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Abstract 
 
A 2-µm Heterodyne Differential Absorption Lidar (HDIAL) has been operated at IPSL/LMD to 
monitor CO2 mixing ratio in absolute value at high accuracy in the atmospheric boundary layer. In 
this work, horizontal measurements at increasing range are made to retrieve the optical depth. The 
experimental set up takes advantage of a Heterodyne Lidar developed for wind velocity 
measurements. A control unit based on photoacoustic cell filled with CO2 is tested to correct 
afterward for ON-line frequency drift. The HDIAL results are validated using in situ routine 
measurements. The Doppler capability is used to follow the change in wind direction in the Paris 
suburb area.  
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1. Introduction 
 

The atmospheric carbon dioxide (CO2) is one of the key gaseous contributors to the greenhouse effect 
and it plays a key role in climate change issue. Global monitoring, ultimately from space, is foreseen 
to quantify sources and sinks at regional scale and to better understand the links between the various 
components of the carbon cycle. Spaceborne measurements could improve the determination of 
carbon fluxes, provided that the precision of measurement is sufficient. As atmospheric CO2 is a long-
lived gas, its background concentration is large compared with the spatial and temporal variations that 
need to be measured. In an individual satellite measurement, a precision of better than 1% [<3 parts 
per 106 (ppm)] is needed to reasonably detect fluxes.1 Ideally, a vertical profile would be desirable, 
but a column-integrated amount or column weighted amount is also valuable, provided that the lower 
troposphere contributes significantly. In situ sensors can achieve such a high performance precision 
better than 1 % or 3 ppm but in a few locations, complemented by even less frequent aircraft 
measurements. Remote sensors like Lidar can complement the existing ground based network and 
could ultimately be operated in space. However, a necessary step prior any deployment in space is a 
convincing demonstration of the capability of CO2 Differential Absorption Lidar (DIAL) either from 
the ground or an aircraft platform. Preliminary measurements with a 2-µm Heterodyne DIAL 
(HDIAL) in the atmospheric boundary layer (ABL) have been reported recently showing that a 1.5 % 
relative accuracy can be obtained 2. However, discrepancies between Lidar data and in-situ 
measurements were reported that led the authors to question the accuracy of the spectroscopic 
parameters listed in the HITRAN database. Clearly, this issue is a key for any future DIAL 
deployment that deserves a careful attention. We decided to conduct the same kind of measurements 
(same perspective, same technique) to clarify the issue on absolute CO2 mixing ratio measurement 
using the currently available spectroscopic information. This activity is well suited with the long time 
interest of Institut Pierre Simon Laplace (IPSL) in carbon cycle, climate change and Lidar technique. 
This new activity benefits from a previous program conducted at IPSL/Service d’Aéronomie (SA) 
with the support of Centre National d’Études Spatiales (CNES) the French Space Agency, for wind 
Lidar application.3-4 Our motivation was a demonstration of CO2 measurements in absolute value 
using the spectroscopic information as available in the HITRAN (or GEISA) database and not a 
technology demonstration. Technology issue was not considered as a priority at this stage, it will 
follow later. The Lidar breadboard from a previous program funded by CNES was used as it was with 
all the necessary modifications to perform DIAL measurements i.e. two local oscillators and a 
spectral control unit. In addition a careful attention was given to signal processing. In heterodyne 
detection, averaging over a larger number of independent samples is required to reduce the statistical 
error associated to speckle noise. We choose to use a heterodyne detection for simultaneous wind and 
DIAL measurements as explained in the text. In addition, direct detection at 2 µm needs high 
performance photodetector not available to us. Section 2 presents the Heterodyne Differential 
Absorption Lidar system and the modifications to implement the DIAL capability into the existing 
Doppler Lidar. Section 3 addresses the spectroscopic requirements for DIAL applications. Section 4 
presents the signal processing, and section 5 the data analysis.  Outdoor measurements and 
preliminary results including validation against routine in situ measurements are presented in section 
6. 
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2. The 2-µm Heterodyne DIAL system  
 
A 2-µm HDIAL has been operated at IPSL/Laboratoire de Météorologie Dynamique for atmospheric 
CO2 measurements in the atmospheric boundary layer (ABL) using aerosols distributed target. The 
HDIAL can be tuned on several CO2 lines in the 2.05-2.65 µm range in order to match the 
requirement on high-precision measurements.4  
 

Emitter laser 
Laser material Tm, Ho : YLF 
Tuneable wavelength 2050-2065 nm 
Pulse energy 10 mJ 
Pulse repetition rate for ON-OFF pairs 5 Hz 
Pulse width (HWHM ) 230 ns 
Line-width (HWHM ) 2.5 MHz 

Local oscillator (LO) / Seeder laser 
ON (laser material: Tm, Ho : YLF) 10 mW single-mode 
OFF (Tm, Ho : LuLiF4) 4 mW single-mode 
Beat frequency between LO and atmospheric signal  25 MHz 

Detection 
Telescope diameter 100 mm 
Balanced detection  InGaAs photodiodes (η=70%) 
Detection bandwidth 50 MHz 
Lidar Signal digitization 8 bits/ 125 MHz 
Signal Processing Estimator -Levin like-filter (4 MHz bandwidth) 

-Squarer 
 
Table 1: Main characteristics of the 2 µm Heterodyne Differential Absorption Lidar 
 
Table 1 summarizes the main Lidar characteristics and a block diagram of the HDIAL is presented in 
Figure 1. Two cw lasers inject, successively one after the other, the same single-mode Power 
Oscillator (PO) in a ring cavity arrangement. The PO using a Ho,Tm:YLF rod as active material (Tm: 
5%, Ho: 0.5%), is longitudinally pumped from both sides by a flashlamp pumped 500-mJ-75-µs-10-
Hz Alexandrite laser. We kept the original design due to a lack of funding to implement an efficient 
diode pumping unit in the PO, but in no way this technology aspect has an impact on the CO2 
measurements so the present design is suitable to fulfill our goal as outlined in section 1.  Two 
separate cw lasers used as seeder and as local oscillator provide the ON- and OFF-line emissions. 
They are used as local oscillators after a 25 MHz frequency shifting by an opto-acoustic modulator 
(OAM1). The injection seeders are two diode-pumped, single-mode, continuous-wave lasers. They 
deliver ~ 10 mW (ON) and 4 mW (OFF) output power for 500 mW diode pump power input at 780 
nm. The active material is Ho,Tm:YLF crystal for the ON-line emission and a Ho,Tm:LuLiF4 crystal 
for the OFF-line emission. Again, the use of different laser materials is not done on purpose but due 
to limited funding, it results of a compromise on the existing Laser components available in house. 
For we are interested in CO2 measurement methodology this technology aspect has no impact on our 
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objectives. Actually, each local oscillator enables to reach shot-noise limited detection. For each cw 
laser, an internal cavity etalon and a PZT-adjustable output coupler act for a fine tuning of the ON-
wavelength on CO2 absorption line centre and of the OFF-wavelength. The OFF-line emission is also 
used for velocity measurements along the line-of-sight for further analysis of the local meteorological 
condition. Two mechanical shutters synchronized at a 10 Hz pulse repetition frequency with the 
Alexandrite laser trigger drive the injection seeding at the two wavelengths. The cw laser frequency 
(ON- or OFF) is matches with the PO ring cavity using the ramp and fire technique i.e. the PO ring 
cavity is swept when the laser gain is maximum until a resonance is detected that triggers the internal 
opto-acoustic modulator (OAM2).5 The intermediate frequency between the LO and PO is fixed by 
OAM1, the jitter is ± 1 MHz.6 Beforehand, the OFF-line and ON-line cw lasers are coarsely tuned 
using a high spectral resolution spectrometer. The photoacoustic cell (PAC) filled with CO2 at 1000 
hPa is used for spectral drift correction afterward.  

 
Figure 1: Experimental set up of the 2-µm Heterodyne Differential Absorption Lidar (HDIAL) for 
CO2 measurements. HWP = half-wave plate, QWP = half-wave plate, OAM = opto-acoustic 
modulator, PZT = piezoelectric element, BE = beam expander, BS = beam splitter. 
 
The 2-µm HDIAL is set in a monostatic configuration. The output energy is 10 mJ per pulse at a 5 Hz 
pulse repetition frequency for an ON and OFF-line pair. The 230 ns pulse duration is suitable for 
accurate Doppler measurements with a nearly transform-limited 2.5 MHz spectral-width.4 A x2-beam 
expander matches the PO beam to the transceiver diameter.7 Then, the 10 cm diameter off-axis 
telescope transmits the output beam into atmosphere and collects the backscattered light. After 
expansion by the telescope, the output laser beam can be pointed horizontally or vertically by a 
steerable mirror. The outgoing beam and atmospheric backscattered light are separated using a 
combination of quarter-wave plate and polarizing beam splitter (Fig. 2).  
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Figure 2: Layout of coherent detection, spectral control and signal processing units. QWP = quarter-
wave plate, HWP = half-wave plate, BE = beam expander, BS = beam splitter, L = lens (f = 25 mm), 
A = amplifier, ADC = Analog-to-Digital Converter, LP = low pressure cell, HP = high pressure cell. 
 
The beam expander BE1 takes care of the size matching between the atmospheric signal and local 
oscillator beam. Then, the atmospheric signal is photomixed with the local oscillators onto two 75 
µm-InGaAs photodiodes in a balanced detection arrangement. The beam splitter results in a pi-phase-
retardation, so the subtraction of the two electric signals results in the sum of the two useful Lidar 
signals and a cancellation of the dc components.  A small fraction of the transmitted beam is 
photomixed with the local oscillators to record the offset frequency on a shot-to-shot basis (reference 
signal in Fig. 1).  
 
3. CO2 molecule Spectroscopy for Lidar application 
 
An important issue in DIAL is the selection of the relevant absorption line to reach an optimal single 
pass optical depth of ~ 1.8 In addition, a condition is set on low temperature dependence of the cross 
section i.e the lower state level energy (E’’) needs to be around ~ 300 cm-1 for tropospheric 
measurements.9 This condition is not satisfied in practice for the ON-line (see Table 2) but it is no a 
stringent requirement for horizontal measurements conducted in the ABL over 2 km (assuming a 
uniform temperature). The CO2 lines in the 2.060-2.065 µm spectral range as taken from the GEISA 
(or HITRAN) database10,11 are displayed in Figure 3. It is worth to notice that GEISA and HITRAN 
databases provide basically with the same spectroscopic information for the lines of interest. The ON- 
and OFF-lines were tuned to 2063.7 nm and 2062.0 nm, respectively. The CO2 line cross section are 
corrected for temperature and pressure dependence using information provided by in situ sensors 
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located on the top of the building were the HDIAL system is operated. The resulting accuracies are 
better than 0.5 hPa and 0.1 K. That makes their contributions on absorption cross section less than 0.5 
%. The relative humidity is recorded to check a possible interference with nearest water vapour lines. 
The P and T information allows to compute the optical depth profile for various CO2 mixing ratio to 
be compared to the measurements.  
 

 
Table 2:  Spectroscopic data for the CO2 lines of interest in 2-µm HDIAL measurements and potential 
overlapping H2O lines (information provided by the GEISA and HITRAN databases). 

 
Figure 3: Atmospheric transmission spectrum for CO2 (for 370 ppm mixing ratio) and H2O (15 g.kg-

1) mixing ratio in the 2.06-2.07 µm range for a 1 km vertical path starting from the ground level. The 
arrow indicates the CO2 ON-line.  
 
The PAC signal is proportional to the absorption coefficient and consequently to the absorption line 
cross-section.12,13 The PAC has been tested under our experimental conditions considering our 2-µm 
laser and CO2 at 1000 hPa. Such a characterization prior any DIAL work is needed. The signal from 
the PAC depends on the absorption coefficient and so on the molecule and pressure under study, and 
the overall cell design. An accuracy of ~ 1 % on the photoacoustic signal is evaluated from the signal 

Line Wavelength 
(nm) 

Wavenumber 
(cm-1) 

Cross-
section 
(cm2) 

Intensity 
(cm.molec-1) at 

296 K 

Collision 
halfwidth 

(cm-1.atm-1) 

Energy of the 
lower level of the 

transition 
(cm-1) 

a) CO2 ON-Line 
P10 2063.7 4845.63721 9.56 10-22 2.372 10-22 0.079 42.922 

b) Closest H2O line (for possible overlap)                                                                                              
 2063.6 4848.02588 4.46 10-24 7.01 10-25 0.050 1216.232 

c) OFF-Line 
 2062.0 4849.7 1.43 10-23    
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statistical fluctuations and offset errors. The resulting PAC signal is normalized by the output PO 
energy and then calibrated as a function of absorption line cross section. This enables to know the 
actual cross section as a function of frequency shift. Assuming a Lorentzian absorption line shape, the 
1000-hPa-CO2-PAC can also be used to track the ON-line frequency drift and fluctuations during the 
course of the experiment.  

 
Figure 4: (a) ON-line emission frequency drift calculated from the 1000 mbar CO2 photoacoustic cell 
signal as a function of time (b) Experimental slopes from optical depth fitting (cross), calculated 
slopes using spectroscopic information from HITRAN database and in-situ temperature, pressure and 
relative humidity data, assuming a 390 ppm CO2 mixing ratio (dashed line) and corrected using CO2 
photoacoustic cell signal (solid line). 
 
Figures 4a displays the mean frequency shift. The instantaneous frequency drift can reach 500 MHz 
over a period of time of 5 minutes.  A 500 MHz frequency drifts entails a 5 % relative error on 
absorption cross section that needs to be corrected afterward. The OFF-line emission is set 20 GHz 
away from the nearest CO2 absorption line. The 1000-hPa-CO2-PAC is also used to monitor the OFF-
line wavelength positioning. Mode hoping occurs about 2 % of the time (5 shot over 300 shots in 
average). The local oscillator free spectral range is 6 GHz (corresponding to a 2.5 cm resonator) so 
the relative error on absorption cross section that reaches 15 % for one single shot is only 0.25 % after 
300 shots averaging.  
Given the range of possible frequency shift, the closest H2O absorption line to the P10 CO2 line 
entailed a relative error on cross section below 0.9 %.  We estimate that after all the contributions are 
taken into account and the relevant corrections made, the relative error on cross section amounts to ~ 
1 %.   
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4. Signal processing  
 
After detection and amplification, the heterodyne bandwidth is limited to 50 MHz (Fig. 2). The radio 
frequency signals are digitized on 8 bits at a 125 MHz sampling frequency and then stored on a PC. 
Later signal processing is conducted with appropriate software developed in MATLAB programming 
language. The ON-line and OFF-line signals are recorded simultaneously with their corresponding 
CO2-photoacoustic cell signals for correction. The photo-acoustic cell signals are normalized to the 
transmitted pulse energy using the reference detector (see Fig. 1). A Levin-like filter is used for 
processing for both power and frequency estimates.14 The estimates  are accumulated on  several 
consecutive lidar shots and the resulting spectrum is correlated with a 4 MHz FWHM Hanning filter, 
slightly broader  than the ~ 2.5 MHz FWHM PO transform limited  spectrum. A squarer estimator is 
also used for power estimates as a double check. Numerical simulations show that these two power 
estimators are not biased for CNRs > -15 dB.  
The accumulation time is 1 minute for 300 shot-pairs. The range resolution along the line-of-sight is 
75 m (processing range gate). The photoacoustic cell information   (see Fig. 1) is used to cluster the 
atmospheric signals in ON- and OFF signals as follow: all PAC signals for one observation made of 
300 shots are first averaged, and then, those with value larger than the mean are tagged as ON-signals 
whereas for smaller value they are tagged as OFF-signals. Additional information from the reference 
photomixer is used to identify outliers based on frequency shift larger than 1 MHz and 25 % variation 
in energy.   
The optical depth is computed after averaging over the same number of shots for the ON- and OFF-
wavelength.  
 
5. Data analysis 
 
5.1 Power estimation 
 
The estimator performance relies on Carrier-to-Noise ratio (CNR) defined as: 

B
P

P
CNR =       (1) 

where P and 
B
P are  the mean return power and mean noise in a range gate after N shots 

averaging, respectively. Examples of CNRs for OFF- and ON-line lidar signals as function of range 
are displayed on Figure 5, considering N = 300 shot-pairs (i.e. 1 min time averaging). The standard 
deviation of mean return power is given by: 

 ( )
( ) ( ) ( ) ( )

2

1
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2
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where ( )
i
P!  is the standard deviation of return power and ( )

ji PP ,!  the cross-correlation coefficient 

between return signals 
i
P  and jP . In the case of HDIAL using distributed aerosol target, the cross-

correlation coefficient ( )
ji PP ,!  is of the order of ~ 0.1-0.2. It can be disregarded in a first 

approximation.   
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Figure 5: OFF-line (dashed line) and ON-line 
CNRs (solid line) as a function of range for 
300 shot-pair averaging. ON-line and OFF-
line heterodyne efficiency and LO level are 
different, this explains different noise levels 
and CNRs at short range. 

 
Theoretical relative errors on ON- and OFF-line signals can be calculated for the Squarer estimator 
using an analytical expression from Rye and Hardesty15 and experimental CNR. The analytical 
expression takes into account the number of coherence cells 

t
M  in a range gate:   

( )
!
"

#
$
%

&
+=
CNRMMP

P

tp

1
1

1'
    (3) 

pM is the number of shots  . 

Assuming a Gaussian pulse and a rectangular range gate 
t

M  can be approximated by: 16 

2

1 !!
"

#
$$
%

&
+=

c

R

t

T

t
M

'
     (4) 

c
T is equal to the probing pulse duration  ( 230=

c
T ns), 

R
t!  is the range gate duration, namely ~ 1 

µs, so
t

M is  larger than 4.5.  

 

 

Figure 6: displays both experimental and 
calculated relative error on power 
estimates. Each curve displays a 
dependence on CNR/1 at low CNR and 
no dependence at higher CNR.  
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The experimental error is better than theoretical values.  It can be explained if we consider that Eq. 3 
may underestimate

t
M .17 The experimental error is ~ 3 times larger than the Cramer Rao Lower 

Bound (CRLB). The CRLB corresponds to an ideally Levin filter perfectly matched with the signal 
spectral width.15 Power estimates using Levin-like filter estimator take advantage of a spectral 
filtering at low CNRs (see section 4). For CNR lower than -5 dB, Figure 6 shows that the Levin-like 
filter estimator has better performance than the Squarer estimator.  
 
5.2 Optical depth and CO2 mixing ratio measurement 
 
The optical depth between range 0 and R is  

 ( )
( )

( ) !
!

"

#

$
$

%

&
=

RP

RP
R

ON

OFF

,

,
ln
2

1
,0

'

'
(     (5) 

where ( )RP
OFF
,!  and ( )RP

ON
,!  are the mean spectral powers in a range gate. The relative 

error on optical depth measurement is 18 
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where ( )
OFFON
PP ,!  is the cross correlation coefficient between return signals 

ON
P  and 

OFF
P .  

  

Figure 7: Optical depth estimate and 
statistical error as a function of range 
using Squarer (•) and Levin Like filter 
(+) estimators for 300 ON- and OFF 
line pair averaging or 1 min. The 
statistical error calculated using the 
Cramer lower bound for power 
estimate (dashed line) is also 
displayed for comparison. 
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Figure 7 displays optical depth profiles as a function of range and the corresponding statistical error 
for 300 shot-pairs averaging.  At short range the optical depth and heterodyne efficiency are both 
small, the OFF-line and ON-line CNRs are weak and the ON- and OFF- Lidar signals are not too 
different.   A small difference between the OFF- and ON- signals results in large error in optical 
depth. At longer ranges and large optical depth, the ON-line signal is weak, resulting in larger errors. 
In our experiment the range for optimal optical depth is ≈ 1.5 km. 
 

 

Figure 8: Mean experimental optical 
depth relative error in the range of 0.5 - 
1.5 km using squarer (•) and Levin-like 
filter (+) estimators as a function of the 
number of shot-pair averaging (Mp). The 
calculated Theoretical Squarer (dashed 
line) and Cramer Rao Lower Bound 
(solid line) optical depths are calculated 
using the OFF-line and ON-line mean 
CNRs in the same range.

  
In the absence of correlation i.e ( ) 0, !ji PP"  and ( ) 0, !

OFFON
PP" , the standard deviation 

decreases as the square root of the number of shots. Figure 8 displays the relative error on mean 
optical depth as a function of pM , the number of shot-pairs to be averaged. The curves, 

corresponding to the theoretical and experimental power estimates, follow the expected improvement 
in pM . In order to reach a 1 % accuracy an averaging of ~ 104 shot-pairs may be necessary. In our 

case we are facing some limitation due to our present computer capability. Hence, another solution 
that considers an averaging of several range gates has been tested as reported below. 
The optical depth can also be written as: 

 ( ) ( ) ( ) ( ) ( )( )! "=
R

OFFONaCO
drrrrnrR

0

~~,0
2

##$%  (7) 

where )(
2
R

CO
!  is the CO2 mixing ratio,

ON
!~ and 

OFF
!~  the ON- and OFF-line effective absorption 

cross-section (accounting for spectral shift), where  

 
W

a
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P
n

!+
=

1

1
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is the dry-air density that is assumed  to be constant along  the 2 km path, P and T are the atmospheric 
pressure and temperature, respectively, ρW is the water-vapor mixing-ratio and k the Boltzmann 
constant.  
From Eq. 7 it comes: 
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 Error reduction on CO2 mixing-ratio requires an averaging over several range gates. A fruitful 
approach consists in calculating the cumulated optical depth as a function of range according to Eq. 5. 
Then, the CO2 mixing ratio is computed as the slope (gradient) of the cumulated optical depth as a 
function of range (Fig. 9).  
 

 

Figure 9: Experimental CO2 optical depth as 
a function of range. Linear fit weighted by 
optical depth standard deviation (error bars) is 
displayed. 

 
In practice, the mean CO2 mixing ratio is obtained by a mean square least fit of the optical depth 
(accounting for standard deviation) as a function of range. This technique corresponds to the 
maximum likelihood estimate of the slope for normally distributed noise (see Appendix A). It is free 
from an a priori knowledge of mean OFF- and ON-line heterodyne efficiencies and energies.  
Figure 4b displays the experimental slopes that correspond to spectral drift occurring during HDIAL 
measurements. Assuming a 390 ppm CO2 mixing ratio, the calculated slopes are also computed using 
the spectroscopic HITRAN data and in-situ temperature, pressure and relative humidity data.  The 
calculated values are corrected using the CO2 photoacoustic cell information (for effective cross 
section, see section 3) before comparison to the experimental slopes. Statistical error on the 
measurement is given by the error on the mean square least fit. 
 
5.3 Relative error due to H2O nearest absorption line overlap 
 
Possible spectral drifts (Fig. 4a) question potential interference with the nearest water vapor line (Fig. 
10). The H2O optical depth is: 

 ( ) ( ) ( ) ( ) ( )( )! "=
R

OHOFFOHONaOHOH
drrrrnrR

0

__ 2222

~~,0 ##$%  (10) 

where 
OH
2

!  is the H2O mixing ratio ,
OHON 2_

~! and 
OHOFF 2_

~!  the ON- and OFF-line effective 

absorption cross-section (accounting for spectral shift). The H2O mixing ratio can be estimated using 
pressure, temperature and relative humidity provided by in-situ measurements (Fig. 11): 

P

TP
RH

S

OH

)(
2
=!       (11) 

RH  is the relative humidity, )(TP
S

 the saturation water vapor pressure.  
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Figure 10: (a) Absorption cross 
section of the nearest water vapor line 
to the CO2 P10 line, (b) Relative error 
on CO2 mixing ratio as a function of 
frequency shift.  

 

 

Figure 11:  In-situ measurements at 
LMD/IPSL on the 12th December, 
2004: T, temperature, P, pressure, RH, 
relative humidity, V, wind velocity, 
DirV, wind direction. 

 
 
For 1005=P hPa, 275=T K, and 9.0=RH one computes a water vapor mixing ratio of 8.5 g/kg 
in the surface layer on this day. Considering a CO2 mixing ratio equal to 480 ppm the error is: 
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Figure 10 presents the relative error as a function of possible spectral shift. Despite the photoacoustic 
signal does not enable to know the sign of the shift, one can calculate the maximum relative error 
associated to water vapor line overlap. Figure 10 shows that for a 600 MHz spectral shift the bias on 
CO2 mixing ratio is less than 0.9 %. This possible bias results in an overestimation.  
 
6. Preliminary outdoor results and validation against in situ 
measurements 
 
Preliminary field experiment aiming at CO2 mixing ratio measurements were conducted on December 
10, 2004 from 1500 to 2100 UT. In the afternoon, the wind was blowing from South and then turns to 
the North-East around 1830 UT. The HDIAL system was operated from the LMD facility at École 
Polytechnique located ~ 20 km South-West of Paris (Fig. 12).   A 2-km-long atmospheric-path in the 
atmospheric boundary layer is used to determine a mean CO2 mixing ratio while looking horizontally 
at 10-m above the ground. Various in situ sensors operated on the top of the building provided with 
air temperature, pressure and relative humidity, wind velocity and direction (Fig. 11). 
  

 

Figure 12: Respective location of the 
HDIAL at LMD and CO2 in – situ 
measurements at LSCE. The HDIAL 
beam direction (dashed line) and wind 
direction at 1500, 1600 and 1900 
(UT) are shown. 

 
During winter several factors contribute to an increase of the CO2 mixing ratio in the boundary layer 
in the Paris area i.e. energy and fuel combustions (that contribute to about 42% of the total CO2 

emissions 20), vegetation photosynthesis activity is reduced (due to reduced solar insulation) and 
reduced mixing layer height (due to prevailing meteorological conditions). In situ routine 
measurements (every 5 min) were conducted at IPSL/LSCE using a chromatography technique 21 
which results in a 0.5 ppm precision. The air inlet is located 12 m above the ground whereas the 
HDIAL is looking 10 m above the ground.  
The two facilities i.e IPSL/LMD and IPSL/LSCE, are located 5 km away on each side of a 
highway.  An increase of the CO2 mixing ratio is expected during the rush hours between 
1700 and 2000 UT (or 1800 and 2100 local time) with a maximum around 1900 UT. Figure 
13a shows time series of CO2 mixing ratio as measured by the HDIAL and in situ sensor. The 
HDIAL is pointed horizontally in the opposite direction of IPSL/LSCE towards the East in 
direction of the town of Palaiseau (the only possibility according to the laboratory 
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configuration). So, some differences are expected between the HDIAL and in-situ 
measurements considering the origin of the incoming air mass. Some discrepancies (about ~ 
4 %) between the HDIAL and in-situ measurements before 1530 UT and after 1830 UT can 
be explained in terms of spatial representativity for each type of measurement. It is 
associated to the inhomogeneity and spatial distribution of the source i.e industry, town, 
forest and field. École Polytechnique (IPSL/LMD) is located at the edge of Paris and rural 
areas where large CO2 mixing ratio gradients, i.e. 50 to 100 ppm, are currently observed 
during one single day. 19, 20  Between 1530 and 1800 UT the air mass was coming from the 
West in the direction of  IPSL/LSCE first and then École Polytechnique (IPSL/LMD) (Fig. 
11, 13c). The comparison between HDIAL and in situ measurements was conducted during 
this period of time.  The CO2 mixing ratio retrieved by the HDIAL and in situ sensor agree 
within 5 ppm.  Around 1800 UT (1900 local time) a weak increase is observed that may be 
due to an increase in local traffic (nearby freeway). The HDIAL measurements correspond to 
a 1 min averaging (300 shots) and the statistical relative error is ~ 2 % which corresponds to 
~ 9 ppm (Fig. 13b). A sliding averaging over 5 min (1500 shots) reduces the statistical error 
to 5 ppm (or 1 %) during the selected period for a relevant comparison. A 1 % statistical 
error is comparable to the errors due to uncertainties on spectroscopic parameters (Table 3). 
 

Error source 
 

( )
22

/
COCO

!!"  (%) 

 

Comment 

Surface temperature 
and pressure 
 

< 0.5  Random 

Photoacoustic cell 
 

1  Random 

Mode hoping 
 

- 0.25  Biais 

H2O line overlap + 0.9  
+ 0.65  

Potential biais due to spectral drift 
Potential biais due to hoping and H2O ine overlap 

Statistical error on slope 
retrieval technique 
 

2 
1 

300 shot-pair averaging (1 min) 
1500 shot-pair averaging  (5 min) 

 
Table 3: Estimate of the various error sources identified and quantified in this paper for the 
retrieval of CO2 mixing ratio. 
 
CO2 mixing ratio measurements show a standard deviation up to ~ 12 ppm (Fig. 13a) which is a 
consequence of both the variance on the slope retrieval (Fig. 13b) and the variance of PAC signal. 
Some difference on CO2 mixing ratios are observed after 1830 UT when the wind was blowing from 
North-East bringing polluted air masses from the Paris area. Between 1830 and 2100 UT, École 
Polytechnique (HDIAL) is reached first by polluted air masses and then IPSL/LSCE (in situ sensor) 
some 80 min later (accounting for a 1 m.s-1 wind velocity as recorded by in situ sensors at the two 
locations). A bump in CO2 mixing ratio recorded at IPSL/LSCE is observed with the expected delay. 
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It is less important than the one observed at IPSL/LMD due to natural dispersion/dilution mechanism 
on the way.  

 

Figure 13: (a) CO2 mixing ratio 
measurements by HDIAL for a 
300 shot pair averaging (opened 
circle), 5 points sliding 
averaging (solid line) and LSCE 
in-situ routine measurements 
(dashed line). (b) Statistical 
relative error on HDIAL CO2 
measurements due to the slope 
retrieval technique only. (c) 
Radial wind velocity over the 
measurement area (m.s-1). The 
air mass is coming from 
IPSL/LSCE between the dashed 
lines, during 1530 and 1800 UT 
time period. 

 
 
7. Conclusion  
 
A 2-µm Heterodyne DIAL has been operated at IPSL/LMD to monitor CO2 mixing ratio in absolute 
value in the atmospheric boundary layer using aerosols distributed targets. The measurements where 
conducted looking horizontally at 10-m above the ground using a local optical depth vs range 
technique. We used the spectroscopic information provided by HITRAN (or GEISA) databases and 
found good agreement between HDIAL and in situ routine measurements during appropriate 
meteorological condition as described in section 6. The statistical error on the slope retrieval is about 
2% (9 ppm) for data averaging over 1 min and 1 % (5 ppm) for sliding averaging over 5 min.  
Considering the CO2 P10 absorption line that we used for ON-wavelength measurements one can 
conclude that the spectroscopic information in HITRAN (or GEISA) database is fully correct for 
horizontal measurements presented here and no calibration using CO2 in situ sensor is required. This 
statement is an answer to our main objective. A spectral correction technique for the ON-line 
frequency drift that makes use of a low pressure CO2 photo-acoustic cell has been satisfactorily 
demonstrated. The correction technique uses additional information on temperature and pressure 
provided by in situ sensors. This technique enables post processing to correct afterward for frequency 
drift as large as 600 MHz and some mode hoping provided that their occurrence is kept low (less than 
2 % over 300 shots in our case).   
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Appendix A: Maximum likelihood estimate of mean CO2 mixing 
ratio  
 
If various optical depth measurements as a function of range are independent and satisfy a Gaussian 
error Probability Density Function, it can be shown that the maximum likelihood estimate of the slope 

drd /!  is given by a linear regression, which is by finding the straight line (a+br) than minimises the 
distance to the measured optical depth weighted by the inverse of the measurement error: 
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where NR is the number of range gates. 
The error on every single optical depth measurement is computed according to Eq. 2. 
The slope of the linear regression is given by: 19 
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Then, the mean mixing ratio can be written as: 
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and the variance on the slope is: 
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Finally, using Eq A1 and A4, the error on the mixing ratio can be written as: 
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