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Dear Sir or Madam,

With reference to the above Request for Proposal (RFP), please find our report on the Instrumental overview (D2.2) to be delivered at T0 + 2 month. If you have further questions, please let me know.

Regards


Justus Notholt










The following report gives a list and description of all instruments used in the campaign, as stated in the deliverable D2.2 (Instrumental overview). Overall five spectrometers will be used plus the Aircore ballon system.


	Institute
	Instrument
	Spectral range
	Resolution
	LN
	Costs
(k €)

	FMI
	Bruker 125HR
	1800-15000
	0.004 cm-1
	Yes
	500

	Uni Bremen
BIRA
	Bruker Vertex70
	2500-15000
	0.16 cm-1
	Yes
	110

	KIT
	EM27
	4000-9000
	0.5 cm-1
	Yes
	70

	Uni Wollongong
	IR cube
	4500-15000
	0.5 cm-1
	Yes
	?

	RAL
	Heterodyne
	950/1280
	0.002 and 0.02 cm-1
	No
	?

	Uni Groningen
	AirCore balloon
	-
	13.4 mbar 
(AmbP>232 mbar)
3.9   mbar 
(AmbP<232 mbar)
	No
	?


Table 1: List of all instruments used in the campaign.


Bruker TCCON instrument IFS 125HR  (run by FMI)

This instrument will serve as reference for all other spectroscopic observations during the project. Bruker IFS 125HR instruments are generally installed at the TCCON sites to provide accurate and precise retrieval of column-averaged abundances of atmospheric constituents, including CO2, CH4 as well as CO. Bruker IFS 125HR is a solar Fourier Transform Spectrometer (FTS), operating in the near infrared spectral region. The FTS in FMI Sodankylä is equipped with two room temperature detectors, which are used for the TCCON measurements (as shown in Figure 1): an indium gallium arsenide (InGaAs) and a silicon diode (Si). The measurements are performed in vacuum to improve stability and to reduce water vapor in the system. The optical path difference (OPD) for the TCCON measurements is 45 cm and the spectral resolution is 0.02 cm-1, collection time for a single scan is 78 seconds. Column abundances of CO2, O2, CH4, H2O, HDO, HF, CO and N2O are retrieved from the spectra. The retrieval is based on the TCCON GFIT algorithm (Wunch et al., 2011). 

In addition to the TCCON measurements, also longer wavelength measurements are taken, using a liquid nitrogen cooled indium antimonide detector (InSb). The sequence of measurements is such that after two InGaAs/Si scans, one InSb scan is taken. To be able to make the solar intensity variation correction, the interferograms are recorded in the DC mode. Spectral coverage of the TCCON instrument at FMI Sodankylä is shown in Figure 2.

The TCCON instrument at Sodankylä has been installed in a two-story observational building in late 2008 (Kivi and Heikkinen, 2016). The interior of the laboratory was rebuilt then in order to mount the FTS instrument. The instrument is placed on a concrete plate, which is designed to absorb possible vibration (Figure 3). The solar tracker on the roof of the building is of type A547N, manufactured by Bruker Optics. The cover of the tracker can be opened and closed from a remote system, the cover system has been made locally at the institute. 
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Fig. 1: Optical diagram of the Bruker IFS 125HR spectrometer. 3 detectors are included: RT-Si; RT-InGaAs and LN-InSb.
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Fig. 2: Spectral coverage of the TCCON instrument at FMI Sodankylä, equipped with three channels.
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Fig. 3: TCCON instrument at the FMI Sodankylä facility: Bruker IFS 125HR.

Bruker Vertex70 (run by Uni Bremen and BIRA)

The Bruker Vertex 70 spectrometer has been purchased as part of the campaign. The instrument consists of a double pendulum interferometer with a normal resolution of 0.4 cm-1. The measured quantity is an interferogram, the Fourier Transformation yields the required spectrum. We have ordered an instrument with an enhanced resolution of 0.16 cm-1. Figure 1 gives the optical diagram of spectrometer. In our case, for the solar absorption measurements, we use the entrance IN 1. The optical entrance of the spectrometer has been modified by the company in the way that the parallel light beam from the solar tracker is focused by a parabolic mirror on the entrance aperture APT. Two detectors are used, the InGaAs detector for the spectral range 3.500 – 14.000 cm-1 and a liquid nitrogen cooled detector, covering the spectral range 3.500 – 10.000 cm-1.

The instrument has a compact and stable design with dimensions of 80 x 50 x 30 cm. The instrument needs not to be dissembled for transport. Pendular interferometer are known to be extreme stable, which means that the instrumental line shape is constant for a long time, requiring only very few alignments during the operation and after transportion. On the other side, the intensity of the interferogram varies during the scan, and the incident angle on the two interferometer mirrors of the pendulum change during the scan. Both characteristics can be considered by the retrieval software. 

The Vertex70 will be installed inside the dedicated FRM4GHG container and will be used with the commercial Bruker solar tracker, mounted on the top of the container. As described in our proposal, the spectra will be analysed using the TCCON retrieval software GFIT and the retrieval software by KIT, PROFFIT. The analysis will be performed similar as done with our first resolution measurements in 2010, using the Bruker IFS66 (Petri et al., 2012). However, since this instrument is no longer on the market, it was decided to use the Bruker Vertex70.
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Fig. 1: Optical sketch of the Bruker Vertex70 spectrometer. The entrance IN 1 will be used for the solar absorption measurements. The optical entrance IN 1 of the spectrometer has been modified by the company in the way that the parallel light beam from the solar tracker is focused by a parabolic mirror on the entrance aperture APT (not shown here).

Bruker EM27/SUN (operated by KIT)

The EM27/SUN has been developed in the framework of a cooperation of KIT with Bruker Optics, Ettlingen (Gisi et al., 2012), Germany. It is available from Bruker as a commercial instrument since spring 2014. The dimension of the spectrometer body is 35 x 40 x 27 cm. The weight including the solar tracker is 25 kg. Bruker’s RockSolid™ pendulum interferometer (USP 5,309,217) is applied in this spectrometer. The design uses paired retroreflecting cube corner mirrors in an inverted double pendulum arrangement. A balanced wear-free pivot mechanism generates the path difference. The innovative design optically eliminates tilt and shear and is resistant to vibration and thermal effects. It achieves exceptional stability and reliability in harsh environment. These properties have been demonstrated by successfully performing field operations with the devices over a range of ambient temperatures from 0 to 40 degree Celsius. A Quartz beamsplitter is used.

The maximum optical path difference is 1.8 cm, resulting in a spectral resolution of 0.5 cm-1. Double-sided DC coupled interferograms are recorded. A room-temperature InGaAs detector is used for covering 5500 to 9000 cm-1. A recent advanced development for the EM27/SUN is a dual channel option: a second DC-coupled wavelength-extended InGaAs detector has been added (this extension can be incorporated subsequently to existing EM27/SUN spectrometers without the need of readjusting the optical alignment) which observes the spectral region from 4000 to 5500 cm-1 (Hase et al., 2016). In this extended configuration, the EM27/SUN covers the same spectral range as TCCON and encompasses the spectral section as observed by TROPOMI. The spectral extension adds the capability of observing additional species, namely CO and HDO. For this campaign, a spectrometer with the dual-channel extension is provided by KIT. Note that the fact of abstaining from a cooled detector element (typically achieved with Stirling cooler or liquid nitrogen) is a significant advantage in case of a mobile field-deployable spectrometer.

The EM27/SUN spectrometer is equipped with a miniature version of the camera-controlled solar tracker developed at KIT (Gisi et al., 2011). The active control loop based on the image analysis of the contour line of the field stop and the superimposed solar disc allows better control of the observed airmass than a passive tracker or a tracker using a simple quadrant sensor control loop.

[image: ]
Fig. 2: spectral coverage of the EM27/SUN equipped with two channels (top: lamp spectrum, bottom: atmospheric spectrum, from Hase et al, 2016.)

IR-Cube (operated by the University of Wollongong)

The IR-cube is a 0.5 cm-1 (OPD 1.8 cm) resolution interferometer manufactured by Bruker. It has the same RockSolid™ pendulum system that is used in the EM27/Sun (but with smaller aperture) and has similar optical characteristics in terms of stability and reliability. The IR-cube weighs approximately 14 kg with dimensions of 29 x 31 x 23.5 cm. Its compact design means the instrument can be used in a variety of applications, both laboratory and field deployment. The IR-cube receives a solar beam into a side port. Single-sided DC coupled interferograms are recorded using a room temperature extended InGaAs detector, covering the range from 4.500 to 15.500   cm-1.  

The novel design feature of the IR-cube for this particular field campaign is the use of a fibre-optic feed from an independent solar tracker. The solar radiation is collected by an EKO-instruments STR-21G solar tracker (Fig. 1a). A small 50 cm F/5 telescope focuses the light bundle onto a 600 µm fibre with a numerical aperture of 0.39. The coupling of light from fibre-optic to the IR-cube has been chosen to match as closely as possible to signal levels that are comparable to those in a TCCON FTS. The optics at the IR-cube end (Fig 1.b) refocuses the solar beam from the fibre onto the entrance aperture (0.5mm). A small pick-off from the main beam is used to monitor the light level for cloud filtering. The IR-cube can be housed anywhere within the length (20 m) of the fibre-optic cable. The instrument can therefore be placed inside a weather proof enclosure; in this case the dedicated FRM4GHG container. 

[image: ][image: ]

Fig. 1: From left to right, a) the EKO-instruments solar tracker with telescope and fibre-optic, b) the solar beam input at the IR-cube end.

Laser heterodyne spectra-radiometer (operated by RAL)

The Laser heterodyne spectra-radiometer (LHR) is a research instrument that has been developed by the Laser Spectroscopy Group of the Space Science and Technology Department of the Rutherford Appleton Laboratory (Weidmann et al., 2007, Tsai et al., 2012, Hoffmann et al., 2016). In principle, it operates in a similar fashion than a heterodyne radio-receiver, but in the middle infrared region of the spectrum. The benefit of such an approach to spectroscopy include: 1) high spectral resolution (up to >500,000 resolving power), 2) ideally shot noise limited radiometric noise, 3) intrinsic narrow field of view, 4) scalable down to ultra-miniaturized packages through optical integration.

To carry out the fine spectral analysis of the incoming radiation, the incoming field is superimposed and mixed with that of a local oscillator. As far as the LHR to be deployed is concerned, the local oscillator consists of a continuously tunable semiconductor laser source, such as quantum cascade lasers, operating at ~950 cm-1 (v1←v3 CO2 band), or at ~1280 cm-1 (v4 band of CH4). In the current research instrument, spectral multiplexing is not implemented; therefore spectra are resolved through local oscillator tuning. The analysis window is typically ~1 cm-1 wide, centred at a frequency optimizing the atmospheric state information. The atmospheric signal and the local oscillator are mixed onto a high speed photodiode, effectively transposing the midle infrared spectral information into the RF domain. Spectral resolution is determined by electronic filters: two are currently used providing 0.002 cm-1 and 0.02 cm-1. Fig.1 shows different implementation of the LHR system. Fig.2 shows experimental spectra for the CH4 window (left), and the CO2 window (right).

For the campaign we anticipate deploying the re-engineered version LHR currently under development, which will not need any cryogenic consumables, and will integrate a solar disk imager for improved pointing knowledge. 

[image: ]  [image: ]  [image: ]
Fig. 1: from left to right, photograph of the current research LHR (75x75 cm2), re-engineered LHR currently under development (30x30 cm2), prototype of an ultra-miniaturized LHR (9x15 cm2)

The spectral data will be processed by a retrieval code still currently being developed to allow for semi-autonomous processing of large dataset and bias propagation analysis.
[bookmark: _GoBack][image: ]   [image: M:\Desktop\fit_residuals_60MHz_20150630_1205_4-3-layers_raw.png]
Fig. 2: Experimental LHR spectra in the CH4 (left) and CO2 (right) windows.

AirCore (operated by University of Groningen and FMI)

The AirCore was built at the University of Groningen. It consists of two types of stainless steel tubing with the outer diameters of 1/4” and 1/8”, respectively. The vertical resolution of measurements from AirCore #1 is 13.4 mbar when the ambient pressure is higher than 232 mbar, and 3.9 mbar when the ambient pressure is lower than 232 mbar (Chen et al., in preparation, 2016). A custom-made data logger was used to record the temperature of the AirCore tubing at five different locations as well as ambient pressure during the flight. An automatic valve was developed to seal the AirCore sample shortly after landing. The AirCore was packed in a foam box, with its inlet valve sticking out. The AirCore package includes the tubing, the connectors, the valves, the data logger, and the box. The air volume of the AirCore is approximately 1400 mL. The AirCore is launched with a 3000 g balloon, together with a radiosonde and an iridium transceiver. A parachute is used to slow down the descent speed at the lower altitude. 

We analyze the AirCore samples to obtain mole fractions of CO2, CH4, and CO with a cavity ring-down spectrometer manufactured by Picarro Inc. An orifice (Sapphire, Type A, size 0.18 mm) was placed between the pump and the analyzer to achieve a constant flow of 38 mL/min. We analyze the sample starting from the stratospheric part (the closed end) to minimize the diffusion of the part. Before each flight, the AirCore was flushed with air from a cylinder, referred as fill cylinder, for at least several hours using the setup shown in Figure 2, which dries the inner surface of the AirCore and fill it with air with known mole fractions. The mole fraction of CO in the fill cylinder is ~8000 ppb. We use the fill air as an indicator of air mixing and as a diagnostic tool. The AirCore profiles are constructed from the time series measurements of CO2, CH4, and CO, after correcting for the temperature effects and small pressure gradients. 

[image: ]
Fig. 2: The preparation and analysis system of the AirCore samples. A cavity ring-down spectrometer is used to analyse the samples. Two cylinder are used to calibrate the measurements to the WMO scales. 
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