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1. Motivation
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5.2 Microwave Radiometer

+ Validation of two decades of ACE-FTS ozone in d-based observationsfrom The MWR measurements at Bern, Payerne, Mauna Loa, and Lauderwere

lidar, (MWR) and Fourier (FTIR) instr the NDACC network. compared with ACE-FTS ozone measurements. The Bern and Payerne S A0E T
+ Validation of ACE-FTS againstg based lidar i ination of the instr high temporal with

ozone vin the upper iccooli measurement per hour, and can operate under nearly all-weather conditions, o
. data between ACE-FTS and ground-based instr h diurnal the ' 3 from the tothe - Their i

. : AR anct FTIR it high temporal resolutionalso allows diurnalozone variationsin the upper i

PRer forthe g to be characterized (Sauvageat et al., 2023). To “

2. Introducti isons ACE-FTS p were the MWR . -

- Introduction profile grid, approximately 2 km even vertical spacings throughout the altitude. | |
ACE-FTS (Atmospheric Chemistry Experiment- Fourier Transform Sp is a Canadiani aboard the SCISAT satellite that has et
routinelymeasured vertical profiles of more than 70 the solar a)Bias determination Figures. & - rts
February 2004. ; ; ) .

) ACE-FTS measurements are obtained during sunrise and sunset occultations, ~ and MWR measurements t Bern with a criterion of 1 hour, +5
The ACE-FTS ozone record averaged over 60°S-60°N, 25.5-40.5 km shows a small, ryof to times. Coincident data pairs at latitude and +10° longitude, with panels from left to right showing.
(Bernath etal., 2020). The recoveryis primarily attributedto the fthe Montreal Protocoland the Bern and Payerne were selected withina short temporalwindowof £1 hour ) rofiles, 2) @) relative
(0DSs). & ise with the and a spatial window of +5° latitude and +10° longitude. The ACE-FTS ozone differences, and (4) correlation coefficients.
latter recoveryby slowing; etal, 2025; profiles using th ing ththe
St LAUDER

Stolarskietal,, 2012). coincidentMWR retrievals. To ensure that the MWR retrieva v
This study focuses on validating ACE-FTS ozone measurements from the tothe regional ationswithin the the than the a priori profiles, a sensitivity i pp i
frameworkof NDACC (Networkfor the D hange). NDACC includes a suite of threshold of 0.5 was applied (e.g., Griffin etal., 2025). The comparisonresults

worldwide. To maximize spatial and temporal coverage, multip! types are considered, inclt MWR, and FTIR instruments.
ACE-FTS also comp NDACC lidar measurements. Global data have pi lybeen used to
validate ACE-FTS ozone tsfrom the upper tothe mid ouetal,, 2024).

3. Datasets
3.1 ACE-FTSv5.3data

ACE-FTS v5.3 0zone volume mixing
ratio (VMR) data together with the
temperatureand pressure data

Lidar

*+ Eurcka (S0.1N, 86.421) (2004-2009, 2017-2021,2023)
(47.8N, 11E) (1987-2025)
= Haute Provence (44.08N, 6.24F) (2003-2024)

* Table Mountain (34.4N, 117.7W) (2000-2025)
(Booneet al, 2023) were * Huntsville (45.33N, 79.22W) (2015-2022)
downloaded from = Mauna Loa (19.48N, 155.6W) (1999-2022)
https://databace.scisat.ca/level2/in _ = Reunion Island, St Denis (20.95, 55.45E) (2000-2003)
dex.php. The AGE-FTS profiles are * Reunion Island. Maido (21.128, 55.53) (2013)
provided on a regular verticalgrid = = Lauder (45.04, 169.68E) (2017-2025)
with 1-km spacing. Data screening
was performedbased on the quality ** Microwave Radiometer
flags assigned to individualdata sl = | Bem (46.94N, 7.44E) (1994-2024)
points (Sheese etal., 2015). The e e e e e e Payerne (46.82N, 6.94E) (2000-2024)

Rikubetsu (43 5N, 143.75E)
Mauna Loa (19.48N, 55.6W),
Lauder (45.045, 169.68E),

(2013-2022)
(1995-2022)
(1992:2016)

quality-flag data were obtained from  Figure 1. NDACC stations equipped with Lidar (L),
Sheese and Walker (2025). (M) and FTIR (F)

3.2NDACC data
NDACC data are available at https://www-air. arc.nasa.gov/pub/NDACC/PUBLIC/stations.
The NDACC stations equipped with lidar, MWR, and FTIR instrumentsincluded in this study
are shownin Fig. 1, and the correspondingdata periods are listed in Table 1.

FTIR
. EurLku(RO IN, 86.42W)
d (78.9N, 11.93E)
. Thuk (76.5N, 68.74W)
* Kiruna (67.8N, 20.2E)
* Harestua (60.2N, 10.7E)

(2006-2020)
(1992-2024)
(2000-2024)
(1997-2022)
(1994-2024)

4. Methods = Bremen (53.07N, 881E) (2004-2024)
4.1 Coincident data pairs for bias = Zugspitze (47.42N, 10.98E) (1995-2024)
The primarymethod for determining biases between ACE-FTS and NDACC mstrumems isto |* TEREAGOCHIESISSNA7O8H) (1082073
uee data pairs. Th ‘among = Rikubetsu (43.5N, 143.64E) (1995-2024)
instruments, with the sampling frequency bein ama]ovfacwrleg Sects. 5.1 | 7 Torono (365N, 7935w) (2002:2004)

Wi J = Boulder (40N, 105.26W) (2010-2024)
and5.2). = Tsukuba (36.12N, 140.1E) (2001,2014-2024)
4.2 i for long-term trending = Wollongong (34.425, 150.89E) (1996-2025)
ACE-FTS obser selected withina region surrot = Hefei, (31.86N, 117.2E) (2015-2024)

= Izana, (28.3N, 16.5W)

* Mauna loa (19.48N, 55.6W)

= Altzomoni (19.12N, 98.66W)

= Paramaribo (5.75N, 55.2W)

= Reunion, St Denis (20.95, 55.45E)

(1999-2023)
(1995-2022)
(2012-2022)
(2004-2016)
(2004-2011)

NDACC station (e.g., +5° in latitude and £20° in time series were
then generated for both the ACE-FTS and correspondmgground based observations. De-
rest term linear

trends.

for Bern are shown in Fig. 5. Over the altitude range of approximately 16-80 km,
the ozone VMR Within10% in the d 20% inthe
mesosphere.

AtMauna Loa and Lauder, a wider temporal window of +3 hours was used to
ubtama sufficient number of comclden( pairs. At Mauna Loa, the ozone VMR

the i 20% (notshown),
hereas at Lauder, the i L larger (Fig. *

6). 7 o

Monthly mean time series from the MWR measurementswere also compared R e I

with th CE-FTS time series. Only Figure 6. Similar as Fig. 5, but for Lauder with a coincidence

MWR measurements within 1.5 hours of the mean local measurement times criterionof £3 hour, +5° latitude and +10° longitude.
of ACE-FTS were included.
inthe ubstantial inthe

mesosphere.
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Forreliable estimation of long-term trends, it is essential that the measurement
record remains consistent over time. Figure 7 shows the seasonal mean
differences between ACE-FTS and MWR measurementsat Bern over the 20-
year record. An apparent change is observed around mid-2010 n the lower

- This can the esti Figure 7. Seasonally averaged differences between ACE-FTS and
long-term trends, particularly in these altitude regions. This will be further tBern, the
discussed with the MWR team. seasonalizedtime series.

Payems, Swizsrand (681N, 6S0E)
Data porod: 20040101 - 20241273
MWAVE proies 156735, AGE: 251, =

Ozone Linear Trends

(c) Long-term ozone lineartrends Mouna Lo, Hawsi, CA 1947, 1556)

Figure 8 shows the lineartrends in ozone profiles
derived from ACE-FTS and MWR measurements at

Bom, Swizerand 469N, 7436)
MWAE poies: 147040 ACE: 5.+ 2060

Ozone Linear Trends

Bern, Payerne, and MaunaLoa over two decades. w o =
The out-of-rangetrends in the MWR data observed in

the mesosphereare likely related to the changes £% E® £

shownin Fig. 7. In addition, ozone concentrationsare ~ § 3 g

very low in these altitude regions, making the trend £ H

estimates less reliable. The trends in the middle part

of the stratospheric profiles are more reliable. — 20femge

In the upper stratosphere, both ACE-FTS and MWR o o W E e s R e e

s 0 s
measurements, except for the MWR measurements 0 udecade] 0 pudocade] 03 socade]

atMauna Loa, show positive ozone trends, although Figure 8. Lineartrends n ozone profiles derived from ACE-FTS (light blue) and MWR (orange)

Monthly mean data records from both ACE-FTS and ground-based instruments were also = Reunion, Maido (21.128, 55.53E) (2013-2024) these trends are not i Inthe (le'(panel N P , and
used to determine the biases. = Lauder (45.04S, 169.63E) (2001-2024) lower ozone trend Maunaloa . The i
4.3 Diurnal the upper = Arrival heights (77.838, 166.67E) (1997-2024) are also not the
Ozone inthe upper diurnal Table. Listof the NDACC stations alongwith the data MWR measurement (2004-2016)
which can be captured by some high-frequency MWR etal., periods. The highlighted stations are presentedin this (d) Lauder 1 T T ©
2023). Th ACE-FTS  study. Lauder is one of the few stations located at mid-latitudesin the < i Jo 36.0km
and ground-based ozone measurementsin these altitude regions. Southern Hemisphere. The MWRinstrumentat Lauder provided E s 4m o &
X g, EN
4.4 Smoothingwith averagingkernel measurementsfrom 1992 to 2016 (Table 1; Fig. 9a), followed by £ EM
For the ground-based MWR and FTIR instruments, the measured ozone profiles are retrieved profiles that represent lidar in2017 (Table 1; Fig. 9b). At 35-36 9 w0
the a priori and true ozone profiles throughthe ofthe To i ith ACE-FTS, the ACE-FTS ozone km, ACE-FTS asteady ozone 0, 00 011 0 e e e

usingth ging kernels of the cor based Th was applied particularly

tothe coincidentdata pairs.

5. Results Armpsi
5.1 Lidar = ssm gl FEe s
Lidar data from the HohenpeiBenberg, Haute- ¢
Provence, MaunaLoa, and Lauder stations | E
were compared with the ACE-FTS ozone and :

_The lidar p first
interpolated onto the ACE-FTS vertical grid.
(a) Time series comparisons
To explore the dynamicaland photochemical E B
processes, the time series derived from the £ r N
ACE-FTS and lidar measurements at
HohenpeiBenbergare shown in Fig. 2a for
ozone VMR at differentaltitudes and in Fig. 2b it
for temperature. Both ACE-FTS and lidar show SAARAAA
very good agreementin ozone and temperature. R

o 355m

o 255m

over the study period, with both the MWR and lidar
Lidar measurement (2017-2025)

measu positivetrends during their
p rement periods. C: the MWR and lidar L 35.5km
the g d-based measurement i1 _
provides a longer observational basis for assessing the ozone 1 PE
£ EPY
trend.
b L T
g 1 010 e
Figure9. O: ratio (VMR) ti it Lauder: (a, top) at 36

5.3FTIR
More than 20 FTIR stations are distributed across a wide range of
latitudes, i global coverage. The initial

focuses on evaluating the consistency of vertical ozone profiles
measured by ACE-FTS and ground-based FTIR instruments.
Figure 10 presents comparisons between ACE-FTS and FTIR

km, measured by ACE-FTS (blue) and MWR (orange); (b, bottom) at 35.5km,
measured by ACE-FTS (blue) and lidar (orange).

ozone data pairs. Applying th ragin;
kernels from the coincident FTIR measurements to smooth the
ACE-FTS betweenthe

two datasets (Fig. 10a). However,in some cases, averaging
kernelsmoothingintroduces artifacts at lower altitudes (Fig.
threshold to exclude

points does not eliminatethese artifacts; instead, it reducesthe

overwhich the data are consideredvalid (Fig. 10c). g

At45.5 km, both ACE-FTS and lidar show stable,  Figure 2. oz0ne VMR (a, left) inthe 45.5,35.5, 25.5 and 22.5 kmwith 10b). Applying a
slightly increasing ozone trends from 2004 to the Lidar i lightblue lines for ACE-FTS data

2025. Anoise level change around 2018 is dueto  Sampledin aregion of +5'in attude and <207 n longitu tion. Achs 455k vertical

the changed of the lidar instrument. At35.5 km, :'ﬂ‘:’r:mlymeans_p ueto the lidar iy n

ozone peaksin summerdriven by

photochemicalactivities, while 25.5 km s a

transitional altitude and shows weaker By [ p———

variability. At 22.5 km, ozone peaks in late winter e

and early spring, likely reflectingenhanced

Brewer-Dobson circulationtransporting
h masses

higher altitudes.

(b) Bias estimates

Figures 3a and 3b show the ozone and

CE-
FTS and lidar at HohenpeiBenberg, based on
coincidentdata pairs using criteria of 6 hours,
+5° latitude, and +10° longitude. Narrower

» 8nc Figure3. C iles (a, left) E-FTS and lidar measurements at
temporal i fewer i with leftto 1) profiles, (2) absolute
pairs. Ozone dif 10% @3 and (4) L

aboveds km, likely due to strongdiurnal
variability, while differences remain around 3%
between the tropopause and45 km. The 58
correlation profile shows a minimum near 25 Tt il dser
km, iththe r Ozone Linear Trends

in Fig. 2a. Monthly mean results show similar 7 AR
behavior (not shown).

profilesare also given (b, right).

LISAR pratles, 2014 ACE: 5, + 20
Ozone Linear Trends
5053

(c) Long-term ozone and temperature trends
Figure 4 shows the lineartrends in ozone and
temperature profiles derived from ACE-FTS and
lidar measurements at HohenpeiBenberg, Haute-
P and Mauna Loa over two d

In the upper stratosphere, both ACE-FTS and lidar S
measurements, except for the lidar measurements 08 [idecade]

atH: Pi , show positive sl A
ozonetrends. In the lower stratosphere, ozone Tomperatus Linaar Tronds
trends are predominantly negative, albeit e L
statisticallynon-significant.
Stratospherictemperature trendsare non- Bl
significantnegative, suggesting a tendency toward
stratospheric cooling. This coolingis consistent
with the expected response to increasing |
greenhousegas concentrations. The observed
positive ozone trends in the upper stratosphere are
br with ozone r ! ing
the implementation of the Montreal Protocol, with
stratospheric coolingalso contributingto the
observed ozone changes.

Alttude fln]
Alttude [l

5 0 s 5 0 s
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Temperature Linear Trends ‘'emperature Linear Trends
g T T RCEFT W
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Attude fkn]
Attude fum]
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Figure 4. Lineartrendsin from
ACE-FTS (light blue) and lidar i panels;
H: panels; ,and MaunaLoa 9

trends.

. The hatched

Gopoma” Gapm oo

Figure 10. Comparisons of ozone profile between ACE-FTS (black), FTIR (red) and
hed ACE-FT: X

5571795 (a, left), for ss96782 (b, middl d with for

. 5896782 (c, right). Symbols “+” denote ACE-FTS interpolation points on the FTIR grid.
6. Conclusions
+ Twodecades of ACE-FTSv5.3 d ith measurements from a suite of ground-based
instrumentsin the NDACC network, with particular emphasis on long-term trends. At mid-latitudesin the Northern Hemisphere, where most
of the stations are located, ACE-FTS trends. Similar re observed at some lidar
stations (HohenpeiBenbergand MaunaLoa) and MWR stations (Bern and Payerne), but are less pronounced or absent at other stations,
includinglidar at Haute-Provence and MWR at MaunaLoa.
Stratospheric coolingwas observed in both the ACE-FTS and lidar i Haute-P

and MaunaLoa.

+ Asanexample, an apparent changein the MWR measurementrecord at Bern around 2010 may introduce an out-of-range long-term ozone
trends, particularly in the mesosphere. This highlights the importanceof round-based measur
derivinglong-term trends. Given the long ACE-FTS , ACE-FTS data can provide an independentreference
foridentifying such changes.

To validate ACE-FTS ozone gainst MWR inthe anarrowtemporal coincidence criterion of £1 hour
iis requiredto achieve biases within approximately 20%. Only a few stations, such as Bern and Payerne, can meetthis criterion because of
their high daily measurement frequencies.

The validation against FTIR datais stillin its preliminary stage. The objective is to compare partial column ozone trends derived from FTIR and
ACE-FTS data with and without averaging kernel smoothing.
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