 1:1-line and the red dashed line gives the best linear fit to the data. The fit parameters are listed in the table at the

bottom right (d). The columns marked a and b are the linear fit parameters of the line a+ bx, r is the linear Pearson correlation coefficient,

rms is the root mean square between the values on both axes. The number of stations included in each plot is 48.

gives the RMS for all collocations (with a minimum of 10) per station as a function of latitude on the top left, and the mean

difference on the top right. The green dots in the maps indicate stations where the absolute value of the rms (or mean) from the

assimilated O3 fields is smaller than for the free model run (|rmsassim|< |rmsfree| or |meanassim|< |meanfree|). The red dots

indicate stations where the reverse is true (|rmsassim|> |rmsfree| or |meanassim|> |meanfree| ). In the southern hemisphere

(lat<−30), the assimilated O3 fields show a smaller rms and a smaller absolute value of the mean for 4 and 5 out of 75

stations, respectively. In the tropics (−30≤ lat< 30), the assimilated O3 fields show a smaller rms and a smaller absolute

value of the mean for 9 and 10 out of 14 stations, respectively. The assimilated O3 fields perform better than the free model

run for the majority of the tropical stations, but note that the rms and the absolute value of the mean are larger than at higher

latitudes. In the northern hemisphere (lat≥ 30), the assimilated O3 fields show a smaller rms and a smaller absolute value of

the mean for 9 and 13 out of 24 stations, respectively.10
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Figure 6. The FAT rms (a) and mean (b) per station as a function of latitude. The blue line gives the results for the free model run compared

to sondes. The red line gives the results for the assimilated O3 fields compared to sondes. Bottom left (c): green dots indicate stations

where |rmsassim|< |rmsfree|, red dots where |rmsassim|> |rmsfree|. Bottom right (d): green dots indicate stations where |meanassim|<
|meanfree|, red dots where |meanassim|> |meanfree|. Only results for stations with at least 10 collocations have been plotted.

To study temporal variation, time series of monthly median global FAT-columns are shown in Figure 7 . The
::
for

:::::
three

:::::::
different

::::::
latitude

::::::
bands.

:::
For

:::
the

::::::::
northern

::::::::::
hemisphere

::::::
(Figure

::
7,

:::::
panel

::::
(a)),

:::
the free model run is closer to the sondes than the

assimilated O3 fields for January till May. The assimilated O3 fields are closer to the sonde measurements than the free model

run from June till December. For the lapse rate tropopause (not shown here), the assimilated O3 fields are closer to the sonde

data than the free model run throughout the year. Since in the troposphere the model is nudged towards an ozone climatology5

(Fortuin and Kelder, 1998), the climatological value for each collocation has been calculated and the monthly median is also

shown in Figure 7. The free model run follows a similar pattern as the climatological values. It should be noted that the free

model run and assimilated O3 fields start with the same ozone concentrations. Due to the assimilation of observations they

diverge quickly, and the monthly median values for January are not the same. The

:::
For

:::
the

::::::
tropics

::::::
(Figure

::
7,

:::::
panel

::::
(b)),

:::
the

:::::
ozone

:::::
sonde

::::
FAT

:::::::
columns

:::
are

:::::
lower

::::
than

:::
the

::::::::::
assimilation

::::::
model

::::
run,

:::::
which

::
in

::::
turn10

:
is
::::::

lower
::::
than

:::
the

::::
free

:::::
model

::::
run

:::::::::
throughout

:::
the

:::::
year.

::::
This

:::::::
behavior

::
is
:::::::::

consistent
::::
with

:::
the

:::::
plots

::::::
shown

::
in

::::::
Figure

::
6.

::::
For

:::
the

:::::::
southern

::::::::::
hemisphere

::::::
(Figure

::
7,

:::::
panel

::::
(c)),

::::
both

:::::
model

:::::
runs,

:::::
sonde

::::::::::::
measurements

:::
and

::::::::::::
climatological

::::::
values

:::
are

::::
close

::::::::
together,
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Figure 7. Time series of monthly median global FAT-columns
::
for

::
(a)

:::::::
southern

::::::::
hemisphere

::::::::::::::::
(−90≤ lat<−30),

::
(b)

:::::
tropics

::::::::::::::
(−30≤ lat< 30)

:::
and

::
(c)

:::::::
northern

::::::::
hemisphere

::::::::
(lat≥ 30). Blue line: free model run, red line: assimilated O3 fields, green line: sonde data, yellow line: Fortuin

and Kelder climatology. The numbers along the x-axis indicate the number of collocations between model and sondes.
:::
Note

:::
the

:::::::
different

::::
scale

::
on

::
the

:::::
y-axis

::
in

::::
each

:::::
panel.

:::::
except

:::
for

:::::::::
November

::::
and

:::::::::
December,

:::::
which

:::::
might

:::
be

:
a
:::::::::::
consequence

::
of

:::
the

::::::
ozone

::::
hole.

:::::
Note

:::
that

:::
for

:::
all

::::
three

:::::::
latitude

::::::
bands,

::
the

:
differences are very small, in the order of 2–3DU, and close to the uncertainty.

As an example of the FAT-column variability throughout the year, Figure 8 shows time series for the free model run and

assimilated O3 fields, and for the sonde measurements over three different stations: the Antarctic station Neumayer (8.26◦ W,

70.56◦ S), the tropical station Hilo (155.04◦ W, 19.43◦ N) and the northern hemisphere station Lerwick (1.19◦ W, 60.14◦ N).5

::::
Time

:::::
series

:::
for

:::
all

::::::
sonde

::::::
station

::::::::
locations

::::
used

::
in

::::
this

:::::::
research

::::
with

:::::
more

::::
than

:::
10

:::::::::::
collocations

::::
with

:::
the

::::::
model

::::::
output

:::
are

:::::::
available

::
in

:::
the

:::::::::::::
supplementary

:::::::
material

::::::
online.

:
For the Neumayer station, the free model run and assimilated O3 fields give

comparable results during the polar night. The decrease in the tropospheric column that is visible from October onwards

::::::
onward is caused by solar radiation and NOx induced O3 destruction, not by the halogen induced destruction of the ozone hole

(see e.g. Helmig et al., 2007). For the Hilo station, the assimilated O3 fields shows systematically lower FAT columns than the10

free model run. The FAT columns from the assimilated O3 fields are in better agreement with the sonde FAT columns than the

free model run. For the Lerwick station, the free model run and assimilated O3 fields show similar FAT columns, and the rms
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Figure 8. Three time series of collocated model output and ozone sonde measurements. From top to bottom: Neumayer (a), Hilo (b) and

Lerwick (c). The station coordinates have been indicated in the plot titles. Blue line: FAT-column from model run without assimilation, red

line: FAT-column from model run with assimilation of GOME-2 and OMI measurements, green circles: ozone sonde measurements.

bias of the assimilated O3 fields is larger than for the free model run. However, the absolute value of the mean bias is larger for

the free model run than for the assimilated O3 fields.

4 Discussion

Deriving tropospheric ozone from nadir looking UV-VIS instruments is a big challenge due to the limited sensitivity of these

instruments in the troposphere. Since most of the radtion
:::::::
radiation in the wavelength range between 280 and 330 nm is absorbed5

by the ozone layer, only a small part reaches the surface. Typical values for the Degree of Freedom for Signal (DFS, a measure
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for the number of independent pieces of information in the retrieval) of the tropospheric column are between ∼ 0.5 at higher

latitudes to ∼ 1.2 in the tropics (Liu et al., 2005).

Both the DOAS total columns used in the MSR and the UV-VIS stratospheric partial columns from the retrievals used

in this research are accurate measurements of the ozone concentration. The large variation in the residual-FAT column was

therefore unexpected and we discuss the differences between both assimilation systems in some more detail. The MSR only5

assimilates total columns, which are distributed over the layers of the model proportionally to the subcolumn of that layer. The

MSR-model uses the same parameterised ozone chemistry as the profile assimilation used in this research (Cariolle and Déqué,

1986; Cariolle and Teyssèdre, 2007), but with a more up-to-date version of the chemistry parameters (2.9 for the MSR, 2.1

for this research). However, since both assimilation systems are frequently updated with observations, it seems unlikely that

the difference in parameterisation version plays a major role in the observed residual-FAT column variation. Also, data from10

all available total ozone satellite sensors is assimilated into the MSR instead of only the profiles from the two GOME-2 and

OMI instruments that are assimilated into the current system. The observations are both bias corrected, the total columns with

respect to Brewer-Dobson measurements and the profiles with respect to sondes. The MSR-model resolution is 0.5◦× 0.5◦,

while the profile assimilation runs on 1◦× 1◦. The most extreme negative residuals are found for the Antarctic sonde stations,

so high solar zenith angles may have some effect. However, since negative residuals are also found at lower latitudes, it cannot15

be the only explanation.

Since the residual-FAT column cannot be used reliably for determining the tropospheric ozone column, the directly integrated

FAT columns from the assimilated O3 fields might offer an alternative. The global median difference with O3 sondes is clearly

lower for the assimilated O3 fields than for the free model run (see Figure 3). However, this is not so clear from the scatterplots

of the FAT columns grouped by station (see Figure 5). The spatial distribution is also much better for the assimilated O3 fields20

than for the free model run (see Figure 1). This can be seen in, for example, the outflow of ozone rich air from Asia over the

Pacific and biomass burning enhanced O3 concentrations.

There are several potential explanations for the small improvements of the assimilation tropospheric ozone columns com-

pared to the free model run. The reduced sensitivity in the troposphere of GOME-2 and OMI is compensated for by incorporat-

ing the averaging kernel into the observation operator, and the tropospheric column is changed due to the assimilation. However,25

the tropospheric uncertainties of the observations might be too large to reduce the model uncertainties, so the improvement due

to the assimilation only becomes clear when looking at the global median results.

The parameterised chemistry version that is being used is known to overestimate low latitude ozone in the troposphere

(Cariolle and Teyssèdre, 2007). Below 230 hPa however, the model is nudged towards the climatology of Fortuin and Kelder

(1998). Above 230 hPa the full Cariolle chemistry scheme is used, but two of the parameters in that scheme (i.e. the average30

volume mixing ratio and the overhead ozone column) are set to the climatological values.

Other possible factors contributing to the large variation in the FAT columns are the representation errors between the

model and sondes and between model and observations. Since TM5 is running on a 1◦× 1◦ horizontal grid, the model ozone

concentrations are an average over the grid cell while the ozone sonde measurements are point sources. In mountainous regions,

the altitude of the model grid cell might also not correspond to the altitude of the sonde station. The ground pixel size and35
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location of the satellite observations might not coincide with the model grid cells either. For example, the footprint size of the

GOME-2 measurements used in this research is about 160× 160 km, which is larger than the model grid cells. The satellite

instruments ground pixel centre determines in which model grid cell the pixel is assimilated.

Throughout the year, the FAT column from the assimilated O3 fields is smaller than the FAT column from the free model

run (Figure 7). This is consistent with the validation results for the whole profile (Figure 3), and with the rms values between5

model and sondes in the scatterplots of Figure 5. The
::::::
northern

::::::::::
hemisphere

:
sonde FAT columns are closer to the free model run

from January till May, but closer to the assimilated O3 fields from June till December. The reason for the “smallest bias” shift

from the free model run to the assimilated O3 fields is unknown, but it should be stressed that the differences are small (in the

order of 2–3DU) and close to the uncertainty. If, instead of the FAT column, the column based on the lapse rate tropopause is

used, such a “smallest bias” shift does not occur and the bias with respect to the assimilated O3 fields run is always smaller10

than for the free model run.

5 Conclusions

Ozone profiles retrieved from GOME-2A and OMI measurements were assimilated simultaneously into the TM5 global chem-

istry transport model for the year 2008. With respect to the model version used in van Peet et al. (2018), the horizontal resolution

of TM5 is increased from 3◦×2◦ to 1◦×1◦ (longitude × latitude). At the same time, the vertical resolution is decreased from15

44 to 31 layers to reduce the computational cost. The meteorological data used to drive the model has also been upgraded

from the operational data stream from the ECMWF to the ERA-Interim data set. Due to the large variation in the residual-FAT

columns in the current model setup, they can’t be used reliably, and the direct integrated FAT columns should be used instead.

The median global bias with respect to O3 sondes is smaller for the assimilated O3 fields than for the free model run. When

the tropospheric O3 columns are grouped according to station, the root mean square of the median sonde columns and model20

output is smaller for the assimilated O3 fields than for the free model run. The rms for each station separately also shows an

improvement for the majority of stations on the southern hemisphere and in the tropics. The absolute value of the bias is also

smaller for the assimilated O3 fields than for the free model run for the majority of stations globally. The monthly median

global FAT columns show a small bias with respect to ozone sonde measurements for the free model January till May, but

from June till December, the assimilated O3 fields have the smallest biases with respect to ozone sondes. The monthly mean25

ozone fields show significant improvements and more detail when comparing the assimilated O3 fields with the free model run,

especially for features such as biomass burning enhanced ozone concentrations and outflow of ozone rich air from Asia over

the Pacific.

Data availability. OMI ozone profiles are operationally retrieved and can be obtained from NASA’s Goddard Earth Sciences (GES) Data and

Information Services Center (DISC) on-line archive at https://aura.gesdisc.eosdis.nasa.gov/data/Aura_OMI_Level2/OMO3PR.003/. GOME-30

2 ozone profiles are specifically retrieved for this research and can be obtained by contacting the author. Although not used in this research,
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