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• MLS and AIRS data in the UTLS region
are not sensitive enough and have
large deviations from ECC values.

• Sensitivity of AIRS temperature products
is greater in the troposphere than
stratosphere.

• Sensitivity of total ozone change to
effective temperature change varies
with season.
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(a) Comparison betweenMLS, AIRS andECC ozoneprofiles; (b) relative deviation betweenMLS andECC andAIRS
and ECC over Kunming on March 5, 2014.
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Ozonesonde data fromNovember 2013 to April 2015 over Kunming, China are used to verify ozone and temper-
ature profile retrievals from two spaceborne instruments, the version 4.2 product from the Microwave Limb
Sounder (MLS) on the NASA Aura satellite and the version 6.0 product from the Atmospheric Infrared Sounder
(AIRS) on theNASA Aqua satellite.We calculated and compared the ozone effective heightHeff and effective tem-
perature Teff, which are two important parameters in ground-based total ozone retrieval through the use of var-
ious profile datasets. This is used to verify the accuracy of the operative values (Heff(0)= 23 km, Teff(0)=−46.3 °C
(or−45 °C)) from the World Meteorological Organization. The results show that the deviation of MLS and AIRS
ozone profiles from ozone sounding data has significant oscillation and scatter in the upper troposphere and
lower stratosphere. The average difference of MLS at 82.5 hPa is (80.5 ± 65.1) %, and that of AIRS at 70 and
100 hPa are (105.6 ± 74.9) % and (107.0 ± 67.8) %, respectively. The two satellite temperature profiles have
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differences within ±3 °C and can effectively describe the vertical distribution and variation of temperature.
When calculating the Heff and Teff, upper stratospheric data missing from the sounding data must be filled in by
the satellite profile data; otherwise the calculated results will show large errors of 3.2 km and 3.3 °C. The Heff

and Teff at Kunming are respectively 24.36 to 25.51 km and −48.3 to −43.6 °C. The operational Heff and Teff
used at Kunming ozone observation station clearly do not conform to the actual situation andmust be corrected.

© 2019 Published by Elsevier B.V.
Ozone and temperature profile
Ozone effective height and effective
temperature
1. Introduction

Ozone is a trace gas in the earth's atmosphere, and 90% is in the
stratosphere and only ~10% in the troposphere. Stratospheric ozone
can be transported into the troposphere (Wang et al., 2006, 2010).
Stratospheric ozone strongly absorbs ultraviolet radiation from the
sun and plays a role in protecting the biosphere, but tropospheric
ozone is a greenhouse gas and an important component of air pollution.
With the development of industrialization and the influence of human
factors, the spatial and temporal distributions of ozone profiles in differ-
ent regions change constantly. The impacts of this change on the ecol-
ogy, environment and climate are complex (Shang et al., 2017;
Stergiopoulou et al., 2018; Miller et al., 2015; Li et al., 2018). Correlation
between ozone profile changes and environmental air pollution is con-
sistent with influences of the ozone profile obtained by photochemical
theory (Gao et al., 2017;Wang et al., 2017). Local meteorological condi-
tions have a major influence on the spatial and temporal variation of
ozone and its precursors, and can cause fluctuation of the diurnal varia-
tion of the ozone profile. The ozone profile variation also reflects the
basic characteristics of the atmospheric meteorological profile, which
can be used to assess the transport and diffusion of ozone. However,
seasonal variation of the vertical distribution of ozone is greater than
that of local meteorological conditions (Dueñas et al., 2002; Elminir,
2005), so ozone has always been a difficult and popular problem issue
in research. Therefore, measurement of the vertical distribution of
ozone is of great theoretical significance and practical value in the cor-
rection of data in the environmental, ecological and atmospheric sci-
ence, as well as in atmospheric remote sensing.

Detection of the vertical distribution of ozonemainly includes the di-
rect measurement of ozonesonde and aircraft, as well as the telemetry
inversion of satellite data and ground-based measurements. As a refer-
ence for the verification of satellite remote sensing products, atmo-
spheric sounding techniques have been developed to maturity. The
ozone detector based on an electrochemical concentration cell (ECC)
has been widely used (Komhyr et al., 1995). This is because the high
quality of ozone data from soundings is better than that of satellite in-
version data, which has promoted the development of satellite inver-
sion technology. The microwave limb sounder (MLS) on the Aura
satellite and atmospheric infrared sounder (AIRS) on the Aqua satellite
are two of themain sensors that measure atmospheric vertical distribu-
tions by remote sensing. Satellite productsmust be validated before use.
The verification method mainly includes the use of direct measure-
ments of ozonesonde and aircraft (Divakarla et al., 2006, 2008;
Pittman et al., 2009) or comparison between reanalysis data and various
satellite products (Froidevaux et al., 2006, 2008; Schwartz et al., 2008;
Liu et al., 2010). At present, there has been littlework on the verification
of MLS and AIRS ozone products in China. Bian et al. (2007) used GPSO3
sounding data to verify MLS version 1.5 and AIRS version 4.0 ozone pro-
files over Beijing. The result shows that the two satellite products can
reflect the distribution and variation of ozone in the upper troposphere
and lower stratosphere (UTLS). Yan et al. (2015) verified MLS ozone
profiles over the Tibetan Plateau and adjacent areas.

The ozone effective height Heff is defined as the ozone-weighted
mean height from the ground to the top of the atmosphere and is an im-
portant parameter for ground-based total ozone retrieval and calcula-
tion of the ozone air mass (Thomas and Holland, 1977; Bernhard et al.,
2005). The ozone effective temperature Teff is defined as the ozone-
weighted mean temperature from the ground to the top of the atmo-
sphere and is an important parameter to calculate the ozone effective
absorption coefficient and measure total ozone (Scarnato et al., 2009;
Redondas et al., 2014). There will be large error in calculating the effec-
tive height and effective temperature of ozone using high-resolution
sounding data without upper stratospheric data. This error will produce
significant error in total ozone inversion, so satellite observation data of
the upper stratospheremust be supplemented. Therefore, it is necessary
to consider the actual height distribution of ozone layer at specific time
and space points to accurately determine the total amount of ozone. In
1983, Klenk et al. used sounding and satellite data to splice the ozone
profile of 40–0.7 hPa, but ignored ozone profile of the ground ~40 hPa
and above 0.7 hPa. In 1985, according to Ground-Based and satellite ob-
servation data at 45°N, Bhartia et al. again jointed and redefined ozone
and temperature profiles from the ground to ~60 km (referred to as
the 1985 standard profile). Recommended by the International Ozone
Commission (IO3C), on January 1, 1992, the World Meteorological Or-
ganization (WMO) took the effective height and effective temperature
of ozone calculated by the 1985 standard profile as standard values of
ground observation inversion. Therefore, in the standard inversion algo-
rithm of Dobson and Brewer, fixed ozone effective height and effective
temperature parameters are used as the calibration system. In fact, var-
iation of the ozone and temperature profiles with longitude, latitude
and season at different stations should be considered to obtainmore ac-
curate Dobson and Brewer parameters (Scarnato et al., 2009). Kunming
ozone observation station (25.03°N, 102.68°E, altitude 1917 m) is sta-
tion number 209 of the Global Ozone Observation System GO3OS. The
operational standard ozone effective heightHeff(0) is 23.0 km and the ef-
fective temperature Teff(0) is −46.3 or −45 °C, used by the Dobson
(D003) and Brewer MKIII (B198) spectrometer at Kunming. These two
operational parameters from WMO are empirical. Further testing is
needed to determine whether these values correspond to reality. The
satellite profile data will be used to calculate Heff and Teff, so they must
be validated first in this study.

Kunming station is on a low-latitude plateau to the southeast of the
Qinghai–Tibet Plateau and an important channel of exchange between
troposphere and stratosphere. In order to obtain seasonal ozone profiles
over Kunming in the Asianmonsoon region, integrated sounding exper-
iments using the electrochemical concentration cell (ECC) and 403-
MHz iMet-1 meteorological radiosonde were carried out from Novem-
ber 2013 to April 2015. To provide application references, we used
ozone and temperature sounding data to verify the MLS version 4.2
and AIRS version 6.0 remote sensing products. Then, using satellite
and sounding profile data, we verified the operational Heff(0) and Teff(0)
used by the spectrometer at Kunming station.
2. Data and methods

2.1. Sounding data

A one-year ozone sounding experiment was carried out from No-
vember 2013 to November 2014 at the Kunming ozone observatory,
and supplementary observation was conducted in the first half of
2015. Table 1 shows sounding data heights and coincidences of MLS
(AIRS) with the in-situ profiles. The MLS (AIRS) profiles coincident
with the in-situ profiles were selected from the smallest space and
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time interval between the sonde launches and MLS (AIRS) overpasses
(Table 1).

The experimentwas conducted using the 403-MHz iMet-1meteoro-
logical radiosonde produced by International Met Systems Group
(InterMet). The detection range of pressure is 1070–2 hPa. The resolu-
tion is 0.01 hPa and the accuracy is ±1.8 hPa (N400 hPa) and ±
0.5 hPa (400–2 hPa). The detection range of temperature is −95 to 50
°C. The resolution is 0.01 °C and the accuracy is ±0.3 °C.

The ECC ozonesonde is used to determine ozone concentration by
the electric current generated by the electrochemical reaction between
ozone and potassium iodide solution (Komhyr et al., 1995). According
to the experimental record, the vertical resolution is 4–7 m. Studies
show that the uncertainty of ECC measurement is about 10% in the tro-
posphere, 5% in the stratosphere to 10 hPa, and 5–25% from 10 to 3 hPa
(Kerr et al., 1994; Bodeker et al., 1998; World Climate Research
Programme, 1998; Borchi et al., 2005; Smit et al., 2007; Thompson
et al., 2007a, 2007b, 2007c). Therefore, only data below the 10 h Pa
level of the ECC ozone profile (~30 km) were used.

2.2. MLS products

The MLS is one of the major sensors aboard the sun-synchronous
polar satellite Aura. It can provide data for vertical profiles of tempera-
ture and a variety of trace gases (such as ozone and water vapor) from
the upper troposphere to mesosphere. The latest data released with
Aura-MLS version 4.2 has a modified processing scheme for cloud sig-
nals during the inversion process, substantially reducing spurious data
in cloud regions. The quality of cloud region data in the upper tropo-
sphere is improved relative to earlier version 3. We used the level-2
ozone and temperature profile inversion products of NASA GES DISC
version 4.2, which provides 3494 global profiles daily. The height
range of ozone and temperature profiles is 261–0.1 hPa. In this range,
the vertical and horizontal resolutions of ozone are 2.5–4 and
300–500 km, respectively. The vertical and horizontal resolutions of
temperature are 3.5–8 and 165–170 km, respectively.

2.3. AIRS products

The AIRS is one of the sensors aboard the sun-synchronous near-
polar satellite Aqua, which can provide profile data of temperature,
ozone and water vapor from the ground to mesosphere. The data cur-
rently released by Aqua-AIRS includes versions 5 and 6. Because the
basic inversion method has not changed, there is little difference be-
tween data of the two versions. However, there are some improvements
to the data of version 6, such as a general reduction of uncertainty and
improvement of cloud-top features. As Divakarla et al. (2006) pointed
Table 1
Heights of sounding data and coincidences of MLS (AIRS) with in-situ profiles over Kunming fr

No. Date Height (hPa/km) MLS coincidence AIRS coincidence

1 2013/11/26 2.51/36.01 Yes Yes
2 2013/12/04 2.51/35.22 Yes Yes
3 2013/12/20 2.89/36.91 Yes Yes
4 2013/12/29 2.51/36.36 Yes Yes
5 2014/01/16 2.51/35.75 Yes Yes
6 2014/01/26 2.51/36.36 Yes Yes
7 2014/02/10 19.49/26.18 Yes Yes
8 2014/03/05 2.52/36.29 Yes Yes
9 2014/03/25 8.85/31.69 Yes No
10 2014/04/15 2.51/38.96 Yes Yes
11 2014/04/25 2.51/36.03 Yes Yes
12 2014/05/05 2.51/34.69 Yes Yes
13 2014/05/15 2.51/35.12 Yes Yes
14 2014/05/25 2.52/35.46 Yes Yes
15 2014/06/05 68.35/18.70 Yes Yes
16 2014/06/15 2.51/35.32 Yes Yes
17 2014/06/25 2.51/35.21 Yes Yes
18 2014/07/05 2.51/34.83 Yes Yes
out, the false long-term trend of bias has been mitigated. We used the
secondary ozone and temperature profile inversion products of NASA
GES DISC version 6, which provides 324,000 global profiles daily. The
height range of ozone and temperature profiles is 1100–0.1 hPa,
which is divided into 28 layers. The vertical resolution is lower than
that of MLS and the horizontal resolution is ~45 km, better than that
of MLS.
2.4. Methods

Because the vertical resolution of satellite data ismuch less than that
of sounding data, the vertical resolution of the latter data must be re-
duced in order to match the two. Livesey et al. (2015) recommended
sounding data interpolation for the validation of MLS data. In this way,
the errors of satellite products can be recognized effectively and the ac-
tual accuracy of those products can be shown. Lagrange linear interpo-
lation was used in our work. This method has been widely used in the
verification of satellite profile products to reduce the vertical resolution
of the sounding data to match that of the satellite data (Berthet et al.,
2013). Some scholars have used the least squares and average kernel
function methods to reduce the vertical resolution of ozone sounding
data for comparison with satellite data. Jiang et al. (2007) pointed out
that there was little difference between the two methods in reducing
the vertical resolution of ozone sounding data. Moreover, the compari-
son result between MLS and sounding data was not sensitive to the se-
lection of either method.

The purpose of comparing various satellite and sounding data is to
more effectively apply the observation data of different satellites. The
spatial and temporal resolutions of MLS are completely different from
AIRS, i.e., those of MLS are low and those of AIRS relatively high. During
the comparative analysis, MLS and AIRS satellite data matching the
sounding data were selected from profiles closest to the sounding site
and with the shortest time difference at observation time. The horizon-
tal resolution ofMLSproducts is low, because those productsmainly de-
pict levels above the upper troposphere and, at these heights, the
distribution of ozone level changes little. We referred to Vӧmel et al.
(2007) and Yan et al. (2015) and, for comparison, we chose the MLS
profile within ±5° latitude and ±8° longitude of the sounding site,
and a period within ±12 h for sounding satellite data. Such spatial
and temporal resolution has little influence on the comparison results
(Bian et al., 2007). Because the horizontal resolution of AIRS products
is greater than that of MLS, the selection criteria of latitude and longi-
tude and time are ±0.5° to ±1.0° and ±12 h, respectively. In addition,
the selection of specific satellite data strictly followed corresponding
quality control documents.
om November 2013 to April 2015.

No. Date Height (hPa/km) MLS coincidence AIRS coincidence

19 2014/07/15 2.63/35.67 Yes Yes
20 2014/07/25 2.51/36.32 Yes Yes
21 2014/08/05 2.52/34.80 Yes Yes
22 2014/08/15 2.51/36.52 Yes Yes
23 2014/08/25 2.51/38.00 Yes Yes
24 2014/09/05 2.51/37.61 Yes Yes
25 2014/09/15 2.51/37.80 Yes Yes
26 2014/09/25 2.84/37.01 Yes Yes
27 2014/10/05 2.52/34.04 Yes Yes
28 2014/10/15 3.08/35.28 Yes Yes
29 2014/10/25 2.51/36.86 Yes Yes
30 2014/11/05 2.51/37.56 Yes Yes
31 2014/11/15 2.51/35.05 Yes Yes
32 2015/01/10 2.51/36.51 Yes Yes
33 2015/02/05 2.53/36.58 Yes Yes
34 2015/02/25 2.51/36.11 Yes Yes
35 2015/03/25 2.53/36.93 Yes Yes
36 2015/04/05 11.49/29.15 Yes Yes
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The comprehensive effect of the vertical distribution of ozone and
temperature on the ozone effective absorption coefficient can be
expressed by the effective height Heff and effective temperature Teff,
i.e., ozone-weighted mean height and temperature (Thomas and
Holland, 1977):

Heff ¼
R∞
z0
zρ zð Þdz

R∞
z0
ρ zð Þdz

Teff ¼
R∞
z0
T zð Þρ zð Þdz
R∞
z0
ρ zð Þdz

; ð1Þ

where z is height, z0 is station elevation, T(z) is Kelvin temperature, and
ρ(z) is ozone density.

3. Comparison of ozone/temperature profiles

3.1. Deviation of individual cases

Fig. 1 shows a comparison of ECC, AIRS and MLS ozone profiles over
Kunming on March 5, 2014. As shown in Fig. 1a, the distribution of the
ECC and satellite profiles is consistent above the 50 hPa level, and the
satellite data between 300 and 50 hPa shows a substantial increase.
The ECC and AIRS profiles are more consistent below 300 hPa. As
shown in Fig. 1b, in the UTLS, the ozone values of MLS and AIRS are gen-
erally larger than those of ECC and the relative deviation of AIRS near
100 hPa (tropopause) is greater than MLS.

In order to calculate the ozone effective temperature, it is necessary
to verify the satellite temperature profile. According to the comparison
of ozone profiles, Fig. 2 shows the comparison and deviation between
the MLS and AIRS temperature products and iMet temperature profile
onMarch5, 2014. Fig. 2a shows that the vertical variation of the two sat-
ellite temperature profiles is basically consistent with that of the iMet
sounding temperature profile, although there is still some deviation.
As shown in Fig. 2b, the deviation between the satellite and sounding
data is within ±5 °C. The oscillation of MLS deviation in the vertical is
more obvious than AIRS. In the troposphere, a negative deviation of
MLS and AIRS is observed, and the temperature is low. In the strato-
sphere, theMLS has a distinct alternation of positive and negative devi-
ations, whereas AIRS has positive deviations.
Fig. 1. (a) Comparison between MLS, AIRS and ECC ozone profiles; (b) relative devia
3.2. Total deviation analysis

3.2.1. Ozone profile deviation
Fig. 3 shows the overall difference distributions of ECC,MLS andAIRS

ozone profiles. As shown in Fig. 3a, MLS is close to ECC above 50 hPa and
has small dispersion. Under 50 hPa, except at 100 hPa, MLS is generally
greater than ECC, and the deviation and dispersion is greatly increased.
At 100 hPa, although the relative deviation of MLS and ECC is near zero,
the precision is low and the dispersion is large. In addition, the relative
deviation at 82.5 hPa is (80.5±65.1) %,which reflects the poor accuracy
of the MLS version 4.2 product in the area. This is also reflected in the
MLS version 3.3 product (Yan et al., 2015). The obvious oscillations of
the relative deviation of AIRS and ECC ozone profiles are shown in
Fig. 3b. The relative deviation is small when atmospheric pressure is
≥50 hPa and ≤250 hPa. The average value is b20% and the standard de-
viation is small, indicating that AIRS products have better quality in
the region. Between 200 and 70hPa near the tropopause, AIRS errors in-
crease substantially and the relative and standard deviation are both
large, AIRS is generally greater than ECC. This may be because of the
unique location of Kunming, which is on the southeastern Qinghai-
Tibet Plateau. Here is an important material exchange channel between
the troposphere and stratosphere. At the same time, there was a strong
vertical variation of UTLS height and low concentration of ozone at Kun-
ming. AIRS satellite observationswith the vertical resolution of the UTLS
cannot reveal the actual change of atmospheric ozone like sounding
data.

Comparing Fig. 3a and b, the average relative deviation of AIRS in the
UTLS region is greater than that of MLS. The relative deviations of AIRS
from ECC at 70 and 100 hPa are respectively (105.6 ± 74.9) % and
(107.0 ± 67.8) %. As seen, in the UTLS region, the quality of the AIRS
product is poorer than that of theMLS product, and they both have lim-
itations. The accuracy of the initial ozone profile is important to the sat-
ellite product inversion in the low-latitude plateau region. For example,
the initial profile in MLS product inversion comes from operational re-
analysis data. These are Global Modeling and Assimilation Office
(GMAO) or National Centers for Environmental Prediction (NCEP)
data, rather than vertical profiles distributed along latitude or monthly
averages (Ahmad et al., 2006).Whether the difference between the ini-
tial ozone profile and average of the actual sounding survey will have a
meaningful impact on the accuracy of satellite profile products needs
further study.
tion between MLS and ECC and AIRS and ECC over Kunming on March 5, 2014.



Fig. 2. (a) Comparison between MLS, AIRS and iMet temperature profiles; (b) deviation between MLS and iMet and AIRS and iMet over Kunming on March 5, 2014.
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To obtain more detailed information, a comparison of relative devi-
ations in spring (MAM), summer (JJA), autumn (SON) and winter
(DJF) are shown Fig. 4, with about nine samples per season. For the rel-
ative deviation between MLS and ECC, the distribution above 50 hPa is
similar to the overall difference distributions in the four seasons, with
the relative deviation between−20% and 20%. In spring, the relative de-
viation ofMLS is 29–68% larger than ECC below50hPa, and the standard
deviation is greater than in other seasons; the dispersion is substantial.
The relative deviation distributions of summer and autumn were simi-
lar, and the accuracy is slightly greater than those of winter and spring.
However, the relative deviation at 82.5 hPa is still large, even reaching
125% in autumn. In winter, MLS is 17–55% larger than ECC below
50 hPa, and the standard deviation is slightly less than in spring. Com-
pared with MLS, the distribution of AIRS relative deviation is consistent
across the four seasons and is similar to the overall difference distribu-
tion, but it is substantially larger (33–133%) than the ECC between
150 and 70 hPa.

It has been noted that there is a great deviation between 150 and
70 hPa in the AIRS version 6 ozone product over Kunming, with an
Fig. 3. Overall distribution of relative deviation of ozone
average maximum of 60–110%. However, it is found during the valida-
tion of the ozone profile product of AIRS version 4 over Beijing that
the deviation between the ozone profile product and sounding profile
is within 10% in the UTLS (400–70 hPa) region (Bian et al., 2007). Be-
cause Kunming is a typical low-latitude plateau monsoon climate area,
the vertical distribution of ozone ismuch different from that of other re-
gions in China (Zheng et al., 2005), and seasonal variation of the ozone
profile is also different from that of other latitudes. After establishment
of the summer monsoon, a regional “low ozone value” phenomenon
may occur over the Qinghai-Tibet Plateau and surrounding areas
(Zhou et al., 1995). AIRS data are not sensitive enough to show a large
deviation around the tropopause in the Kunming area and cannot re-
flect actual ozone evolution. In general, ozone concentrations of satellite
ozone products near the tropopause of the low-latitude plateau are
higher than those observed by ECC sounding.

3.2.2. Temperature profile deviation
Fig. 5 shows overall distributions of all iMet sounding temperatures

and MLS and AIRS temperature profile deviations. As shown in Fig. 5a,
profiles between MLS and ECC and AIRS and ECC.



Fig. 4. Seasonal distribution of relative deviation of ozone profiles between MLS and ECC and AIRS and ECC.
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the average temperature deviation of MLS shows “positive–negative–
positive–negative” oscillation tendency from top to bottom. MLS is
greater than iMet by 1–3 °C between 5.6 and 17.8 hPa, and is more
scattered. Between 21.5 and 82.5 hPa, the deviation of MLS shows oscil-
lation and the standard deviation is low. From 100 to 261 hPa in the
upper troposphere, theMLS temperature is low by 1–4 °C and has an in-
creased standard deviation. As shown in Fig. 5b, the average
Fig. 5. Overall distribution of deviation of temperature p
temperature deviation of AIRS shows a “positive–negative” oscillation
tendency from top to bottom. In the stratosphere between 5 and
70 hPa, AIRS is 0–3 °C greater than iMet and the standard deviation is
greater than that in the troposphere. The temperature deviation of
AIRS between 100 and 700 hPa in the troposphere is slightly larger
than that of iMet at 600 hPa and lower by 1–2 °C in other pressure
layers, and the standard deviation is decreasing. It is seen that the
rofiles between MLS and iMet and AIRS and iMet.
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accuracy of AIRS temperature products in the troposphere is slightly
greater than that of MLS.

Fig. 6 shows the deviation of temperature profiles betweenMLS and
iMet and AIRS and iMet in different seasons. It is evident that the sea-
sonal distribution of MLS deviation is similar to the overall distribution
characteristics, and the “positive–negative–positive–negative” oscilla-
tion is evident. The deviation and dispersion in spring and summer are
greater than those in autumn and winter, especially in the troposphere.
Between 177.8 and 261.0 hPa in spring and summer, theMLS tempera-
ture is 5–6 °C lower than iMet. The standard deviation is substantially
greater than those in autumn and winter. This indicates that the quality
of theMLS temperature product in the troposphere is slightly inferior in
spring and summer. It is also seen that the AIRS deviation for the four
seasons basically follows the “positive–negative” vertical distribution.
However, the temperature at 600 and 700 hPa in autumn and 700 hPa
in winter is slightly warmer.

3.3. Correlation of ozone/temperature

3.3.1. Correlation of ozone
In different pressure layers, the MLS and AIRS were analyzed by lin-

ear regression (O3 (MLS,AIRS) = α+ βO3(ECC)) with the ECC detection re-
sults. ECC system error was ignored here. The ECC data are accurate and
the random error is assumed to be consistent throughout the atmo-
sphere. The intercept α partly reflects the absolute error of the MLS
and AIRS system. The physical meaning of slope β is the sensitivity of
MLS and AIRS, which is linear.

Fig. 7 shows the correlation between MLS and ECC in different pres-
sure layers. In the upper troposphere, the linear relationship between
MLS and ECC is strong, but slightly reduced at 100 hPa. In the strato-
sphere, with the increase of height, the linear relationship had a
Fig. 6. Seasonal distribution of relative deviation of temperat
tendency to decrease. At 31.6 hPa, the linear relationship is less obvious.
Accordingly, the correlation of AIRS and ECC is shown in Fig. 8. In the
troposphere below 200 hPa, the linear relationship between AIRS and
ECC is not clear but increases slightly in the stratosphere.

According to Table 2, the range of slope β of MLS and AIRS is
0.33–0.93 and 0.16–0.88, respectively. The sensitivity of MLS in the
stratosphere between 20 and 10 hPa is weaker than AIRS, but generally
stronger at other levels. The sensitivity of the MLS version 4.2 ozone
product in the troposphere is greatly improved over that of version
3.3, and the corresponding α/OECC is also reduced. Between 100.0 and
261.0 hPa for version 4.2 and 3.3 products, the mean β is 0.75 (all pass
the significance test) and 0.52, and the mean α/OECC values are 45.9%
and 65.5% (linear fit of MLS version 3.3; ECC is based on Table 3 in Yan
et al., 2015). AIRS ozone products have weak sensitivity in the tropo-
sphere and lower stratosphere. Between 70 and 700 hPa, the mean β
is 0.29, and only 50% pass the significance test. In other words, AIRS
ozone products have great uncertainty in reflecting ozone changes in
this region. Similarly, although the numerical value of α is small in this
range, α/OECC is larger because of the low average ozone concentration,
especially near 100 hPa. This also indicates that the remote sensing
products of AIRS have large error in the troposphere and stratosphere.
3.3.2. Correlation of temperature
From the sensitivity analysis of ozone products, Fig. 9 shows the cor-

relation of MLS and iMet temperature products in various pressure
layers. As seen, in addition to weak sensitivity at 31.6 and 46.4 hPa,
the linear relationship between MLS temperature products and iMet
temperature at other levels is strong. In particular, the values of β at
21.5 and 100 hPa are near 1.0 and the sensitivity is very strong. Simi-
larly, Fig. 10 shows the correlation of AIRS and iMet temperatures in
ure profiles between MLS and iMet and AIRS and iMet.



Fig. 7. Correlation of MLS and ECC in different pressure layers (* or ** represents p b 0.05 or 0.01, respectively).
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different atmospheric layers. It is seen that the sensitivity is slightly less
at 30 and 50 hPa, and the linear relationship between the AIRS temper-
ature product and iMet temperature is stronger in other layers. Obvi-
ously, the temperature products of MLS and AIRS have similar
sensitivities.

Table 3 shows that the ranges of slope β of MLS and AIRS are
0.31–1.07 and 0.38–0.98, respectively, and all pass the significance
test. The sensitivity of MLS at 31.6–56.2 hPa is less and the correspond-
ing α/TiMet(%) is larger. This indicates that the MLS temperature prod-
uct is still uncertain in its indication of temperature change in this
region. Similarly, from 30 to 50 hPa, although the sensitivity of AIRS is
slightly greater than that of MLS, it is still a low-value layer relative to
other pressure layers. In general, the sensitivity of AIRS temperature
products is greater in the troposphere than stratosphere. Especially in
the upper troposphere, AIRS is more accurate in the inversion of the
temperature distribution.
4. Effective height and effective temperature of ozone

First, according to the sounding experiment, it is necessary to use
satellite data to supplement missing data above the detection alti-
tude so that the height of the ozone and temperature profiles can
reach the top of the stratosphere. For this purpose, the sounding
profiles were spliced with the ozone and temperature profiles of
MLS and AIRS and labeled ECC_MLS and ECC_AIRS. At the same
time, the ozone profiles (temperature profile) of MLS, AIRS, ECC,
ECC_MLS and ECC_AIRS were used to calculate Heff and Teff for com-
parison and analysis.

4.1. Effective height

Fig. 11 shows the monthly variation of five Heff calculated using five
monthly average ozone profiles. The Heff of each month and the annual
average are listed in Table 4. As seen, the five annual average Heff are
26.72, 25.60, 21.81, 24.99 and 24.99 km. Among these, Heff(MLS) is the
highest, Heff(ECC) is the lowest, and Heff(ECC_MLS) and Heff(ECC_AIRS) are
nearly indistinguishable and close to Heff(AIRS). Differences are caused
by different data structures of the five ozone profiles. TheHeff calculated
using ECC data to whichwas added “high-altitude” satellite data is con-
sidered to be “true value”. The Heff(MLS) is higher than the other Heff be-
cause of the lack of “low-altitude” data of MLS from the surface to mid-
troposphere. The Heff(ECC) is the lowest and under the true value about
3.2 km, because of the lack of high-altitude data of ECC above 10 hPa.
AIRS contains data from the surface to upper air, so Heff(AIRS) is nearest
the true value. However, because the poor vertical resolution, there is
a difference between the Heff(AIRS) and true value. Therefore, it is
shown that when the high-resolution sounding data are used to



Fig. 8. Correlation of AIRS and ECC in different pressure layers (* or ** represents p b 0.05 or 0.01, respectively).
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calculate theHeff of ozone, it causes error that cannot be ignored because
of the lack of high-altitude data. Thus, it is necessary to use the method
of splicing high-altitude satellite data to effectively reduce the error.
Table 2
Linear coefficients of fit of MLS and AIRS with ECC ozone observed values (⁎ or ⁎⁎ represents p

Pressure (hPa) MLS V4.2

α β α=OECC (%) OECC (ppmv) Sample

10.0 3.89 0.46⁎⁎ 37.1 10.465 33
12.1 3.76 0.47⁎⁎ 39.4 9.541 34
14.7 4.33 0.41⁎⁎ 49.2 8.798 34
17.8 4.09 0.41⁎⁎ 53.6 7.638 34
21.5 3.41 0.47⁎⁎ 52.8 6.455 35
26.1 3.09 0.43⁎⁎ 59.8 5.164 35
31.6 2.87 0.33⁎⁎ 72.9 3.936 35
38.3 1.96 0.43⁎⁎ 69.4 2.823 35
46.4 1.12 0.58⁎⁎ 61.4 1.832 35
56.2 0.95 0.41⁎⁎ 89.2 1.067 35
68.1 0.31 0.68⁎⁎ 74.0 0.421 35
82.5 0.21 0.69⁎⁎ 94.3 0.218 36
100.0 0.07 0.50⁎⁎ 52.3 0.138 36
121.2 0.06 0.71⁎⁎ 59.1 0.101 36
146.8 0.02 0.92⁎⁎ 22.4 0.080 36
177.8 0.02 0.93⁎⁎ 29.0 0.074 36
215.4 0.04 0.71⁎⁎ 51.7 0.075 36
261.0 0.05 0.73⁎⁎ 61.0 0.075 36
From Table 4, it is seen that the Heff of ECC_MLS and ECC_AIRS have
little difference; both are between 24.36 and 25.51 km, with an average
of 24.99 km. They are slightly higher in summer and autumn than in
b 0.05 or 0.01, respectively).

Pressure (hPa) AIRS V6.0

α β α=OECC (%) OECC (ppmv) Sample

10 4.83 0.41⁎⁎ 46.0 10.498 32
15 3.40 0.57⁎⁎ 39.4 8.631 33
20 0.98 0.88⁎⁎ 14.3 6.879 34
30 3.51 0.24 82.2 4.274 34
50 1.15 0.36⁎ 76.2 1.511 34
70 0.60 0.20 160.2 0.376 35
100 0.20 0.40⁎⁎ 144.8 0.135 35
150 0.07 0.59⁎⁎ 86.8 0.077 34
200 0.05 0.37⁎⁎ 75.8 0.070 34
250 0.05 0.18 70.6 0.074 32
300 0.04 0.20 59.7 0.074 31
400 0.04 0.19 64.6 0.066 30
500 0.04 0.16 69.6 0.061 27
600 0.03 0.30⁎ 60.1 0.054 27
700 0.03 0.27⁎ 61.8 0.052 27
– – – – – –
– – – – – –
– – – – – –



Table 3
Linear fitting coefficients of MLS and AIRS with iMet temperature observed values (⁎ or ⁎⁎ represents p b 0.05 or 0.01, respectively).

Pressure (hPa) MLS V4.2 Pressure (hPa) AIRS V6.0

α β α=TiMet (%) TiMet (°C) Sample α β α=TiMet (%) TiMet (°C) Sample

5.6 −16.2 0.51⁎⁎ 41.2 −39.2 32 5 −13.9 0.56⁎⁎ 36.1 −38.4 32
6.8 −10.2 0.70⁎⁎ 24.5 −41.5 32 7 −5.1 0.82⁎⁎ 12 −42.2 32
8.3 −16.1 0.60⁎⁎ 36.6 −44 32 10 −15.3 0.61⁎⁎ 33.5 −45.6 32
10.0 −18.3 0.57⁎⁎ 40.3 −45.5 33 15 −19.5 0.57⁎⁎ 39.8 −49.1 33
12.1 −1.5 0.94⁎⁎ 3.1 −47.5 34 20 −16.1 0.67⁎⁎ 31 −52 34
14.7 −10.3 0.77⁎⁎ 21.1 −49 34 30 −26.8 0.51⁎⁎ 48.1 −55.8 34
17.8 −3.9 0.90⁎⁎ 7.6 −50.9 34 50 −39.8 0.38⁎⁎ 60.3 −65.9 34
21.5 0.4 1.01⁎⁎ −0.8 −52.3 35 70 −32.7 0.55⁎⁎ 42.6 −76.8 35
26.1 −18.3 0.68⁎⁎ 33.7 −54.3 35 100 −18.2 0.78⁎⁎ 24 −75.9 35
31.6 −38.9 0.33⁎⁎ 68.7 −56.5 35 150 −25.0 0.63⁎⁎ 39.3 −63.5 34
38.3 −41.0 0.31⁎ 68 −60.2 35 200 −9.0 0.84⁎⁎ 18 −50.4 34
46.4 −41.6 0.34⁎⁎ 64.8 −64.2 35 250 −4.2 0.92⁎⁎ 10.7 −39.1 32
56.2 −35.7 0.48⁎⁎ 51.9 −68.7 35 300 −4.5 0.88⁎⁎ 14.8 −30.2 31
68.1 −29.6 0.60⁎⁎ 38.9 −76 35 400 −3.0 0.88⁎⁎ 19.4 −15.6 30
82.5 −16.8 0.80⁎⁎ 21.7 −77.5 36 500 −0.4 0.98⁎⁎ 7.5 −5.5 27
100.0 4.9 1.07⁎⁎ −6.4 −75.7 36 600 0.9 0.74⁎⁎ 56.7 1.6 27
121.2 −12.9 0.83⁎⁎ 18.3 −70.6 36 700 2.8 0.66⁎⁎ 30.1 9.2 27
146.8 −20.7 0.71⁎⁎ 32.2 −64.3 36 – – – – – –
177.8 −29.4 0.54⁎⁎ 52.4 −56 36 – – – – – –
215.4 −20.0 0.66⁎⁎ 42.9 −46.7 36 – – – – – –
261.0 −14.4 0.70⁎⁎ 38.6 −37.3 36 – – – – – –

Fig. 9. Correlation of temperature of MLS and iMet in different pressure layers (* or ** represents p b 0.05 or 0.01, respectively).
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Fig. 10. Correlation of temperature of AIRS and iMet in different pressure layers (* or ** represents p b 0.05 or 0.01, respectively).
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winter and spring. Obviously, the operational Heff used by the Kunming
ozone observation station is 23.0 km, which is not consistent with the
actual ozone layer height at the station and must be revised on a
monthly or seasonal basis.
Fig. 11. Monthly variation of five effective height datasets calculated using five ozone
profile datasets from Kunming.
4.2. Effective temperature

Fig. 12 shows the monthly variation of five Teff calculated using five
monthly average temperature profiles and corresponding ozone profile
data. Similarly, the Teff of each month and annual average are listed in
Table 4. It is seen that the annual average Teff are 51.3, 48.8, 48.8, 45.5
and 45.6 °C. Among these, Teff(MLS) is the lowest, Teff(AIRS) and Teff(ECC)
are similar, and Teff(ECC_MLS) and Teff(ECC_AIRS) are the highest. The reason
for thedifference of Teff calculated usingdifferent profiles is analogous to
that ofHeff. Because of the lack of “low-altitude” temperature and ozone
data, the Teff(MLS) is low. For AIRS and ECC, owing to defects in the data,
the Teff(AIRS) and Teff(ECC) are lower than the true value of ~3.2 °C. There-
fore, when calculating the Teff of ozone, the sounding data were spliced
with the satellite data to effectively reduce the error.

The Teff of ECC_MLS and ECC_AIRS vary from−48.3 to−43.5 °C,with
averages−45.5 and−45.6 °C, respectively. They were slightly larger in
spring and summer than in autumn and winter. The operational Teff
used by the Dobson (D003) and Brewer (B198) spectrometer at Kun-
ming station are −46.3 and −45 °C, respectively, which do not reflect
the actual inter-monthly variation of temperature and must be
corrected according to seasonal changes. At present, the empirical stan-
dard ozone effective temperature values of the Dobson (D003) and
Brewer (B198) spectrometers at Kunming Station are −46.3 and −45



Table 4
Comparison of monthly means of ozone effective height and effective temperature calculated using five sets of ozone and temperature profiles over Kunming.

Month Heff (km) Teff (°C)

MLS AIRS ECC ECC_MLS ECC_AIRS MLS AIRS ECC ECC_MLS ECC_AIRS

1 26.38 25.25 21.59 24.76 24.69 −53.5 −51.2 −51.4 −48.2 −48.3
2 26.55 25.40 22.11 25.08 24.82 −53.4 −51.2 −51.4 −47.6 −47.9
3 26.28 24.71 21.23 24.52 24.44 −52.5 −49.6 −49.8 −46.5 −46.5
4 26.15 24.90 21.26 24.40 24.36 −51.4 −47.5 −45.7 −43.5 −43.6
5 26.66 25.27 21.72 24.84 24.76 −50.5 −48.3 −47.3 −43.9 −44.0
6 26.83 25.36 21.70 24.86 25.01 −49.7 −46.9 −47.4 −43.9 −43.7
7 27.08 26.01 22.09 25.37 25.31 −50.3 −48.4 −48.4 −45.2 −45.3
8 27.02 26.24 21.98 25.34 25.45 −50.3 −48.1 −48.1 −45.0 −44.9
9 26.95 25.86 22.14 25.41 25.43 −51.4 −48.6 −49.2 −46.2 −46.3
10 27.22 25.85 22.07 25.45 25.51 −51.2 −48.5 −48.2 −45.6 −45.6
11 26.83 25.89 21.81 24.90 24.93 −50.7 −49.1 −49.1 −45.6 −45.7
12 26.73 26.16 21.93 24.96 24.95 −50.4 −48.0 −48.8 −45.4 −45.3
Avg. 26.72 25.60 21.81 24.99 24.99 −51.3 −48.8 −48.8 −45.5 −45.6
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°C, respectively, which do not reflect the actual inter-monthly variation
of temperature andmust be corrected according to seasonal changes. In
the preliminary calculation and analysis of the improvement of total
ozone observation data,we only considered the inter-monthly variation
of effective temperature. When their effective temperature is−48.3 °C
(Table 4), it produces deviation between the observed data of diurnal
variation in total ozone and observed data using the empirical standard
ozone effective temperature values of the diurnal variation in total
ozone during January from the two instruments, with average deviation
~1.2%. We also found that Dobson is more dependent on the effective
temperature than Brewer. Moreover, because of the large seasonal fluc-
tuation of total ozone, the sensitivity of total ozone change to effective
temperature seasonal variation is different, and total ozone change in
autumn and winter is greater than that in spring and summer.

5. Conclusions

In this work, verification and analysis were done for the satellite
ozone and temperature profile products of Aura-MLS version 4.2 and
Aqua-AIRS version 6.0 in the low-latitude plateau region, based on
data of the sounding experiment. The ozoneHeff and Teffwere calculated
using different schemes composed by satellite and sounding data. The
following conclusions were drawn.

In the UTLS region, the vertical distribution of the ozone differences
of MLS and AIRS has significant oscillation and scatter, and MLS and
AIRS data are generally larger than ECC detection values. MLS has the
maximum deviation at 82.5 hPa, with an average of (80.5 ± 65.1) %,
whereas at the other levels this is within 50%. The sensitivity of the
MLS version 4.2 ozone product in the troposphere is greatly improved
over that of version 3.3, and their mean β values between 100.0 and
261.0 hPa are 0.75 (all pass the significance test) and 0.52, respectively.
Fig. 12. Monthly variation of five effective temperature datasets calculated using five
temperature profile and corresponding ozone profile datasets from Kunming.
The relative deviations of AIRS from ECC at 70 and 100 hPa are (105.6±
74.9) % and (107.0±67.8) %. AIRS ozoneproducts haveweak sensitivity
in the troposphere and lower stratosphere. Between 70 and 700 hPa, the
mean β is 0.29 and only 50% pass the significance test. The accuracy of
MLS is slightly greater in summer and autumn than in winter and
spring. The seasonal variation of AIRS deviation is not great. In general,
in the UTLS region, the quality of the AIRS product is poorer than that
of the MLS product, and both have limitations.

The deviation of MLS and AIRS temperature products is in the range
of ±3 °C. Above 17.8 hPa, MLS values are on the high side by 1–3 °C.
Below 100 hPa, MLS is low by 1–4 °C. Above 70 hPa, AIRS is high by
0–3 °C. Below 100 hPa, AIRS is low by 1–2 °C. The quality of the MLS
temperature product in the troposphere is slightly inferior in spring
and summer with underestimates of 5–6 °C, and seasonal variation of
the difference of the AIRS temperature product is not obvious. In gen-
eral, both MLS and AIRS temperature products have great sensitivity
and could capture the vertical distribution and variation of temperature.

The sounding data have high resolution but miss the high-altitude
part. When these data were used to calculate the Heff and Teff, it led to
large errors of 3.2 km and 3.3 °C, respectively. Therefore, the sounding
data must be spliced with the satellite data to effectively reduce the
error. The profiles from the merger of MLS and AIRS data, whose calcu-
lated values show little difference, could be used complementarily. The
Heff at Kunming is between 24.36 and 25.51 km with an average of
24.99 km. Teff is between −48.3 and −43.5 °C with an average of
−45.5 °C. Therefore, the operative standard parameters (Heff(0) =
23 km, Teff(0) = −46.3 °C (or −45 °C)) do not conform to our data
and must be corrected.
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