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a b s t r a c t

Understanding the vertical distribution of ozone is crucial when assessing both its horizontal and vertical
transport, as well as when analyzing the physical and chemical properties of the atmosphere. One of the
most effective ways to obtain high spatial resolution ozone profiles is through satellite observations. The
Environmental Trace Gases Monitoring Instrument (EMI) deployed on the Gaofen-5 satellite is the first
Chinese ultraviolet–visible hyperspectral spectrometer. However, retrieving ozone profiles using
backscattered radiance values measured by the EMI is challenging due to unavailable measurement
errors and a low signal-to-noise ratio. The algorithm developed for the Tropospheric Monitoring
Instrument did not allow us to retrieve 87% of the EMI pixels. Therefore, we developed an algorithm
specific to the characteristics of the EMI. The fitting residuals are smaller than 0.3% in most regions.
The retrieved ozone profiles were in good agreement with ozonesonde data, with maximum mean biases
of 20% at five latitude bands. By applying EMI averaging kernels to the ozonesonde profiles, the integrated
stratospheric column ozone and tropospheric column ozone also showed excellent agreement with ozo-
nesonde data. The lower layers (0–7.5 km) of the EMI ozone profiles reflected the seasonal variation in
surface ozone derived from the China National Environmental Monitoring Center (CNEMC). However,
the upper layers (9.7–16.7 km) of the ozone profiles show different trends, with the ozone peak occurring
at an altitude of 9.7–16.7 km in March, 2019. A stratospheric intrusion event in central China from August
11 to 15, 2019, is captured using the EMI ozone profiles, potential vorticity data, and relative humidity
data. The increase in the CNEMC ozone concentration showed that downward transport enhanced surface
ozone pollution.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ozone is a secondary trace gas in the atmosphere that varies
regularly with altitude, latitude, region, season, and time. Approx-
imately 90% of ozone is distributed between altitudes of 10–50 km,
where it absorbs shortwave ultraviolet rays from sunlight
(wavelength < 306.3 nm). This protects humans, animals, and
plants on Earth from ultraviolet radiation [1]. The remaining 10%
of the ozone is found between 9 and 10 km, is generated by chem-
ical reactions and is transported downward from the stratosphere.
However, this fraction of ozone can cause harm to human and ani-
mal skin, mucosal systems, respiratory systems, and immune sys-
tems and negatively impact vegetation growth [2]. The exchange of
air between the stratosphere and troposphere enhances regional
ozone pollution in the troposphere and even at the surface. Cur-
rently, China has the most severe ozone pollution of anywhere in
the world [3–5]. In recent years, many strategies to control ozone
pollution and improve air quality have been implemented, includ-
ing desulfurization and shutting down factories [6–8]. However,
controlling ozone has proven to be challenging due to the strong
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nonlinear relationship between the precursors that generate ozone
[9]. Observations show that surface ozone levels have increased in
China since 2013, though the increasing rate of ozone concentra-
tions has slowed since 2017 [10–12]. Severe surface ozone pollu-
tion in China is largely due to strong photochemical pollution
and stratospheric intrusion [13,14]. The downward transport of
ozone from higher altitudes also enhances surface ozone pollution,
as noted by Wang et al. [15]. Therefore, information regarding the
vertical concentration of ozone is essential for researching and
controlling ozone pollution.

Stratospheric intrusion can result in the downward transport of
substantial amounts of ozone into the troposphere, ultimately
leading to surface ozone concentrations that exceed 160 lg�m�3

[16]. Stratospheric intrusion typically occurs under specific meteo-
rological conditions such as low relative humidity (RH), low tropo-
pause height, and the folding of the potential vorticity boundary.
The impact of stratospheric intrusion on ozone pollution events
has been assessed in previous studies. For instance, Akritidis
et al. [17] utilized assimilation data to analyze and assess a strato-
spheric intrusion that occurred in Europe in January 2017. Simi-
larly, Greenslade et al. [18] evaluated the impacts of
stratospheric ozone intrusion events on tropospheric ozone using
an ozonesonde. Meanwhile, the vertical transport of ozone is com-
monly analyzed using thermal infrared radiances obtained from
satellite measurements. However, there have been few studies that
analyze stratospheric intrusion using ultraviolet radiances from
satellite spectrometers.

The total ozone column (TOZ) has been retrieved from backscat-
tered ultraviolet radiance measured by space-based instruments
since the 1970s [19]. More recently, the Scanning Imaging Absorp-
tion Spectrometer for Atmospheric Chartography (SCIAMACHY)
aboard the Environmental Satellite has provided global TOZ and
stratospheric ozone profiles at a spatial resolution of
60 km � 30 km. The ultraviolet total ozone unit (TOU) onboard
the Fengyun (FY)-3 satellite is the first Chinese instrument to pro-
vide daily global information on TOZ and has a spatial resolution of
50 km � 50 km [20,21]. Additionally, daily ozone profiles have
been retrieved from many space-based instruments, including
the Global Ozone Monitoring Experiment (GOME), which has a
spatial resolution of 320 km � 40 km [22]; the Global Ozone Mon-
itoring Experiment 2 (GOME-2) [23]; the Ozone Mapping and Pro-
filer Suite (OMPS) [24]; the Ozone Monitoring Instrument (OMI)
[25]; the Tropospheric Monitoring Instrument (TROPOMI) [26];
the Microwave Limb Sounder (MLS) [27]; the Infrared Atmospheric
Sounding Interferometer (IASI) aboard the MetOp platforms; the
Cross-track Infrared Sounder (CrIS), which can retrieve ozone pro-
files between a spectral range of 990–1070 cm�1 [28]; and the
Atmospheric InfraRed Sounder (AIRS) [29].

Algorithms based on the optimal estimation method (OEM) are
widely applied to ozone profiles retrieved from satellite observa-
tions of backscattered radiance. The OEM searches for an optimal
solution that minimizes the differences between measured and
simulated radiance obtained from the forward model. In addition
to the calibration of measurement data, the accuracy of the for-
ward model is also critical for the OEM during the inversion pro-
cess. Liu et al. [22] calculated radiances using the Linearized
Discrete Ordinate Radiative Transfer model (LIDORT) without
polarization. Subsequently, the new version of Vector LIDORT
(VLIDORT) is used to simulate radiances for ozone profile retrievals
[30,31]. SCIATRAN V4.1 was used by Mettig et al. [26] for radiance
simulations. In recent years, many efforts to retrieve ozone profiles
have been performed by combining radiance measurements
from multiple instruments. Joint IASI + GOME-2 [32,33],
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CrIS + TROPOMI [34], and AIRS + OMI [35] ozone retrievals have
been conducted based on the OEM.

The Environmental Trace Gases Monitoring Instrument (EMI),
which was launched on May 9, 2018, is the first Chinese hyper-
spectral spectrometer onboard the GaoFen-5 satellite [36,37]. The
EMI is designed to monitor global information on trace gases.
SO2 vertical column density (VCD) [38], tropospheric NO2 VCD
[39], formaldehyde [40], and total ozone column [41] have been
retrieved from EMI Level 1B data. However, the vertical distribu-
tion of ozone is still unavailable.

In this study, we retrieved EMI ozone profiles from the surface
to an altitude of � 60 km using the EMI within a spectral range of
310–340 nm. The retrieved profiles, which have a vertical resolu-
tion of 2.5–3 km were utilized to evaluate the vertical transport
of ozone. First, we applied a soft calibration and floor noise correc-
tion method to EMI Level 1B data. Next, we compared 1.5 years of
retrieved ozone profiles with global ozonesonde station observa-
tions. Then, we also compared the retrieved tropospheric column
ozone (TCO) and stratospheric column ozone (SCO) with global
sounding balloon data. Furthermore, the variation between ozone
measurements taken at the surface and at different altitudes below
the tropopause was analyzed. Finally, we captured a stratospheric
intrusion event in 2019 using EMI profiles.
2. Materials and methods

2.1. EMI data

Gaofen-5 is a sun-synchronous orbital satellite launched on
May 9, 2018 and carries three EMI payloads, the directional polari-
zation camera (DPC), and the greenhouse gases monitoring instru-
ment (GMI). Operating at an altitude of 706 km, Gaofen-5
measures radiance at 13:30 local time. The EMI is the first nadir-
viewing ultraviolet (UV)–visible (VIS) spectrometer from China
capable of monitoring trace gases globally. The EMI ultraviolet
channels consist of UV1 (240–315 nm) and UV2 (306–403 nm),
and the visible channels consist of VIS1 (401–550 nm) and VIS2
(545–710 nm). The EMI has a swath width of 2600 km and a
field of view of 114�. In this study, the EMI UV2 channel is used
to retrieve ozone profiles with a spatial resolution of
12 km � 13 km (across the track � along the track).

The EMI instrument shares similar characteristics with its pre-
decessors, TROPOMI and OMI, in terms of observation mode, spec-
tral resolution, and orbit. However, it has a lower signal-to-noise
ratio (SNR) in comparison. Specifically, the SNR of the EMI in the
ultraviolet band is less than 400, as reported by Zhao et al. [36].
However, in contrast, the SNR of TROPOMI in band 3 ranges
between 400 and 4000 [42]. In terms of instrument performance,
the full width at half maximum (FWHM) of the EMI changes by
0.1 with cross-track position, as illustrated in Fig. 1, whereas the
corresponding change for TROPOMI is only 0.02. It is important
to note that the EMI measures irradiance every six months, which
may pose challenges for performing daily on-orbit calibration. Fur-
thermore, the measurement error used to constrain the inversion is
not provided by the EMI Level 1B product.
2.2. Validation data

Soundings are commonly used to obtain ozone profiles from the
surface to altitudes of �35 km, and it have been utilized to validate
satellite ozone measurements. The ozonesonde data used in this
study was collected from November 2018 to April 2020 and has



Fig. 1. (a) Shift and (b) FWHM of the EMI UV2 channel; (c) Shift and (d) FWHM of TROPOMI.
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a precision of 3%–5%, an accuracy of 5%–10% [43], and a vertical
resolution of 100–150 m. The ozonesonde data at low latitudes
in the Southern Hemisphere were derived from the Southern
Hemisphere Additional Ozonesondes (SHADOZy), and the other
data were obtained from the World Ozone and Ultraviolet Data Cen-
ter (WOUDC�). To ensure the validity of the ozonesonde data used in
this study, we applied screening criteria similar to those used by
Huang et al. [44]. Specifically, we selected ozonesonde data accord-
ing to the following criteria: ① The correction factor is between 0.8
and 1.5, and ② bursting pressure < 200 hPa (1 hPa = 100 Pa). By
applying these screening criteria, we were able to exclude anoma-
lous data and use 98% of the dataset for validation.

The surface ozone concentration, in lg�m�3, was derived from
the China National Environmental Monitoring Center (CNEMC)
websiteyy. CNEMC data have been widely used to assess exposure
risk and ozone spatiotemporal characteristics [45,46]. The CNEMC
measured ozone concentrations were derived using differential opti-
cal absorption spectroscopy and ultraviolet absorption spectrometry
methods, with an associated measurement error of 2% and a data
interval of 1 h [47]. We extracted surface ozone data for 2019 from
the CNEMC website.
2.3. EMI ozone profile retrieval

In this study, we used OEM [48], which has previously been
applied to TROPOMI ozone profile retrievals [49], to retrieve ozone
profiles from the backscattered radiance observed by the EMI. The
iterative process involved in the OEM can be described by the
following equation:
y https://tropo.gsfc.nasa.gov/shadoz/.
� https://www.woudc.org.
yy https://www.cnemc.cn/en/.
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where X is the atmospheric state vector that includes the vertical
ozone concentration and other auxiliary parameters. Sy is the
covariance matrix of measurement uncertainty. Y represents the
normalized observation. Fi is the simulated radiance generated
through the forward model. We define DY = Y � Fi. K i is the weight-
ing function matrix, given by K i ¼ @F=@Xi. The cost function used to
determine the stopping criterion for the iterative process can be
summarized as:

v2 ¼ kS�1
2

y K i Xiþ1 � Xið Þ � Y � Fið Þ½ �k
2

2 þ kS�1
2

a Xiþ1 � Xað Þk
2

2 ð2Þ
Here, v2 is the cost function.
The retrieved profile comprises 24 layers of a partial ozone col-

umn in Dobson units (DU; 1 DU = 2.69 � 1016 molecules�cm�2),
divided by 25 pressure levels. The initial pressure is set and then
adjusted based on the tropopause pressure obtained from the US
National Centers for Environmental Protection (NCEP). The state
vector incorporates not only the 24 layers of the partial ozone col-
umn but also includes other variables that consider clouds, reflec-
tivity, wavelength shifts between radiance and irradiance and
between radiance and ozone cross sections, ring effect scaling,
and absorption by BrO and HCHO. Further details regarding the fit-
ting variables are listed in Table 1.

The simulated radiances were calculated using VLIDORT, a
model with full linearization capability that generates analytic
Jacobians with respect to the properties that characterize any
atmospheric or surface parameter. The model takes into account
the polarization of light that affects the modeling. In this study,
we only used the single scattering rotational Raman scattering
model to model the ring effect while ignoring other inelastic
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Table 1
Details of the fitting variables and corresponding source.

Variable Number of
variables

A priori A priori
error

Ozone partial column 24 Climatology Climatology
Cloud fraction 1 Derived from

347 nm
0.05

Surface albedo in UV2 1 Climatology 0.05
Ring scaling parameters 1 1.9 1.0
Radiance/irradiance

wavelength shifts
1 0 0.02 nm

Wavelength-dependent term
for reflectivity

2 0 0.01

Wavelength shifts 1 0 0.02 nm
BrO VCD 1 Climatology 1.0
HCHO VCD 1 Climatology 0.5
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scattering. The radiance simulation only considers Rayleigh scat-
tering in the atmosphere, and scattering by water vapor and aero-
sols is not included in this study [50]. The cloud pressure we used
is derived from the TROPOMI Level 2 product [51]. In this study,
the surface and clouds are assumed to be Lambertian models,
and effective cloud fractions are derived at 347 nm. Additional
details about VLIDORT can be found in the research of Sioris and
Evans [52]. We compared the fitting residuals using MLS data, a
tropopause-based (TB) climatology derived from the global ozone-
sonde [53], and the total ozone-dependent dynamic ozone clima-
tology obtained from Bremen [54]. The fitting residuals from the
TB climatology are smaller than those from the other two datasets
(Fig. S1 in Appendix A).

Figs. 2(a)–(c) show averaging kernels (AKs) at low latitudes,
midlatitudes, and high latitudes under clear sky conditions. The
peak altitudes of the AKs occur below 10 hPa for all cases because
observations below 310 nm are not used in this study. For the
low-latitude case, the peaks above 30 km are broad and occur
between 10–50 hPa. Peaks below 30 km are observed at approx-
imately 90 hPa with subpeaks at approximately 150 hPa. The AKs
at high latitudes exhibit similar characteristics to those at midlat-
itudes, and the peaks above 20 km occur near 20 hPa. The AK
peaks below 20 km occur at 100 and 200 hPa for midlatitudes
and high latitudes, respectively. The AK peaks near the surface
are dislocated upward due to the large SZA and low SNR of the
EMI. Figs. 2(d)–(f) show noise errors and solution errors, which
are the same as in Liu et al. [25], and correspond to Figs. 2(a)–
(c). The noise errors of the three cases are within 8.5%. However,
the largest error at low latitudes is observed within the bottom
layer, and the largest error at midlatitudes and high latitudes
occurs near the tropopause. For all cases, the solution errors first
decrease and then increase from the top layer to the tropopause
with a minimum value of approximately 20 hPa. Below the tropo-
pause, the solution errors show variation characteristics similar to
the noise errors. The lower degree of freedom for signals (DFS)
(Fig. S2 in Appendix A) in the troposphere is because measure-
ments below 310 nm are not used, and the DFS can be improved
by combining the ultraviolet and infrared observations in the
future [34].

2.4. Radiometric calibration

The quality of the radiance and calibration accuracy are critical
for ozone profile retrieval [26]. However, the TROPOMI algorithm
experienced multiple EMI pixel retrieval failures due to the issues
mentioned in Section 2.1 (Fig. S3 in Appendix A). Hence, we opti-
mized the TROPOMI retrieval algorithm for ozone retrieved by
the EMI by implementing methods such as soft calibration and cor-
recting floor noise. To correct systematic biases in EMI Level 1B
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data caused by insufficient calibration and low SNR, we imple-
mented soft calibration to improve the retrieval results. The ratio
of the measured radiances to the simulated radiances and the cor-
responding standard deviation on April 6, 2019, are shown in Fig. 3.
The difference Rki can be written as follows [49]:

Rki ¼
Ski
Mki

ð3Þ

where i is the cross-track position and Rki is calculated from the
ratio of the simulated radiance (Ski ) to the measured radiance
(Mki ) at wavelength ki. The spectral correction was less than 0.6 at
310 nm (Fig. 3(a)). The mean differences varied from 0.6
at �310 nm to 1.0 at 340 nm, except for the cross-track position
191, which ranged from �0.2 to � 0.4. Consequently, the retrieval
band window of the ozone profile is set to 310–340 nm and
excludes the data at cross-track position 191. As shown in Fig. S4
in Appendix A, the soft correction spectra on different days demon-
strated good consistency. Soft calibration significantly improved the
retrieved results, successfully retrieving many pixels that could not
be retrieved without applying the spectral correction to the EMI
radiances (Fig. S3(d)).

2.5. Floor noise correction

Measurement error, which will significantly affect the sensitiv-
ity and stability of the retrieval [24], was used to constrain retrie-
vals in the preliminary TROPOMI algorithm but is not available in
the EMI Level 1B product.

The root mean square (RMS) is defined as follows:

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
1

DY

S
1
2
y

0
@

1
A

2
vuuut ð4Þ

where N is the number of wavelengths and Sy is the same as in
Eq. (1) and DY is the fitting residual. An RMS of 0.05–0.10 is
obtained when we first preset the floor noise to 0.5 (Fig. S3(b)).
The low retrieved RMS indicated after fitting prompted us to
compute the floor noise correction spectrum using the standard
deviations derived from the spectral fitting residuals (Fig. 4). With-
out applying floor noise correction, the averaging fitting residual
(AFR) ranged from �1.6% to �0.3% between 60�S–60�N (Fig.
S3(c)). The retrieved results were significantly improved after
applying floor noise correction. The RMS (Fig. S3(b)) increased from
�0.8 to 1.1, and the AFR (Fig. S3(c)) decreased about 0.1%–0.3% in
the Northern Hemisphere. The average TCO varies from 33.02 to
34.89 DU after applying floor noise correction (Fig. S3(a)). However,
in the Southern Hemisphere, the AFR improvement is smaller due to
the large SZA. Thus, floor noise error is used as a constraint in EMI
ozone profile retrievals. To improve computing speed, we added
four pixels along the orbital direction.

3. Results and discussion

3.1. Validation with ozonesonde

Fig. 5 shows a comparison of the results of the retrieved partial
ozone column and ozonesonde observations. The ozonesonde TCO
is defined as the partial column between the surface and tropo-
pause derived from NCEP, while the integral of the ozonesonde
profile from the tropopause to the bursting pressure is taken as
the SCO. To eliminate the impact of different vertical resolutions,
we reduce the ozonesonde profile to the same resolution as the
EMI by using the EMI AK. For comparison with the EMI, a priori
and ozonesonde TCO with 762 coincident pairs are shown in



Fig. 2. (a–c) Averaging kernels for three scenarios: (a) low latitudes, (b) midlatitudes, and (c) high latitudes with a nearly clear sky. The solar zenith angle (SZA), cloud fraction
(CF), and surface albedo (SA) are shown in the titles. The altitude of the averaging kernels is shown in the legend, and the black horizontal dashed line indicates the
tropopause. (d–f) Noise error and solution error corresponding to (a–c).
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Fig. 5(a). The mean TCO bias between the ozonesonde and a priori
results is �2.0 DU with a standard deviation of 4.0 DU. The slope
between the retrieved and ozonesonde TCO without convolving
with the EMI AK is 0.645, and the mean bias is 0.5 DU with a stan-
dard deviation of 7.8 DU. After applying the retrieved AK to the
ozonesonde profile, the correlation coefficient increased from
0.714 to 0.906, and the mean bias increased to 1.1 DU with a stan-
dard deviation of 4.1 DU and slope of 1.027. The prior SCO showed
a large bias of �7.0 DU when compared with the ozonesonde SCO
(Fig. 5(b)). The retrieval remarkably improved the standard devia-
tion over the a priori standard deviation. The mean bias and corre-
lation coefficient obtained with the EMI AK were 7.5 DU and 0.955,
respectively. Applying the EMI AK to the ozonesonde profile, the
slope ranged from 0.947 to 0.954.
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A comparison of the retrieved ozone profiles and ozonesonde
results for five latitude bands is shown in Fig. S6 in Appendix A.
The retrieved ozone profiles showed good agreement with the ozo-
nesonde profiles at all bands. Latitudinally, consistency was better
at low latitudes than at high latitudes, but the larger mean bias in
the tropics may be due to ‘‘drop off.” The mean biases were large
between 10–100 hPa but remained within 10% above 10 hPa for
all latitude bands. The standard deviation between 10–100 hPa
was significantly reduced in the tropics and midlatitudes. How-
ever, in the bottom seven layers, the standard deviation was larger
than that in the a priori comparison at high latitudes, which may be
due to the lower SNR and soft calibration spectrum calculated from
the tropics, thereby weakening the correction effect for high
latitudes.



Fig. 3. (a) Soft calibration spectrum calculated from measured radiance (EMI) and
simulated radiances (VLIDORT) on April 6, 2019. (b) The corresponding standard
deviation of the soft calibration spectrum. The 191 cross-track positions are
indicated in different colors. The radiances from 340 to 360 nm are not used in our
retrievals due to the weak absorption of ozone.

Fig. 4. The calculated floor noise correction spectrum on April 6, 2019. The 191
cross-track positions are shown in different colors.

Fig. 5. (a) Scatter plots of EMI and ozonesonde TCO with (red) and without (black)
EMI averaging kernels. Scatter plots of a priori vs ozonesonde results are shown in
gray. (b) Similar to (a) but for SCO from November 2018 to April 2020.

Fig. 6. Time series of monthly mean CNEMC data and retrieved ozone profiles over
the Beijing–Tianjin–Hebei region at different altitudes from January to December
2019. Ozone concentrations at different altitudes are shown in different colors.
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3.2. Annual variation in ozone at different layers in China

Several studies have investigated the variable trends and char-
acteristics of surface ozone. Fig. 6 shows seasonal variations over
the Beijing–Tianjin–Hebei (BTH) region. The monthly mean surface
ozone was calculated from the daily CNEMC ozone concentration
between 13:00 and 14:00 China Standard Time (CST). The monthly
mean values of ozone concentration over the BTH region displayed
single-peak patterns. The monthly mean ozone in China steadily
increased from January to June, peaked at 168 lg�m�3 in June
2019, and then decreased from September onwards. The bottom
three layers of the retrieved EMI ozone profiles showed good
agreement with the CNEMC data and demonstrated a good ability
to capture the monthly trends of surface ozone. However, the
upper three layers of ozone, with altitudes between 9.7 and
111
16.7 km, showed different trends compared to surface ozone. The
upper three ozone layers decreased after March and increased after
September, with low ozone concentrations occurring between
September and October. Previous research has reported that
stratospheric intrusion, which brings substantial amounts of ozone
into the troposphere, frequently occurs during spring and winter in
the mid-northern latitudes [55,56]. The high concentration of the
retrieved profile between 9.7 and 16.7 km was observed during



Fig. 7. Variations in ozone profiles, RH, and PV between 25�N and 45�N at 115�E from August 11 to 15, 2019. ppbv: part per billion by volume.
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winter and spring. Thus, it is possible to use EMI profiles to analyze
the vertical transport of ozone near the surface.
3.3. A case of stratospheric ozone intrusion in China

Potential vorticity (PV) is a widely used tracer to identify strato-
spheric ozone intrusion [17,57]. Ozone and PV exhibit wide varia-
tions from the troposphere to the stratosphere, and the intrusion of
stratospheric air into the troposphere results in the vertical trans-
port of large amounts of ozone and dry air with high PV values. In
this study, we use the relative humidity and PV profiles obtained
from the European Centre for Medium-Range Weather Forecasts

(ECMWF). The 2 PVU (1 PVU = 10�6 K � kg�1 � m2 � s�1) isobaric
surface is commonly used as the dynamic tropopause [17,18]. Pre-
vious studies have demonstrated a negative correlation between
ozone and carbon monoxide during stratospheric intrusion [57,58].

We identified a stratospheric intrusion event in central China
from August 11 to 15, 2019, using the EMI ozone profiles, PV,
and humidity data from ECMWF. Fig. 7 shows the latitudinal cross
sections of ozone, RH and PV at 115�E from August 11 to 15, 2019.
High ozone values occur between 30�N and 35�N, which were
caused by the stratospheric folding event. The area where PV is
greater than 2 PVU sinks below 500 hPa on August 11 to 13 and
below 400 hPa on August 14 and 15, with a corresponding RH of
less than 20%.

We also assessed the impact of the intrusion event on surface
ozone concentrations by analyzing carbonmonoxide and ozone data
from CNEMC. Kaifeng (34.7967�N, 114.2886�E) (Fig. 8), Luohe
(32.965�N, 114.018�E) (Fig. S7 in Appendix A), and Xinyang
(32.1078�N, 114.1044�E) (Fig. S8 in Appendix A) in Henan Province
are analyzed below. The maximum daily 8 h average (MDA8) ozone
concentrations for each city are shown in Table 2. BetweenAugust 10
and 15, the MDA8 ozone concentrations in all three cities increased
rapidly, with maximum concentrations exceeding 160 lg�m�3

(Secondary National Ambient Air Quality Standards) on August 15.
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The EMI ozone vertical distribution, RH, PV, and CNEMC data in
Kaifeng are analyzed, and the other two cities are shown in
Appendix A. In Kaifeng, high ozone values below 500 hPa were
observed on August 11, 13, and 15. During these periods, PV values
were high, and relative humidity was less than 30%. The hourly
time series of surface ozone and carbon monoxide in Kaifeng show
an anti-correlation (Fig. 8(c)). Similar characteristics were
observed in the other two cases. The EMI profiles indicated that
ozone greater than 70 parts per billion (ppb) sank below 800 hPa
from August 11 to 15, except on August 12 and 14. The PV and
RH in the mid-low troposphere also demonstrated a negative cor-
relation. The time series data from CNEMC demonstrated that the
anti-correlation between the surface ozone and carbon monoxide
was influenced by the stratospheric intrusion.
4. Conclusions

This research presents the first ozone profiles retrieved from the
EMI and derived backscattered UV radiances using the OEM. To
improve the retrievals, soft calibration and floor noise correction
were applied. We obtained the corrected spectrum by comparing
the simulated radiance, calculated by VLIDORT using MLS profiles
as a priori values, and measured radiances at low latitudes. Soft cal-
ibration corrected the systematic bias of EMI Level 1B data, which
resulted in successful retrievals of many previously failed pixels. To
address the lack of measurement error information for the EMI
Level 1B data, we preset the constraint as 0.5 and obtained the con-
straint by fitting the standard deviation of the inversion residuals.
After soft calibration and floor noise correction, the accuracy of the
fitting residuals and RMS significantly improved. However, the
retrieved profiles still had a large error in the middle and high lat-
itudes, which was limited by the low SNR of the EMI.

We compared the retrieved results with ozonesonde measure-
ments. The EMI TCO and SCO agreed with ozonesonde measure-
ments, with correlation coefficients of 0.906 and 0.955,



Table 2
The MDA8 ozone concentration (lg�m�3) of the three cities in 2019.

Date Kaifeng Luohe Xinyang

2019-08-10 105 88 100
2019-08-11 106 127 133
2019-08-12 122 136 128
2019-08-13 119 116 143
2019-08-14 148 129 160
2019-08-15 187 180 172

Fig. 8. Trends of the (a) ozone profile, (b) RH, (c) time series of 8 h average ozone (blue) and hourly mean carbon monoxide (red) concentrations, and (d) PV in Kaifeng
between August 11 and 15, 2019.
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respectively. The EMI TCO showed a positive bias of 1.1 DU com-
pared to ozonesonde TCO. The mean SCO bias between the EMI
and ozonesonde data was 7.5 DU with a standard deviation of
16.7 DU. Ozonesonde profiles from five latitude bands were also
used to validate the EMI ozone profiles. The mean biases of the
ozone profiles derived from the EMI and ozonesonde data were
within 20%, and the standard deviation in UTLS decreased relative
to the a priori values. However, a large standard deviation was
observed in the bottom seven layers.

The bottom layers in the EMI ozone profiles were consistent
with the measured surface ozone concentration. The upper layers
in the EMI ozone profiles exhibited opposite seasonal cycles com-
pared to the surface ozone concentrations from CNEMC. At an alti-
tude of 9.7–16.7 km, high ozone values were noted in the EMI data
during spring and winter, and low values were observed in
September and October. A stratospheric intrusion event from
August 11 to 15, 2019, was observed using the EMI ozone profiles
combined with PV data and relative humidity data obtained from
the ECMWF. Tropopause folding vertically transports a large
amount of dry air and ozone into the troposphere and even the sur-
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face layers, resulting in an increase in ozone concentrations at
ground level. The surface ozone concentration exhibited a negative
correlation with carbon monoxide, and the MDA8 ozone concen-
tration exceeded 160 lg�m�3 in all three cases. The EMI ozone pro-
file was crucial for studying the vertical transport of ozone.
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