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trace gas species makes the mobile sensing platform a 
unique and powerful tool to identify and quantify different 
emission sources through mobile mapping.

1  Introduction

In recent years, vehicle-based mobile sensing laboratories 
have been developed and used extensively for the envi-
ronmental studies [1–9]. The ground-based, mobile sens-
ing platforms measure pollutants and greenhouse gases 
on local to regional scales at high spatiotemporal resolu-
tion [2–9]. A mobile laboratory is advantageous in that it 
addresses the spatial undersampling problems common to 
traditional stationary monitoring stations. Mobile measure-
ments provide comprehensive source attribution of green-
house gases and air pollutants and information on their dis-
tribution, particularly for short-lived trace gas species that 
show high spatial variability.

Laser-based, trace gas detection is used in many mobile 
laboratories due to its high sensitivity, selectivity, and fast 
time response [3]. Tunable diode laser absorption spec-
troscopy (TDLAS) is a general technique for the analytical 
instruments used in the environmental studies to monitor 
atmospheric trace gas species. In order to achieve high sen-
sitivity and selectivity, TDLAS measurements are generally 
performed with long optical pathlengths in enclosed opti-
cal cells that are regulated at low pressures (~1–50  hPa). 
The selected optical absorption lines are narrow with lit-
tle or no interferences from neighboring absorption lines 
of other trace gas species [10]. A closed-path approach, 
however, poses sampling problems for the species such as 
water vapor (H2O) and ammonia (NH3) that readily adsorb 
and desorb from the instrument surfaces (e.g., inlets, tub-
ing, and optical cells). To improve the response time, a high 

Abstract  A low-power mobile sensing platform has been 
developed with multiple open-path gas sensors to measure 
the ambient concentrations of greenhouse gases and air 
pollutants with high temporal and spatial resolutions over 
extensive spatial domains. The sensing system consists of 
four trace gas sensors including two custom quantum cas-
cade laser-based open-path sensors and two LICOR open-
path sensors to measure CO2, CO, CH4, N2O, NH3, and 
H2O mixing ratios simultaneously at 10  Hz. In addition, 
sensors for meteorological and geolocation data are incor-
porated into the system. The system is powered by car bat-
teries with a low total power consumption (~200 W) and 
is easily transportable due to its low total mass (35  kg). 
Multiple measures have been taken to ensure robust per-
formance of the custom, open-path sensors located on top 
of the vehicle where the optics are exposed to the harsh 
on-road environment. The mobile sensing system has been 
integrated and installed on top of common passenger vehi-
cles and participated in extensive field campaigns (>400 h 
on-road time with >18,000  km total distance) in both the 
USA and China. The simultaneous detection of multiple 
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flow rate is needed to equilibrate the surfaces faster, but this 
requires large, heavy, and power hungry pumps. Even with 
a high pumping speed and sophisticated inlet design, sen-
sor response is still a substantial challenge for the sticky 
gases like NH3. Furthermore, even gases without sampling 
issues such as N2O require large pumps to achieve fast time 
response (10 Hz). To meet the high power consumption of 
the onboard sensors and their support systems (e.g., pumps, 
instrument racks and air conditioning), existing mobile 
sensing platforms [3, 5–9] are typically deployed on heav-
ily modified vans or trucks and are powered by portable 
generators or large battery units.

Open-path TDLAS techniques do not require a pressure-
regulated closed cell nor their associated pumping systems. 
Ambient air passes freely through the optical cell, and 
thus, the sensors are capable of high time resolution, fast 
response time, and lower sampling artifacts than closed-
path systems [11–14]. However, there are many challenges 
to measure the trace gases directly under the ambient con-
ditions including spectral interferences, pressure broaden-
ing of lineshapes, deterioration of any exposed optics, and 
a wide range of environmental conditions (e.g., precipita-
tion, road spray, dust, insects, extreme temperatures).

Individual laser-based, open-path sensors have been pre-
viously developed to detect atmospheric carbon monoxide 
(CO, a tracer for fossil fuel combustion), nitrous oxide 
[N2O, an important greenhouse gas (GHG) and a major 
ozone depleting substance; 13], NH3 [a gas phase precur-
sor for fine aerosol; 14], and CH4 [a potent greenhouse gas; 
17]. The N2O, CO, and NH3 measurements take advantage 
of the gas molecules’ fundamental absorption bands in the 
mid-infrared at 4.54  µm (for N2O/CO) and 9.06  µm (for 
NH3) by using quantum cascade lasers (QCL) for high-
sensitivity detection. The targeted absorption lines in the 
mid-infrared are specially selected to minimize spectral 
interferences from neighboring atmospheric species at 
ambient pressure while also to maintain relatively strong 
linestrengths (within a factor of two of the strongest ones 
in the fundamental bands). The most significant interfer-
ences are water vapor, though other trace gases need to be 
considered depending upon the wavelength of interest and 
precision, accuracy, and detection limit needed. Both of 
the QCL-based sensors in the mobile laboratory have been 
extensively tested in the field [15, 16].

This paper reports the development and the field deploy-
ment of the first open-path, multiple trace gas mobile sens-
ing platform. By integrating individual open-path sensors, 
this platform detects the four most important greenhouse 
gases (CO2, CH4, N2O, and H2O) and two key air pollut-
ants (NH3, CO) simultaneously at 10  Hz. It provides a 
lightweight, compact and low-power alternative to the 
closed-path sensors and also allows for unprecedented time 
response for the sticky gas such as NH3. The simultaneous 

detection of the six different gases provides a powerful tool 
to fingerprint different emission sources and quantify their 
emissions. The mobile platform has been field deployed for 
18,000 km of on-road measurements in five different field 
experiments in the USA and China. This study describes 
additional modifications to incorporate the sensors into the 
mobile system and demonstrates its field performance and 
measurement results for distinguishing and characterizing 
trace gas sources in urban areas.

2 � Material and methods

2.1 � Onboard sensors

The mobile platform has four open-path optical gas sen-
sors: QCL NH3 sensor [14], QCL CO/N2O sensor [13], 
LI-COR LI-7500A CO2/H2O sensor, and LI-7700 CH4 
sensor [17]. A portable weather station (Vaisala WXT520) 
provides the necessary meteorological parameters (tem-
perature, pressure, humidity, wind speed/direction, and 
precipitation rate). Figure  1 shows a photograph of the 
mobile system during a field campaign in Beijing, China, 
in June 2013. Although the individual QCL sensors have 
been demonstrated previously [13, 14], multiple revisions 
to the original designs have been made in order to make 
them more robust onboard a mobile platform. As a result, 
the sensor configurations varied and evolved during differ-
ent field campaigns, and this study will present the most 
optimal configurations to date and rationale for their design 
when changes from the original studies were significant.

The specifications of the trace gas sensors are shown in 
Table 1. The LI-7500A is a non-dispersive infrared (NDIR) 
sensor, which measured the broadband absorption of H2O 
and CO2 simultaneously at high sampling frequency [18]. 
The LI-7700 and two custom QCL-based sensors used 
wavelength modulation spectroscopy (WMS). WMS is 
a widely applied technique for sensitive measurement 

Fig. 1   Mobile platform on top of a passenger vehicle in Beijing, 
China
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of trace gas species [19]. Its basic approach is similar to 
direct absorption spectroscopy but with an additional fast 
(10  s of kHz) sinusoidal modulation applied to the laser 
current (wavelength) that is scanned in a sawtooth wave-
form across an absorption line at ~0.1–1 kHz. The modu-
lated absorption signal on the photodetector was processed 
through a lock-in amplifier which demodulated the signal 
at the fundamental modulation frequency and its integral 
multiples (harmonics). In this way, WMS shifted the detec-
tion bandwidth to a higher frequency that rejected low-
frequency noise (e.g., 1/f laser noise) in order to improve 
the sensitivity. Harmonic spectra of the photodiode signals 
were intrinsically dependent on the spectral parameters and 
the gas properties. The 2nd harmonic signal was generally 
used to retrieve the gas concentration. Ideally, WMS is a 
baseline free technique compared to direct absorption spec-
troscopy, which requires complicated algorithms to remove 
baselines, especially for pressure-broadened features. 
WMS is one of the most precise and appropriate techniques 
for probing air-broadened and overlapping absorption fea-
tures in open-path sensors.

2.2 � Mobile platform

The optical sensor heads in the mobile platform were 
mounted close to each other in parallel on two slim (90 cm 
in length, 20 cm in width and 1.27 cm in thickness, Thor-
labs, Inc., USA) aluminum optical breadboards, which in 
turn were mounted onto a commercial roof rack (Thule 

400) of a passenger car as shown in Fig. 1. Vibration damp-
ing rubber mounts were placed between the breadboard 
and roof rack to isolate vibrations from the road. The con-
trol units for the sensors were placed in the backseat or 
the trunk of the vehicle with the cables running through 
either the windows or sunroof. The base of the optical sens-
ing system was able to be mounted on different common 
passenger vehicles using commercially available stand-
ard luggage or ski racks, allowing great flexibility to use 
rental vehicles for different field campaigns. Chevy Impa-
las (2013, 2014 models) and Honda CRVs (2013, 2014 
models) have been used to host the sensor system. The 
maximum load for the roof rack was 75 kg. The total mass 
mounted on top of the vehicle was 35 kg. The compact size 
and modular structure of the system allowed it to be packed 
conveniently in checked airline luggage for the overseas 
deployment and also minimized customs/shipping issues 
compared to the international freight shipments.

A schematic of the mobile platform is shown in Fig. 2. 
Two computers were used to control the sensors and collect 
the data. Computer I was a laptop computer that controlled 
both QCL sensors as well as computer II through remote 
access. The computer II was a low-power single-board 
computer that recorded the data from the Vaisala weather 
transmitter and from the LICOR sensors via the LI-7550 
interface unit. The two QCL sensors were triggered by 
pulse-per-second (PPS) signals from the Global Position-
ing System (GPS, MTK3339). To ensure proper trigger-
ing of the QCL sensors in places where the GPS signal 

Table 1   Specifications of four sensors

Sensor Light sources Sensitivity at 10 Hz Optical pathlength Power requirement Sensor head mass

QCL NH3 9.06 µm QCL 150 pptv NH3 46 m 45 W 6.8 kg

QCL
CO/N2O

4.54 µm QCL 3 ppbv CO
0.2 ppbv N2O

15.8 m 45 W 5.4 kg

LI-7500A IR Lamp 0.11 ppmv CO2
0.0047 ppmv H2O

0.125 m 12 W 0.75 kg

LI-7700 1.65 µm VCSEL 5 ppbv CH4 30 m 8 W 5.2 kg

Fig. 2   Schematic of the mobile 
platform
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was blocked (e.g., tunnels), the GPS receivers (MTK3339) 
were flashed with firmware to provide the PPS signal at all 
times. Both computers recorded the GPS output for syn-
chronization of the timestamp and the location information. 
A custom LabVIEW-based software was used for the sen-
sor control and data logging. Front and rear video cameras 
were equipped inside the vehicle to record on-road videos 
into a SD (Secure Digital) memory card for further analy-
ses. The Vaisala WXT520 weather transmitter measured 
2D wind speeds at 5 Hz using ultrasonic transducers on a 
horizontal plane (data averaged to 1  Hz for analyses). It 
was mounted with its north aligned to the forward direc-
tion of the car. The wind speed vector was calculated as the 
difference between the velocity vector measured by Vaisala 
and the velocity vector of the car as derived from sequen-
tial GPS readings [20]. The accuracy of 1 Hz GPS-derived 
vehicle velocities when used in differential GPS mode was 
0.1 knot (~0.05 m s−1) within the USA (worse by a factor 
of two in China where differential GPS was not available). 
The stated accuracy of the Vaisala WXT520 weather station 
is ±3 % at 10 m s−1 and ±3o in direction. The combined 
accuracy of the derived wind velocity measurement had 
a 1 Hz accuracy of ±5 % in wind speed and ±5° in wind 
direction at a vehicle speed of 10 m s−1.

The entire mobile sensor system—computers and sen-
sors—consumed ~200  W. The computer I and the cam-
eras were powered directly from common 12 VDC car 
outlets. The rest of the components were powered by 
two 12 V car batteries (90 A h) placed in the back of the 
vehicle. The system operated for as long as 14  h without 
recharging the batteries, and this duration of time is typi-
cally longer than 1  day’s worth of sampling. The mobile 
system was deployed at speeds as high as the legal speed 
limit (33.5  m  s−1) with no noticeable change in perfor-
mance, thereby providing large spatial coverage in addition 
to high-resolution measurements.

2.3 � Optomechanical optimization

A major challenge for the open-path, mobile sensing sys-
tem was to maintain the integrity of the optomechanical 
design for robust on-road performance. The two QCL sen-
sors and LI-7700 all used open-path, multiple pass opti-
cal cells to achieve long optical pathlengths in a relatively 
short mirror separation. The structural robustness of the 
optical cell and its associated components were critical 
for maintaining the optical alignment in the high airspeeds 
and vibrations of a vehicle. A standard Herriott cell formed 
by two spherical mirrors [21] was used in the LI-7700 to 
achieve a 30  m pathlength with 47  cm mirror separation 
[17]. For the QCL sensors, an astigmatic open-path mul-
tipass cell consisting of two cylindrical mirrors [22] was 
originally tested in the field. However, sufficiently tight 

tolerances on mirror separation, rotational angle, and input 
laser beam angle [23] were not successfully maintained in 
the field. Significant changes in alignment were observed 
over the course of a diurnal temperature cycle (13  °C). 
Instead, a standard Herriott cell design was used in both 
QCL sensors that allowed for more tolerance in the opti-
cal alignment. The NH3 sensor had an optical cell with two 
76-mm-diameter mirrors separated by ~52 cm to get a 46 m 
pathlength. The N2O/CO sensor uses two 51-mm-diameter 
mirrors with a ~28 cm separation for a 15.8 m pathlength. 
With the structural reinforcement of the carbon fiber rods, 
the Herriott optical cells maintained the optical alignment 
and the structural rigidity in the field conditions on the 
rooftop of a moving vehicle.

The potential for deterioration of exposed optics was an 
unavoidable drawback of the open-path mirror configura-
tion for long-term deployment of the system. The multi-
pass mirrors were the most significantly exposed optics 
due to the open-path nature of the sampling. When on top 
of a vehicle for mobile sampling, these mirrors experi-
enced rain, dew, frost, dust, road spray, and insect impac-
tion events. As a result, the mirrors needed to be kept 
relatively clean to maintain the surface reflectivity. In the 
LI-7700, two dielectric-coated mirrors for near-infrared 
light at 1.65 μm maintained good surface quality and high 
reflectivity under frequent (2–4 times per day) cleaning. 
Dielectric-coated mirrors with high-reflectivity (>98  %) 
for the mid-infrared spectral region for the QCL-based sen-
sors were not investigated due to their expected low dura-
bility due to the need for thicker coating layers than in the 
near-IR. Instead, protected silver-coated mirrors were first 
tested for both mid-infrared sensors. Figure 3 shows a pro-
tected silver-coated mirror before and after a three-week 
field campaign and 3,000 km of on-road measurements in 
China. Note that the protective coating gave the mirrors a 
golden color. The dielectric overcoat that helped to protect 
the silver [24] showed evidence of pitting and degradation. 
At the end of the campaign, the maximum intensity of the 
detector signal after mirror cleaning dropped to ~10 % of 

Before: After:

Fig. 3   Comparison of protected silver-coated mirror before and after 
a three-week field campaign



157Low-power, open-path mobile sensing platform

1 3

the original value when the mirrors were new. The high 
reflectivity of silver degraded quickly due to corrosion [25] 
once it was exposed to the atmosphere. Furthermore, silver 
has poor adhesion to most substrates, which resulted in sig-
nificant physical damage from impaction events during the 
field experiment. Note that protected silver-coated mirrors 
from four different vendors were used and showed compa-
rable performance.

To address the mirror durability problem, polished 
uncoated molybdenum (Mo) mirrors were ultimately used 
instead of protected silver-coated mirrors for the Herriott cells 
of the mid-infrared sensors. Mo mirrors have been used for 
guiding high-power mid-IR lasers in harsh industrial environ-
ments. With advanced polishing techniques, a high-quality 
(scratch/dig of 60–40, front surface flatness of λ/4 at 632 nm) 
uncoated Mo mirror (Rocky Mountain Instrument Co., USA) 
was able to achieve a high natural broadband reflectivity of 
>98 % from 4 to 12 µm. The Mo mirror surface withstood fre-
quent cleaning and resisted organic solvents and detergents. 
The Mo mirrors have shown great performance with almost 
no deterioration in the reflectivity and the surface quality. The 
detector light intensity of the NH3 sensor equipped with Mo 
mirrors has remained within 10 % of the original level after 
more than 10,000 km of on-road measurements.

2.4 � Power consumption and thermal management

The power consumption of a mobile platform directly influ-
ences its design and the performance of the system. Gen-
erally, a mobile platform with a high power consumption 
requires a bulky and complicated system for the power and 
thermal management (such as custom batteries, generators, 
or an air conditioning system) and limits the range and the 
payload of the vehicle. Thus, a low-power system simpli-
fies the design and field operation.

Both QCL sensors consume much more power than the 
laser-based LI-7700 as shown in Table 1. The LI-7700 used 
custom electronics/microprocessor inherent to the instrument 
to control the sensor and reduce the power consumption, 
whereas the two QCL sensors used a general data acquisi-
tion board (National Instruments, NI-DAQ USB 6251) with 
a separate, dedicated computer. Another important differ-
ence was the higher power consumption of QCLs compared 
to vertical cavity surface emitting lasers (VCSELs). The 
LI-7700 used a 1.65 µm VCSEL that consumed ~10 mW of 
electrical power to produce ~1 mW of optical power (plus an 
additional W of power for laser thermal control). In contrast, 
the QCLs needed much higher electrical power (4–8 W) to 
produce 10–100  s  mW optical power. Several more watts 
of the electrical power were also needed for laser tempera-
ture control by a thermoelectric cooler (TEC).  In addition, 
the MCT (mercury cadmium telluride) detectors (Intelligent 
Material Solutions Inc. and Teledyne Judson Technologies) 

for the mid-IR detection in two QCL sensors operated at 
−50  °C for optimal sensitivity, which added another few 
watts (1–3 W) of the electrical power for the active cooling.

As a result of the QCLs’ high power consumption, 
another field challenge was to maintain QCL’s thermal sta-
bility in the field where ambient air temperatures reached 
40 °C and laser case temperatures even higher when under 
the direct exposure of the sun and heat radiated from the car 
surface on summer days. One solution to this challenge was 
the use of specially selected QCLs (‘hot’ lasers) that probed 
the desired wavelength at an elevated temperature (40 °C or 
above). Figure  4 shows an example of the laser TEC cur-
rents needed at the different QCL operating conditions. In 
this experiment, a 4.5  µm QCL (Corning Inc., USA) was 
mounted on top of a secondary plate to test the current 
draw at different sink temperatures and laser injection cur-
rents at ambient room temperatures. The three experimental 
conditions were as follows: maintaining the QCL at 20 °C 
but with no laser injection current, the QCL operating at 
350 mA current and a temperature of 20 °C, and the QCL 
with a 350 mA current at 50 °C. Clearly, a ‘hot’ laser is eas-
ier to be thermally controlled in the ambient condition. In 
fact, because of the inefficiency of cooling over heating, it 
required more power to cool an unoperating laser to 20 °C 
at any heat sink temperature than one where the laser oper-
ated at 50  °C and 350  mA of current. In the mobile sen-
sors, the QCLs were mounted and heat sinked to the entire 
aluminum sensor head, which in turn was connected to the 
mirror mount and Mo mirror. This configuration helped to 
dissipate the heat as well as heated the mirror slightly to pre-
vent dew formation. Both QCLs used for the NH3 and N2O/
CO sensors operated above 40 °C and resulted in thermally 
stable operation in the field with just passive heat sinking.

Fig. 4   QCL TEC current versus heat sink temperature at three differ-
ent conditions
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2.5 � Calibration

For all of the open-path sensors, calibrations were per-
formed by enclosing the sensor and flowing a gas standard 
(or some diluted amount of it) into the enclosure. However, 
it was too difficult to perform such calibrations on-road 
with the sensors mounted on top of the vehicle. Therefore, 
it was necessary to take the sensor off the vehicle to perform 
the calibrations before and after on-road measurements to 
ensure the consistency of the calibrations. CO2, CH4, N2O, 
and CO were calibrated with a NOAA ESRL gas standard 
(393.444  ±  0.003  ppmv CO2; 1871.3  ±  0.1  ppbv CH4; 
138.5 ± 1 ppbv CO; and 325.81 ± 0.15 ppbv N2O). Note 
that for mixing ratios approximately greater than twice the 
ambient background, certified gas standards of accuracies of 
±5 % were used. H2O was calibrated with a dew point gen-
erator (LI-610 from LI-COR). The calibration of NH3 was 
challenging due to its ability to adsorb on and desorb off 
calibration surfaces and gas handling lines. To calibrate the 
open-path NH3 sensor in the laboratory, a large hermetically 
sealed aluminum enclosure (1.5 × 0.3 × 0.4 m) was placed 
over the entire sensor. The large surface area of the enclo-
sure created sampling bias from surface effects. Indeed, 
readings on average were 68 % lower than those predicted 
from dilutions of a 5 ppmv NH3 standard (Air Liquide).

To address the problems of calibrating NH3, direct 
absorption spectroscopy (DAS) was used to derive accu-
rate measurements of the gas phase NH3 concentrations 
inside the calibration enclosure, as opposed to solely using 
the predicted values from the gas standard [14]. Spectro-
scopic parameters to deduce absolute concentrations were 
obtained from Sun et al. [26]. Dry nitrogen (N2) was flown 

into the chamber, and a saturated citric acid solution was 
applied to the calibration chamber surfaces to scrub resid-
ual NH3 off the surface of the calibration enclosure for the 
‘zero.’ Figure 5 shows an example of the field calibration 
for the NH3 sensor on three different days of a field cam-
paign. On August 8, a calibration of NH3 with a tempera-
ture-controlled NH3 permeation tube from NOAA ESRL/
Chemical Sciences Division [Kin-tek, La Marque, Texas, 
USA; 27] was also conducted as a secondary check on the 
direct absorption measurements and to validate the lower 
range of NH3 mixing ratios. The field calibrations and 
spectroscopic data showed that the measurement accuracy 
of NH3 was ±10 %.

2.6 � Impact of self‑emission and sensor separations

The exhaust from the vehicle itself can easily contaminate the 
ambient air samples and influence the measurement of the 
sensors on mobile platforms. In a closed-path mobile system, 
the exhaust from a generator is another possible source for 
sample contamination. Previously, closed-path mobile sys-
tems have tried to minimize self-emission contamination by 
positioning the sample inlet in a certain orientation relative to 
the exhaust pipes [3] or installing an exhaust-removal system 
[9]. The open-path design, however, inherently has no con-
trol on what air to sample. As a result, the sensors do measure 
the emissions from the host vehicles in certain situations such 
as backing up or being parked with the engine on. Figure 6 
shows simple 2D flow simulations around a Chevy Impala 
vehicle from both the forward and backward directions (with 
videos provided as supplemental material). The simulation 
was done with Flowsquare Ver. 3.1 by using a computational 
fluid dynamics model [28]. In the simulation, the black bar 
on top of a 2013 Chevy Impala represents the sensors. The 
air flow was set to a speed of 10 m s−1 or a 36 km hr−1 vehi-
cle speed in a calm atmosphere. When driving in the forward 
direction or having a strong headwind, the simulations sug-
gested that the sensor heads would sample gas from the front 
of the vehicle and thus the self-emission would not contami-
nate the air sample measured by the sensors. When driving 
in the backward direction or having a strong tailwind, the air 
sample measured by the sensors would be dominated by self-
emissions. Although this 2D simulation helps to visualize the 
air flow around the vehicle, it does not take into account the 
wind velocity perpendicular to the car direction nor does it 
account for the fact that emissions are not on the centerline 
of the vehicle. In general, a sufficient headwind is needed to 
push the self exhaust away from sensor heads and this has 
been confirmed in the field when driving in isolated areas 
where only the self-emissions were sources [as evidenced by 
CO measurements; 15]. While each campaign is specific to 
weather conditions, a general method is to set a threshold for 
CO enhancements above the background.

Fig. 5   Calibration of NH3 sensor at different times. The x-axis is 
the raw data based upon dilution of a standard prior to using direct 
absorption spectroscopy
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In a more recent design, however, the two aluminum 
breadboards were replaced with an aluminum structural 
frame to raise the height of all the sensors by 1.5 m above 
the roof of the vehicle as shown in Fig. 7. In the situations 
as is shown in the right frame of Fig. 6, a higher location 
would help to reduce the influence from tailpipe emissions. 
In the practical data analysis of the measured data, a more 
sophisticated filter based on a combination of wind speed, 
wind direction, vehicle speed, and vehicle bearing can be 
used to remove any potential contaminated measurements 
[15]. The ultimate solution to the self contamination prob-
lem would be to use a zero emission vehicle such as an 
electric vehicle. Because of the high flexibility of the low-
power, open-path mobile sensing platform, there is no tech-
nical problem to install it on an electric vehicle. The limita-
tion would be the availability of such an electric vehicle, its 
limited driving range and duration, and how a 200 W power 
draw and associated sensor drag may reduce its practical 
range even further.

Another concern of the mobile laboratory is whether the 
four open-path sensor heads measure the same gas sample. 

Unlike using a single gas sample inlet in the closed-path 
sensing platforms, the open-path sensors each have their 
own sample cells. The four optical sample cells were 
with their optical axes in parallel and within 45 cm of one 
another on top of the car as shown in Fig. 1. In the atmos-
pheric boundary layer, gas molecules are mixed predomi-
nantly by turbulence [29]. In order for all four sensors to 
measure the same gas sample, the eddies created by the tur-
bulence need to have negligible change as they advect past 
the entire sensor system. More formally, the measure of the 
intensity of the turbulence requirement is as follows:

where σM is the standard deviation of the horizontal wind 
speed and M is the wind speed [30]. As the vehicle moves 
on-road, the effective horizontal wind speed M is the sum 
of the actual wind speed and the vehicle velocity vectors. 
The amplitude of M is usually from 5 m s−1 to 30 m s−1, 
which is significantly larger than the value of σM (generally 
<1 m s−1). Thus, the mobile sensing platform in most driv-
ing situations satisfies the condition for the Taylor’s hypoth-
esis [29]. In other words, the turbulence can be considered 
to be frozen as it advects past the sensors. For a stationary 
measurement, Eq. 1 also needs to be fulfilled for all sensors 
to measure the same gas sample. The correlation analyses 
between the gas molecules measured from different sensors 
can also be used as evidence for the measurements of the 
same gas sample as shown in the supporting information 
from Sun et al. [15]. The influence of the small spatial sepa-
rations between the four sensors to the measurements can be 
ignored under the satisfaction of Taylor’s hypothesis.

3 � Field measurements and results

The mobile platform performed the spatial surveys of 
greenhouse gases and air pollutant emissions in five major 

(1)σM < 0.5M

Fig. 6   2D air flow simulations for 2013 Chevy Impala. The black bar 
on the top of the vehicle represents the roof rack mount with sensor 
heads. White dots are a pictorial representation of the air. The color 
map represents the strength of emission from point sources. (left) Air 

flow from head to tail with one point source at front of the vehicle 
and the other one at the tailpipe; (right) air flow from tail to head with 
one point source at the tailpipe

Fig. 7   Mobile platform with an elevated frame
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field campaigns including three NASA DISCOVER-AQ 
(Deriving Information on Surface conditions from Column 
and Vertically Resolved Observations Relevant to Air Qual-
ity) field campaigns in California (January–February 2013), 
Houston (September 2013), and Colorado (July–August 
2014) [31], and two CAREBEIJING (Campaigns of Air 
Quality Research in Beijing and Surrounding Regions) 
field campaigns [5] in Beijing and the surrounding North-
ern China Plain (NCP) during June 2013 and June 2014. 
Figure 8 shows the spatial coverage of the mobile platform 
in select campaigns with different colors illustrating meas-
urements conducted on different days. Note that numerous 
paths overlap in these figures. A total of more than 400 h of 
on-road measurements were conducted that covered more 
than 18,000  km in distance. In this section, the measure-
ment results from the CAREBEIJING field campaigns are 
shown as representative examples.

3.1 � On‑road sensor response and stability

One of the major advantages for open-path sensing is its 
fast response to large changes of gas sample concentra-
tions, particularly for the sticky gas molecules like NH3. 
Figure 9 shows a comparison between two tunnel measure-
ments for a closed-path mobile laboratory and the open-
path mobile sensing platform. The top frame was measured 
in the Boston ‘Big Dig’ tunnel with Aerodyne Research’s 
mobile laboratory on May 23, 2003 [4]. The bottom frame 
was measured in the Jinshanling tunnel by the open-path 
mobile platform on June 30, 2013, in China. Both the NH3 
and CO2 mixing ratios increased because they derived from 
the same source, namely vehicle exhaust [15]. Thus, strong 
correlations are expected between NH3 and CO2 mixing 
ratios inside and near the tunnels. In both cases, measured 
CO2 and NH3 mixing ratios increased inside the tunnels and 
decreased after the tunnel exits. However, NH3 measured by 

the closed-path system decayed much slower when com-
pared to the non-sticky CO2 measured at the same time. In 
contrast, NH3 measured by the open-path system showed no 
delay compared to the CO2 measurements. The open-path 
sensors show much faster responses to large changes in con-
centrations for gas molecules that show high affinities to 
surfaces when compared to closed-path sensors.

The on-road stability of open-path sensors was examined 
using the inline reference signal during the measurements. 
In both QCL sensors, gas reference cells have been installed 
in-line with the multipass optical cells to provide reference 
absorption signals [13, 14, 26]. The NH3 sensor used a low-
pressure ethylene (C2H4) gas reference cell [50  hPa; 14], 
whereas the N2O/CO sensor used a low-pressure acetylene 
(C2H2) gas reference cell [133  hPa; 13]. In the NH3 sen-
sor, the 8th harmonic of C2H4 was used to isolate the refer-
ence signal from ambient NH3 signal [14, 26]. Although the 

Fig. 8   Driven routes for different field campaigns: i DISCOVER-AQ in California ii CAREBEIJING iii DISCOVER-AQ in Houston iv DIS-
COVER-AQ in Colorado

Fig. 9   Sensor response comparison between closed-path [4] and 
open-path tunnel measurements
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high harmonics were inherently much nosier than the 2nd 
harmonic signals, they can still provide a measure of the 
system stability at longer timescales. Figure  10 shows the 
time series of the measured NH3 and inline reference signals 
during an hour drive from Beijing to Shijiazhuang, China, 
on June 17, 2013. The 1 min averaged 8th harmonic signal 
of C2H4 is plotted together with the 1 Hz NH3 concentra-
tions on-road. Although ambient NH3 mixing ratios varied 
by over two orders of magnitude, the coefficient of varia-
tion (standard deviation divided by mean) for the C2H4 ref-
erence cell signal was 5.1 % during this part of the drive. 
Note that short-term stability (<10  min) has already been 
demonstrated for these sensors previously. Instead, it is the 
long-term stability (hours to days) in a changing field envi-
ronment that is a problem for most field-based sensors, and 
the in-line reference cell provided a means to address stabil-
ity at these times scales between calibrations.

3.2 � Spatial and temporal mapping of gas concentrations

Megacities like Beijing have various anthropogenic activi-
ties resulting in greenhouse gas and air pollutant emissions 
that influence the regional air quality and the global climate 
change. A vehicle-based mobile sensing platform provides 
high spatial and temporal measurements of important trace 
gases emitted from heterogeneous anthropogenic emissions. 
Figure  11 shows maps of Beijing overlaid with measured 
CH4 and NH3 concentrations, respectively. The 10-Hz CH4 
and NH3 measured on different days were averaged spa-
tially to achieve a 100 m resolution for the illustration of the 
spatial coverage. The mobile platform captured various CH4 
and NH3 emission hot spots as well as more typical back-
ground values around the city. The observations showed 
a high spatial heterogeneity of both CH4 and NH3 mixing 
ratios that would be difficult to capture by stationary moni-
toring sites such as the one located at Peking University.

The mobile platform also performed measurements at 
the same locations to discern diurnal trends of key pollut-
ants. Figure 12 shows the measured CO mixing ratios on 
the Fourth Ring Road of Beijing at different times of the 
day. The measured CO mixing ratios show a temporal evo-
lution strongly controlled by daily traffic patterns with a 
morning and evening rush hour clearly evident. In addition, 
spatial patterns are also observed such as along the north-
east part of the ring road where mixing ratios are the high-
est, largely due to traffic congestion in this case.

3.3 � Identify and characterize emission sources

There are many different types of emission sources in an 
urban city and its surrounding area. It is usually difficult 
to directly identify which type of emission source causes 

Fig. 10   Time series of the measured NH3 and inline reference C2H4 
signals. Note that the inline reference signal is derived from the 
intrinsically noisier 8th harmonic and provides a metric of drift/stabil-
ity on timescales of hours to days

Fig. 11   Map of the measured CH4 and NH3 concentrations in Beijing; a black dash circle encloses a wastewater treatment facility in the city; a 
black star sign marks the location of stationary site at Peking University



162 L. Tao et al.

1 3

the increase in a trace gas with a single gas measurement. 
One important objective for the mobile sensing plat-
form is to fingerprint individual sources. Simultaneous 
detection of CO2, CH4, N2O, CO, and NH3 offers great 
advantages in identifying different emission sources and 
understanding their emission signatures. Figure 13 shows 
a time series of NH3, CO, and CH4 mixing ratios during 
CAREBEIJING. There exist many correlated enhance-
ment features which can help to deduce sources of NH3, 
for example. Carbon monoxide is an excellent tracer of 
the fossil fuel combustion. Correlations of CO and NH3 
suggest emissions from vehicle exhaust as NH3 is emit-
ted from three-way catalytic converters [15]. Correlations 
of NH3 and CH4 with a low CO level indicate emissions 
of a biogenic agricultural source. The multi-gas observa-
tion not only helps to identify different emission sources 
but also helps to quantify the emission signatures. The 
NH3 emission factors from the vehicles can be derived 
as the ratio of the enhanced NH3 concentrations and the 
enhanced CO/CO2 concentrations for the vehicle emis-
sion analyses. To this end, on-road vehicle NH3 emissions 
have been characterized with a dependence on both the 
road gradients and the vehicle-driving conditions [15]. In 
an analogous study to the vehicle emissions, the NH3 and 
CH4 emissions of the dairy farms have also been studied 
with the measurements from the DISCOVER-AQ Califor-
nia field campaign [16].

The combination of the spatial information from the 
GPS and the different mixing ratios helps to locate the 
emission sources in complicated environments. Figure 14 
shows a satellite image of a wastewater treatment facil-
ity circled in Fig.  11. The figure is overlaid with the 
measured 10  Hz CH4, NH3, and N2O concentrations. 

The emissions from the wastewater treatment facility are 
complicated and related to different treatment processes. 
Under an east wind, the mobile observations showed 
elevated levels of CH4, NH3, and N2O on the downwind 
side of the wastewater treatment facility. In addition, 
N2O itself showed strong increases on the upwind side. 
The cause of the upwind increase was visually identified 
as emissions from a water discharge into a nearby river 
(white circle on the map). In this case, emissions from 
the discharged water after treatment had high N2O but 
low CH4 and NH3 emissions. This example demonstrates 
the capability of the mobile sensing platform to pinpoint 
and characterize different emission sources with high 
spatial resolution.

4 � Conclusions and future outlook

In this paper, the development of a mobile sensing platform 
formed with multiple open-path sensors has been demon-
strated. The advantage for using an open-path design for 
sensors is low power consumption, low mass, fewer sam-
pling artifacts, and fast sampling response. The mobile sys-
tem can also be easily installed on common passenger vehi-
cles for field studies. The mobile sensor system consumes 
only 200 W with a mass of 35 kg—a significant improve-
ment for portable, long-term mobile sensing compared with 
large closed-path mobile laboratory vans. It measures six 
different gas molecules including all major greenhouse 
gases and two important air pollutants. The mobile sensing 
platform has been installed on top of the common passen-
ger vehicles for multiple field campaigns in both the USA 

Fig. 12   Measured CO mixing ratios from the continuous mapping on 
the fourth ring road in Beijing on June 28, 2013 Fig. 13   Time series of NH3, CO, and CH4 from different emission 

sources
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and China. The field observations with this mobile sensing 
platform have shown its advantages in quickly mapping a 
large spatial area with the capability to identify and quan-
tify the different emission sources.

For future system development, a shared optical cell 
would reduce the overall size and mass of the platform 
and provide a common measurement length scale (opti-
cal base path) among all species. More experiments are 
needed to verify sensor precision and calibration while 
driving. Waterproofing the sensors is also needed. New 
sensors to measure gases such as ethane (C2H6) and nitric 
oxide (NO) are being developed to expand the meas-
urement capabilities. Finally, while the mobile sensing 
platform is a low power and highly flexible unit, there 
remain challenges in optimizing the sampling strategy 
for mobile-based measurements in order to quantify local 
emissions accurately.
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