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Abstract

We have improved an ozone DIfferential Absorption Lidar (DIAL) system, originally de-
veloped in March 2010. The improved DIAL system consists of a Nd:YAG laser and
a 2 m Raman cell filled with 8.1×105 Pa of CO2 gas which generate four Stokes lines
(276, 287, 299, and 312 nm) of stimulated Raman scattering, and two receiving tele-5

scopes with diameters of 49 and 10 cm. Using this system, 44 ozone profiles were
observed in the 1–6 km altitude range over Saga (33.24◦ N, 130.29◦ E) in 2012. High
ozone concentration layers were observed at around 2 km altitude during April and May.
Ozone column amounts within the 1–6 km altitude range were almost constant from
January to March, and increased from late April to July. From mid-July through August,10

ozone column amounts decreased greatly because of exchanges of continental and
maritime air masses. Then in mid-September they increased again within 1–6 km, and
subsequently decreased slowly, becoming almost constant by December.

The Meteorological Research Institute’s Chemistry-Climate Model version 2 (MRI-
CCM2) successfully predicted most of these ozone variations with the following excep-15

tions. MRI-CCM2 could not predict the high ozone-mixing ratios measured at around
2 km altitude on 5 May and 11 May, possibly in part because emissions were assumed
in the model to be constant (climatological data were used). Ozone-mixing ratios pre-
dicted by MRI-CCM2 were low in the 2–6 km range on 7 July and high in the 1–4 km
range on 19 July compared with those measured by DIAL.20

1 Introduction

Ozone is an important air pollution that at high concentrations damages human health
and ecosystems including crops (Parrish et al., 2012). Tropospheric ozone has two
sources: photochemical production in the troposphere and downward transport from
the stratosphere. Tropospheric ozone is produced from nitrogen oxide (NOx), carbon25

monoxide (CO), and volatile organic compounds (VOCs) by photochemical reactions.

173

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/171/2014/amtd-7-171-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/171/2014/amtd-7-171-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 171–194, 2014

DIAL measurement of
lower tropospheric

ozone

O. Uchino et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

In Asia, emissions of these ozone precursors increased between 1980 and 2003
(Ohara et al., 2007). In China in particular, NOx increased from 1996 through 2004
(Zhang et al., 2007). Summertime ozone concentrations in the 0–3 km altitude range
over Beijing increased at the rate of 3 %yr−1 from 2002 to 2010 (Wang et al., 2012).
Ozone is also a greenhouse gas that plays an important role in climate change. The5

radiative forcing due to tropospheric ozone is the third strongest after carbon dioxide
and methane (IPCC, 2007).

In recent years, high concentrations of surface ozone have been observed from April
through June in the Kyushu district of western Japan. In 2011, we deployed an ozone
DIfferential Absorption Lidar (ozone DIAL) system, originally developed by the National10

Institute for Environmental Studies (NIES) at Tsukuba, at Saga (33.24◦ N, 130.29◦ E)
in the Kyushu district, with three aims: (1) to validate GOSAT (Greenhouse gases Ob-
serving SATellite) ozone products retrieved from thermal infrared spectral radiances
by the Thermal And Near infrared Sensor for carbon Observation-Fourier Transform
Spectrometer (TANSO-FTS) onboard GOSAT (Ohyama et al., 2012); (2) to detect high15

ozone concentrations in the lower troposphere; and (3) to compare the observed con-
centrations with concentration data predicted by the Meteorological Research Insti-
tute’s (MRI) Chemistry-Climate Model, version 2 (MRI-CCM2) (Deushi and Shibata,
2011). Except in summer, Saga is downwind of the Asian continent most of the year.
Thus, if DIAL can be used to detect high ozone concentrations, then inputting DIAL data20

into MRI-CCM2 will allow us to make useful predictions for photochemical oxidant ad-
visories. In Sect. 2 we describe the ozone DIAL system, including some improvements
made since 2011 and comparisons with ozonesonde data, and we describe MRI-CCM2
in Sect. 3. In Sect. 4, we present observational results obtained by the ozone DIAL
system and compare them with MRI-CCM2 predictions. Section 5 is a summary and25

conclusion.
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2 Ozone DIAL system, data analysis and comparison with ozonesonde results

Tropospheric ozone DIAL systems have been developed that use tunable dye lasers
(Gibson and Thomas, 1975; Pelon and Megie, 1982; Browell et al., 1983; Profitt and
Langford, 1997; Kuang et al., 2013) and Stokes lines of stimulated Raman scatter-
ing (SRS) of pressurized gas pumped by excimer lasers (Uchino et al., 1983; Kempfer5

et al., 1994; Eisele et al., 1999), and by Nd:YAG lasers (Ancellet et al., 1989; Sunesson
et al., 1994; McDermid et al., 2002; Nakazato et al., 2007; Apituley et al., 2010). In
2010, we developed a tropospheric ozone DIAL system at NIES (Uchino et al., 2011)
that was installed in a container with dimensions of about 228cm×683cm×255cm. The
system’s transmitter transmits three Stokes lines (276.2 nm, 287.2 nm, and 299.1 nm)10

of the SRS of carbon dioxide (CO2) pumped by the fourth harmonic (266 nm) of
a Nd:YAG laser (Nakazato et al., 2007; Seabrook et al., 2011).

We used this transmitter with a coaxial receiving system with a 49 cm-diameter New-
tonian reflecting telescope to measure ozone profiles from a few hundred meters to
about 10 km altitude. However, the signal-induced bias (SIB) from the photomultiplier15

tubes (PMTs) limited the measurement altitude to below about 6 km (Sunesson et al.,
1994; Proffitt and Langford, 1997). A mechanical chopper with a fast rising time could
suppress the SIB (Uchino and Tabata, 1991; McDermid et al., 2002; Godin-Beekmann
et al., 2003; Apituley et al., 2010), but there is not enough space in the container to
add a mechanical chopper to the DIAL receiving system. Therefore, in January 201220

we modified the coaxial receiving system by adding a biaxial system. In the biaxial sys-
tem, the Stokes lines were transmitted upward by a 10 cm-diameter mirror with 90 %
reflectivity that was set at a distance of 25 cm from the edge of the 49 cm telescope,
and about 10 % of the laser energy was used to measure low-altitude ozone by the
original coaxial system. By adding the biaxial system, we could measure ozone pro-25

files up to about 10 km, but it was time-consuming to measure ozone profiles from 1 to
10 km by alternating between biaxial and coaxial measurements.
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To make it possible to measure tropospheric ozone profiles simultaneously in the
altitude range of 0.3–10 km, we introduced a new 10 cm-diameter Newtonian reflecting
telescope in September 2012, using a 1.8 mm-diameter quartz optical fiber cable to
transmit the receiving light from the position of the iris of the 10 cm telescope to the en-
trance of a spectrometer. A dichroic beamsplitter with a 15◦ incidence angle efficiently5

separated the signal into two wavelengths, 276 and 287 nm. Furthermore, we tested
the use of a fourth Stokes line (312.0 nm) of SRS from CO2 for measurement of ozone
up to 15–20 km on a clear night.

A block diagram of the improved DIAL system is shown in Fig. 1. The maximum out-
put pulse energy of the Nd:YAG laser (Quantel YG981C) is 107 mJ per pulse at 266 nm,10

and the normal averages of the output energyies are 70–85 mJ. The laser beam is col-
limated into the center of a 2 m-long Raman cell, which consists of a stainless-steel
tube with a diameter of 35 mm and 10 mm-thick UV-grade quartz windows with an anti-
reflective (AR) coating. The input window is a lens with a focal length f1 = 1100mm. The
output energy at 312.0 nm is not measured, but CO2 pressure is set to be 8.1×105 Pa15

because the largest receiving signal is obtained at 312.0 nm. At 8.1×105 Pa of CO2
pressure, the output energies of the three Stokes lines at 276.2, 287.2, and 299.1 nm
are 7.5, 9.1, and 8.4 mJ, respectively. A pumping energy of more than 90 mJ at 266 nm
is necessary for DIAL measurement using the Stokes lines at 299 nm and 312 nm.

The four Stokes lines are expanded by a factor of about 3.9 by a 50 mm-diameter20

quartz lens with a focal length f2 = 4290mm. The beam divergence of the four Stokes
lines transmitted into the atmosphere is about 0.1 mrad. The full field of views of the
49 cm and 10 cm telescope are 1.0 and 3.0 mrad, respectively. The system uses PMTs
(Hamamatsu R3235) to detect the backscattered light from the atmosphere. For signal
processing, a 12-bit A/D converter and photon counter (Licel TR20-160) are used. The25

timing of the DIAL system is controlled by a delay/pulse generator (Stanford Research
Systems DG645). The specifications of this ozone DIAL system are summarized in
Table 1.
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The ozone number density is derived from the DIAL signals at the two wavelengths.
The raw data were obtained with a 7.5 m range bin and a 1 min integration time (i.e., 600
shots). The analog and photon counting signals for each receiving wavelength channel
in Fig. 1 were connected to gain high dynamic range. To increase the signal-to-noise
ratio, the integrated spatial range interval (∆z) was varied from 75 to 375 m with alti-5

tude. Ozone number concentration profiles were computed from the differential of the
logarithm of the ratio of the signals by fitting a third-order polynomial to nine adjacent
signals by the least-mean-squares method (Fujimoto and Uchino, 1994). The effective
vertical resolution was about 9·∆z·0.4 = 3.6·∆z, which was estimated from the full-width
half-maximum of the ozone profiles retrieved when an impulse function of ozone den-10

sity was input (Beyerle and McDermid, 1999). To calculate atmospheric molecular ex-
tinction, we used the atmospheric molecular extinction cross section (Bucholtz, 1995)
and the atmospheric molecular density obtained from radiosonde data at the Fukuoka
District Meteorological Observatory (33.58◦ N, 130.38◦ E). The ozone absorption cross
section was calculated by taking temperature dependence into account (Bass, 1984).15

The ozone-mixing ratio was also calculated from the molecular density, including water
vapor.

An example of DIAL measurements using four wavelengths, including 312 nm, is
shown in Fig. 2. In this case, vertical profiles of the ozone number density and mixing
ratio are plotted with their statistical errors (precision) calculated from the lidar signal-20

to-noise ratios (Uchino and Tabata, 1991). A different wavelength pair was used for
each of three altitude ranges: 276/288 nm for 1.0–3.0 km (∆z = 75m), 287/299 nm for
1.6–8.0 km km (∆z = 150m) and 8.0–18.6 km (∆z = 375m), and 299/312 nm for 17.4–
20.8 km (∆z = 375m). The integration time was about 6 h to observe vertical profiles
of the ozone number density and mixing ratio up to 20 km as shown in Fig. 2, but ver-25

tical profiles of them up to 6 km were obtained within 30 min. From January through
September 2012, we generally used an integration time of about 1–3 h each for biaxial
and coaxial DIAL measurements, and the resulting measurement errors were larger
than those shown in Fig. 2. In this paper, we present the 2012 ozone data for below
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6 km, measured by the DIAL system using three wavelengths (276, 287, and 299 nm).
In this DIAL data analysis, the systematic error (accuracy) due to particulate backscat-
ter and extinction was not taken into account. The systematic error is probably on the
order of 10–15 % in the planetary boundary layer and smaller than that in the free
troposphere (Nakazato et al., 2007).5

We compared DIAL measurement and ozonesonde results (Thompson et al.,
2011) (Fig. 3). The ozonesondes used were composed of an ECC ozone sensor
(ENSCI-Z) and a GPS radiosonde (Meisei RS-06G). The precision and accuracy
of the ozone sensor were ±4 % and ±5 % at 1000 hPa and ±12 % and ±12 %
at 200 hPa, respectively, and the vertical resolution of the sensor was 300 m10

(http://www.dropletmeasurement.com/products/airborne/ECC_Ozonesonde). Two
ozonesondes were launched by the Japan Weather Association under contract with
NIES, and the measurements used in our comparison were made on 9 and 15 January
2013. The ozonesonde and DIAL measurement times were from 12:31 to 13:53 LT and
from 12:46 to 13:30 LT, respectively, on 9 January. On 15 January, the ozonesonde15

measurement time was from 12:31 to 14:04 LT under cloudy conditions, and we
used DIAL data obtained from 14:00 to 17:04 LT under comparatively clear weather
conditions for the comparison. The vertical resolution of the DIAL measurement was
110 m in the lower altitude range and 830 m in the upper altitude range. Within their
measurement errors, the ozonesonde and DIAL data were consistent below an altitude20

of 6 km (Fig. 3).

3 MRI-CCM2

MRI-CCM2 uses chemical and physical processes from the surface to the strato-
sphere to simulate the global distribution and evolution of ozone and other trace gases
(Deushi and Shibata, 2011). The previous version (MRI-CCM1) was a stratospheric25

chemistry-climate model (Shibata et al., 2005). Version 2, however, incorporates an
elaborate mechanism for HOx-NOx-CH4-CO photochemistry and mechanisms for the
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degradation of non-methane hydrocarbons and heterogeneous tropospheric reactions
of aerosols, so it can simulate tropospheric ozone chemistry as well as stratospheric
chemistry. Deushi and Shibata (2011) showed that MRI-CCM2 can reproduce reason-
ably well the observed seasonal variations of the monthly means of ozone and carbon
monoxide in the troposphere. This model is currently used to predict the distribution5

of photochemical oxidants near the surface in support of operational air-quality fore-
casts of the Japan Meteorological Agency (JMA). As first step toward better air quality
prediction using the model, it is necessary to evaluate MRI-CCM2 by various observa-
tional data. It is important to compare ozone data predicted by the model with not only
surface ozone data but also vertical ozone data.10

The chemistry module of MRI-CCM2 considers 90 chemical species, 231 homoge-
neous gas-phase chemical reactions (172 chemical kinetic reactions and 59 photolysis
reactions), and 16 heterogeneous reactions, and it incorporates grid-scale transport
with a semi-Lagrangian scheme, sub-grid-scale convective transport and turbulent dif-
fusion, dry and wet deposition, and emissions of trace gases from various sources. The15

chemistry module is coupled with an MRI atmospheric general circulation model (MRI-
AGCM3; Yukimoto et al., 2011) via a simple coupler (Yoshimura and Yukimoto, 2008).
The chemistry module receives meteorological and radiation fields and surface condi-
tions from MRI-AGCM3. The horizontal coordinate system of MRI-CCM2 is a Gaussian
grid with a resolution of about 110 km. In the vertical, a hybrid p-σ coordinate system is20

used, with 48 layers from the surface to the top of the atmosphere (0.01hPa ≈ 80km).
In the hybrid p-σ coordinate system, the vertical coordinate is a terrain-following σ-
coordinate (σ = p/ps) near the surface, and it gradually changes to a pressure coordi-
nate (p-coordinate) near the top. The vertical resolution increases from about 100 to
600 m from the surface to 6 km. The time step of the transport (chemistry) scheme is25

30 (15) min.
In this study, the horizontal wind field in AGCM3 was forced toward the observed

field by using a nudging assimilation with an 18 h e-folding time. JMA operational anal-
ysis data were used as the observed wind field for the nudging assimilation. In the
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chemistry module, trace gas emissions from the burning of fossil fuels by industrial
activities and aircraft (anthropogenic sources), from biomass burning (anthropogenic
and natural sources), and from vegetation, soils, and the ocean (natural sources) were
prescribed. Global anthropogenic emission data, except those from East Asia, were ob-
tained from the inventory in the Emission Database for Global Atmospheric Research5

(EDGAR) v2.0 (Olivier et al., 1996) modified by the seasonal adjustments of Müller
(1992). For East Asia, the prescribed data were obtained from an inventory of Asian
anthropogenic emissions, the Regional Emission inventory in ASia (REAS), version
1.1 (Ohara et al., 2007). Biogenic and oceanic emissions were taken from Horowitz
et al. (2003) and references therein. Emission of NOx from lightning was diagnosed at10

6 h intervals in the chemistry module by using the meteorological fields from AGCM3
(for details, see Deushi and Shibata, 2011). Emission of trace gases from biomass
burning, which depends on the height above ground, is based on the Description
of EDGAR 32FT2000(v8) (http://www.rivm.nl/edgar/Images/Description_of_EDGAR_
32FT2000(v8)_tcm32-22222.pdf). Present-day concentrations of N2O, CH4, chloroflu-15

orocarbons, and halons were prescribed at the surface. We used the data output by
the model every hour for the comparison with the DIAL-observed data in this study.

4 DIAL observational results and comparison with MRI-CCM2 output

Hourly grid-point ozone data predicted by MRI-CCM2 were spatially interpolated to
Saga, averaged over the DIAL measurement time (about 1–7 h), and then compared20

with DIAL ozone data.

4.1 Vertical profiles

The vertical profiles of lower tropospheric ozone in an altitude range of 1–6 km mea-
sured by DIAL between January and May 2012 are compared with MRI-CCM2 pre-
dictions in Fig. 4. The DIAL-measured ozone-mixing ratios on 30 January, which were25
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about 40–50 ppb throughout the altitude range, were successfully predicted by MRI-
CCM2, except in the 4–5 km altitude range. High ozone-mixing ratios were measured
at around 2 km altitude in the daytime on 23 April, 5 May, and 11 May. The results of
a backward trajectory analysis suggested that the air masses with these high ozone-
mixing ratios at 2 km were transported to Saga across the Yellow Sea (23 April and5

5 May) or over the Korean Peninsula (11 May) from polluted areas in East China
(Parrish and Zhu, 2009) within a few days. MRI-CCM2 predicted well the high ozone
densities on 23 April, but not those on 5 May or 11 May. This is possibly in part because
emissions were assumed in the model to be constant (climatological data were used).

Figure 5 shows ozone profiles in the 1–6 km altitude range for July and Septem-10

ber 2012. MRI-CCM2 was unable to predict the high ozone-mixing ratios of more than
70 ppb above 2.3 km that were measured by DIAL on 7 July. On 19 July, the measured
ozone-mixing ratios were 10–30 ppb below about 4 km, whereas MRI-CCM2 predicted
ratios of 30–40 ppb below 4 km. On 28 July, however, MRI-CCM2 predicted well the
ozone-mixing ratios measured by DIAL of about 30–40 ppb below 4 km. On 26 Septem-15

ber, MRI-CCM2 predicted very well the ozone-mixing ratios measured by DIAL of about
35–70 ppb from 500 m to 6 km. According to the backward trajectory analysis of the air
parcels, the air masses below 4 km with low ozone-mixing ratios on 19 and 28 July
came from the Pacific Ocean south of Saga. The ozone-mixing ratios predicted by
MRI-CCM2 for 2–6 km on 7 July were lower, and those for 1–4 km on 19 July were20

higher, compared with the DIAL measurements. A regional model with a higher spatial
resolution of 20 km might solve these discrepancies.

4.2 Lower tropospheric ozone column

Figure 6 shows time variations of the lower tropospheric ozone column amounts
within the 1–6 km and 1–2 km altitude ranges over Saga in 2012 as measured25

by DIAL and predicted by MRI-CCM2. Because of weather conditions, DIAL mea-
surements were obtained only twice in May and twice in June, but at least three
measurements were obtained in each of the other months. In 2012, the ozone
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column amounts showed an approximately seasonal variation except for a dip from
early July through mid-September. Column amounts within 1–6 km were almost con-
stant from January to early March, and then increased until late June. The max-
imum value in the 1–6 km range was 7.82×1021 moleculesm−2, corresponding to
29.1 DU (1 DU=2.688×1020 moleculesm−2), on 22 June 2012. Thereafter, ozone col-5

umn amounts within the 1–6 km range decreased to early August, but with large
variations. The minimum value within the 1–6 km range of 2.28×1021 moleculesm−2

(8.5 DU) was observed on 15 August 2012. These variations are due to exchanges
between the ozone-rich continental air mass and the ozone-poor maritime air mass.
Subsequently, ozone column amounts increased again to mid-September, and then10

decreased slowly, becoming almost constant by December, when the ozone column
amount within the 1–6 km range was 4.65×1021 moleculesm−2 (17.3 DU). The results
predicted by MRI-CCM2 were mainly consistent with these DIAL observational results.

The time variation of the ozone column amounts within the 1–2 km range in
2012 was similar to that in the 1–6 km range. The mean value was about 1.03×15

1021 moleculesm−2 (3.8 DU) from 20 January to 11 February. Then, the ozone col-
umn amount increased to a maximum value of 2.02×1021 moleculesm−2 (7.5 DU)
on 5 May, followed by a decrease to a minimum value of 0.32×1021 moleculesm−2

(1.1 DU) on 19 July. The mean ozone column amount within the 1–2 km range was
about 0.55×1021 moleculesm−2 (2.0 DU) from 28 July to 18 August. Subsequently,20

the value increased to more than 1.0×1021 moleculesm−2 (3.7 DU) by 19 December.
MRI-CCM2 predicted similar variations of the ozone column amounts within the 1–2 km
range, but the predicted values were lower than the DIAL measurements on 5 and 11
May and 22 June.
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5 Concluding remarks

With the improved DIAL system, 44 ozone profiles were observed in the 1–6 km altitude
range over Saga in 2012. High ozone-mixing ratios were observed at around 2 km
altitude during April and May. Ozone column amounts within the 1–6 km altitude range
were almost constant from January to March, and they increased from late April to5

July. From mid-July through August, ozone column amounts showed large variations,
attributed to exchanges between continental and maritime air masses. Ozone column
amounts within the 1–6 km range increased again to mid-September, then decreased
slowly and became almost constant through December.

MRI-CCM2 successfully predicted these ozone variations with the following excep-10

tions. MRI-CCM2 could not predict the high ozone-mixing ratios measured at around
2 km altitude on 5 May and 11 May, possibly in part because emissions (especially from
open biomass burning) were assumed in the model to be constant (climatological data
were used). Ozone-mixing ratios predicted by MRI-CCM2 were low in the 2–6 km range
on 7 July and high in the 1–4 km range on 19 July compared with those measured by15

DIAL. MRI-CCM2 is a global model with a horizontal resolution of about 110 km. Use
of a regional model such as MRI-PM/c (Kajino et al., 2012) with a higher spatial resolu-
tion of 20 km, an up-to-date inventory, and a higher time resolution of biomass burning
emissions should decrease the differences between predicted and measured ozone.
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Table 1. Characteristics of tropospheric ozone DIAL system.

Transmitter
Pump laser Nd:YAG
Wavelength 266 nm
Pulse energy 107 mJ
Pulse repetition rate 10 Hz
Pulse width 8 ns
Raman active gas CO2
Stokes lines 276 nm 287 nm 299 nm 312 nm
Pulse energy 7.5 mJ 9.1 mJ 8.4 mJ No. meas.
Beam divergence 0.1 mrad

Receiver
Telescope type Newtonian Prime focus (fiber coupled)
Telescope diameter 49 cm 10 cm
Focal length 1750 mm 320 mm
Field of view 1 mrad 3 mrad
Wavelength 287 nm 299 nm 312 nm 276 nm 287 nm
Bandwidth 1.02 nm 1.15 nm 0.82 nm 1.07 nm 1.05 nm
Transmission 0.18 0.32 0.36 0.17 0.21
Detector PMT (Hamamatsu R3235-01)
Signal processing 12bit A/D+Photon counting
Time resolution 1 min
Altitude resolution 7.5 m
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Fig. 1. Block diagram of tropospheric ozone DIAL system.
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Fig. 2. Vertical profiles of ozone number density (left panel) and ozone-mixing ratio (right panel)
over Saga observed by DIAL on 20 October 2012. The error bars show the statistical errors
calculated from the lidar signal to noise ratios.
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Fig. 3. Comparison of ozone DIAL (black) and ECC ozonesonde (orange) measurements on 9
(left panel) and 15 January (right panel) in 2013. The error bars of ozone DIAL data show the
statistical errors calculated from the lidar signal to noise ratios.
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Fig. 4. Vertical profiles of ozone-mixing ratios over Saga measured by DIAL (black lines) and
predicted by MRI-CCM2 (orange lines) on 30 January, 23 April, 5 and 11 May in 2012. The
error bars shows the statistical errors calculated from the signal to noise ratios for the lidar and
the standard deviation for the period predicted by MRI-CCM2.
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Fig. 5. Same as Fig. 3 but for 7, 19, and 28 July, and 26 September in 2012.
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Fig. 6. Ozone columns for 1–6 km and 1–2 km altitude ranges over Saga in 2012 measured by
DIAL and predicted by MRI-CCM2.
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