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2. Station Hardware Overview

3. Supporting Network Overview

4a. Co-location Experiment at NIST

4b. Data Correction via Post-Processing

A redundant, accurate, and reliable sensor package will supplement GHG 
measurements in the NEC. Stations need to be easily serviceable, and 
expandable to support new and emerging sensors.

To do this, we designed a modular package (bottom left, Figure 2) that 
couples a Raspberry Pi microcomputer with commercially-available GHG 
and meteorological sensors. This station features:
• Redundant CO2, water vapor, temperature, pressure, relative humidity, 

and PM 2.5 measurements
• Support for real-time calibration with 2 reference gases
• Custom 3D-printed hardware to interface calibration gases with 

prototype CO2 sensors (bottom right, Figure 3)
• Flexible power options, allowing for 120V or solar powered 

deployments 
• Easy access to power, I2C, SPI, UART, and other buses for future 

prototyping
• Motherboard support for various daughterboards (environmental 

monitoring, batch sensor calibration, etc.)
• Controllable circulation fans to mix ambient air inside of package 

enclosure

A secure, robust, and highly scalable network is 
necessary to support NIST’s goal of ~50 stations 
in the NEC. Given the network’s needs for 
flexibility, our IT infrastructure must:
• Support secure login capability to all stations
• Contain standardized measurement-

processing software scripts 
• Allow for real-time reference gas calibrations
• Support real-time filtering and long-term 

measurement storage
• Allow for real-time measurement 

visualization

We have developed the following infrastructure 
to meet these needs:
• A secure VPN allowing for remote login and 

secure data transfer from station-to-servers
• A standardized approach for calculating 1-

minute averages for each payload
• An interactive dashboard displaying real-time 

station observations (right, Figure 4)

We explored several approaches to 
remove pressure, temperature, and 
relative humidity (P/T/RH) 
dependencies and temporal drift from 
measurements. A sequential 
approach with unique multiple linear 
regressions (MLRs) for each sensor 
worked best to lower mean 
differences and standard deviations. 
With this technique we selected a 
training window with varying 
CO2/P/T/RH conditions (top right, 
Figure 8), determined relationships 
during that time, and applied each 
MLR sequentially in combination with 
a 2-point calibration.

Results:
• Technique removed large offsets 

between sensors and Picarro (top 
right, Figure 8)

• Applying unique MLRs and a two-
point calibration reduced sensor 
uncertainty below 2 ppm (middle 
right and bottom, Figure 9 and 
Table 2)
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Figure 6: Timeseries of Picarro and sensor-
derived CO2 concentrations. Large offsets exist 
between low-cost sensors and the Picarro

Figure 7: Timeseries of Picarro – Sensor 
CO2 differences. Sensor measurements 
deviated further from Picarro
measurements over time

Sensor

Mean 

(ppm)

S. dev 

(ppm)

S1 0.19 1.79

S2 -0.5 1.81

S3 0.08 1.92
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Figure 8: Timeseries after P/T/RH & 2-
point corrections were applied. The best 
results were with a training window from 
3/8/22 – 3/14/22 (dashed vertical lines)

NIST is developing a low-cost sensor package to help monitor urban 
greenhouse gas (GHG) emissions and fluxes in the NorthEast Corridor 
(NEC) Urban Testbed. While this network supports sub-ppm accuracy 
carbon dioxide (CO2) measurements through high accuracy analyzers (see 
poster by Anna Karion), their high cost (~$100k) limits the measurement 
density possible in the network. Despite reduced accuracy, low-cost 
stations (~3k) can supplement
NIST’s measurement 
capability. In this poster we 
explore results from 
deployed packages in the 
NEC (right, Figure 1)

Figure 1: Map of high-accuracy 
monitors (yellow) and low-cost sensor 
packages (red) in the NEC Urban 
Testbed

Figure 2: Conceptual drawing of low-cost 
sensor package. Package features a modular 
board design with separate power, mother, 
and sensing daughterboard

Figure 3: Low-cost sensor 
with custom 3D-printed 
calibration cap. Sensor is 
placed next to a US 
quarter for size reference 

Figure 4: Interactive dashboard to view 
station measurements in real-time

• Large offsets existed between low-cost sensors and Picarro (bottom left, Figure 6) data
• Low-cost sensors 1 and 2 responded similarly, while sensor 3 responded differently 
• Temporal drift occurred with all three sensors (bottom middle, Figure 7)
• Mean differences/standard deviations (s. dev) are higher than useable for NEC (bottom 

right, Table 1); further corrections needed before mass deployment in NEC

Many studies show that low-cost GHG sensors are susceptible to 
meteorological dependencies and temporal drift. To characterize our 
package’s response in variable conditions, we deployed it alongside a 
Picarro 2301 and 400/600 ppm reference gases for several months on 
NIST’s campus (right, Figure 5). Experiment details are as follows:
• Package featured 3 low-cost CO2 sensors
• Both the Picarro and station recorded 1-minute averages
• Package conducted 2 400/600 ppm reference gas calibrations daily

Results:
Figure 5: Low-cost sensor 
package deployed at NIST

Table 1: Mean difference 
and standard deviation of 
Picarro – Sensor. Large 
offsets and uncertainties 
exist

Sensor Mean 

(ppm)

S. dev 

(ppm)

S1 -128.84 19.7

S1 -129.97 23.82

S3 -222.11 25.89

Figure 9: Difference timeseries after 
P/T/RH & 2-point corrections applied. 

Table 2: Mean difference and standard 
deviation of Picarro – Sensor after post-
processing. Technique greatly reduced 
mean differences and s. devs

Sensor 1 Temperature, 3/2/22 – 5/16/22

Figure 10: Temperature timeseries during 
co-location experiment. Horizontal black 
lines indicate lowest and highest 
temperature seen during MLR training 
window (dashed vertical lines). 

This post-processing technique 
significantly reduces differences and 
standard deviations, though 
measurement noise increased after 
March. This is due to the MLRs 
operating in conditions outside of 
their training window (Figure 10). 

Our current method for developing 
correction algorithms is not feasible 
for large-scale sensor node 
characterization and deployment. 
Continued use of an environmental 
chamber is planned to mimic the 
range of anticipated conditions. Groups of sensors can be involved in 
characterization runs alongside a Picarro and high-accuracy P/T/RH 
instrumentation to record dependencies.

From this data MLRs for individual sensors will be developed. Once 
deployed, data systems will accommodate MLRs and apply real-time 
corrections to measurements. 

5. Existing Challenges and Next Steps


