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Abstract. A custom-built spectroradiometric system was developed to measure spectral actinic flux for atmospheric 

photochemistry. The radiometer incorporates a UV-enhanced fibre optic cable, a compact CCD spectrograph, and an 

interchangeable polytetrafluoroethylene (PTFE) receiver head. Five receiver designs (domes, cones, and flat tops) were 

fabricated and evaluated for angular response and wavelength-dependent efficiency using collimated UV and visible LEDs. 10 

The variable cone design showed the most uniform angular sensitivity, minimizing the need for post-processing corrections. 

Wavelength calibration was conducted using emission LEDs from 265 to 523 nm, and the full system response was 

characterized from 196 to 888 nm. The system was evaluated in a controlled atmospheric chamber and in outdoor field 

conditions. Under clear skies, outdoor testing validated the radiometer’s effectiveness in measuring photon fluxes with an 

11.2% uncertainty. These photon fluxes were used to calculate photolysis rate constants (J-values) with an uncertainty of 15 

15.3% for both NO2 and O3. Although not fully cosine-corrected, the radiometer demonstrated sufficient stability and 

repeatability for deployment in research settings, particularly where commercial instruments are unavailable. This study 

establishes a low-cost, customizable tool for actinic flux measurements in support of atmospheric photochemistry. 

1 Introduction 

Solar ultraviolet and visible (UV/Vis) radiation drives key atmospheric photochemical processes by initiating the 20 

photodissociation of molecules such as ozone, nitrogen dioxide, and formaldehyde (Finlayson-Pitts and Pitts, 2000; Seinfeld 

and Pandis, 1998). These reactions produce reactive radicals (e.g., OH, O(¹D)) that influence oxidative capacity, trace gas 

lifetimes, and the formation of secondary pollutants (Bohn et al., 2016). The rates of these reactions are quantified by photolysis 

rate constants (J-values), which are determined by the product of wavelength dependent molecular absorption cross sections 

(), quantum yields (), and the actinic flux, 𝐹(Bohn et al., 2016; Bohn and Lohse, 2023). 25 

Actinic flux refers to the omnidirectional photon flux per unit wavelength, integrating incoming radiation over a 4π steradian 

solid angle. Unlike planar irradiance, it represents the full radiative environment experienced by atmospheric molecules. 

Accurate actinic flux measurements are essential for calculating J-values, supporting chemical transport models, and evaluating 
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air quality and climate impacts (Bohn et al., 2016; Madronich, 1987). This flux is influenced by solar zenith angle, aerosol 

loading, surface reflectivity, cloud cover, and gaseous absorption (Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis, 1998). 30 

To achieve reliable actinic flux measurements, radiometers must have an isotropic angular response across all zenith and 

azimuth angles. However, practical limitations in receiver geometry, optical materials, and housing design introduce angular 

biases that require careful characterization and correction (Bohn et al., 2016; Jäkel et al., 2007). While full angular corrections 

using radiative transfer models have been developed for 2π receivers (Jäkel et al., 2007), simplified goniometric calibration 

remains a practical option for field deployment.  Bohn et al.(Jäkel et al., 2007) demonstrated that cosine errors and receiver 35 

geometry can significantly affect actinic flux measurements, particularly in the near-UV below 350 nm. As a result, 

goniometric characterization is now a standard approach.  

Instrumentation for actinic flux measurements has advanced from double-monochromator systems with photomultiplier tubes 

(PMTs)(Antonenko and Savina, 1992) to modern compact CCD-(Kuusk et al., 2002) and photodiode-array-based 

spectroradiometers (Thomas and Zalewski, 1992; Carballar et al., 2024; Eppeldauer, 2000; Andor and Johnson, 1998; Houston 40 

and Livigni, 2001). CCD detectors, as described by Jäkel et al.(Jäkel et al., 2007), offer improved UV-B sensitivity (290–315 

nm) and rapid acquisition (<300 ms), making them suitable for dynamic environments like aircraft campaigns and chamber 

studies. However, these instruments require meticulous calibration, including spectral response, stray light rejection, dark 

current correction, and cosine error assessment (Bohn and Lohse, 2023). In addition to this, many still use single band flux 

measurements. 45 

Drift in spectral sensitivity can compromise the accuracy of filter radiometers, particularly for J(O1D) from the photolysis of 

O3 and NO2 (Bohn et al., 2016). Radiometers are widely used in both ground-based and airborne applications. Ground-based 

measurements are crucial in areas such as Utah's Wasatch Front, where ozone sources remain poorly understood (Flowerday 

et al., 2023a; Flowerday et al., 2023b; Quality, 2021, 2023). Airborne platforms, including HALO and Zeppelin NT, facilitate 

vertical profiling but require corrections for aircraft motion and shading effects (Bohn and Lohse, 2023). In laboratory 50 

chambers, radiometers quantify artificial UV fluxes for controlled photochemistry experiments. 

Calibration is central to accurate measurements and involves wavelength alignment using emission sources, absolute 

sensitivity calibration with irradiance standards (e.g., NIST-traceable lamps), and angular response testing using goniometers 

(Habte et al., 2017; Huang et al., 2020; Kaisti et al., 2014). These steps minimize uncertainty in J-values for photolabile species 

like ozone and NO₂, which absorb strongly in the UV-B and UV-A (Bohn and Lohse, 2023; Jäkel et al., 2007). While the 55 

Leighton relationship provides a useful approximation for the photostationary balance between NO, NO₂, and O₃, direct 

measurements of J(NO₂) and J(O(¹D)) offer a more accurate and comprehensive view of local photochemistry, particularly 

under conditions where additional radical sources, deposition processes, or transport disrupt simple equilibrium assumptions. 

A custom-built spectroradiometric system was developed to measure spectral actinic flux for atmospheric photochemistry. The 

radiometer incorporates a UV-enhanced fibre optic cable, a compact CCD spectrograph, and an interchangeable receiver head. 60 

Five receiver designs (domes, cones, and flat tops) were fabricated from polytetrafluoroethylene (PTFE) and evaluated for 

angular response and wavelength-dependent efficiency using collimated UV and visible LEDs. 
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2 Methods 

2.1 Experimental Setup 

The radiometer consists of a PTFE head (McMaster-Carr, 8546K26) mounted on a black-painted aluminium plate to reduce 65 

reflections. A lens tube (ThorLabs, SM1M10) and UV-enhanced fibre optic cable (ThorLabs, BFL105HSO2) are threaded into 

the head and connected to a spectrograph (Ocean Optics, USB2000+). In configurations using a quartz rod (McMaster-Carr, 

1357T141), the rod is inserted into the lens tube and secured with a 3D-printed bracket and retaining rings. The quartz rod was 

6.35 mm diameter, 19 mm long and was inserted into the lens tube and slightly into the receiver to flatten the phase angle 

dependence of the receiver head. 70 

Five receiver designs were evaluated: dome, cone, flat top, dome with variable wall thickness, and cone with variable wall 

thickness. These were evaluated based on their angular response to determine the design with the most isotropic performance.  

 

 

Fig. 1: (A) Radiometer receiver setup. (B) Radiometer head configurations shown as a dome, flat top, and cone (c) an illustration of 75 
what is meant by “varying wall thickness” in the cone receiver. 

2.2 Wavelength Efficiency Calibration 

Light-emitting diodes (LEDs) were used to calibrate the radiometer across different wavelengths and phase angles.  The details 

for the LEDs used in calibration can be found in Table 1. Each LED was mounted on a copper heat sink with a Peltier cooler 

(DigiKey, CP30138) and a temperature controller (Meerstetter Engineering, TEC-1091) to minimize intensity drift. 80 

Table 1. Details of LEDs used in the calibration of the radiometer 

Wavelength (nm) Provider Part Number 

265 DigiKey 3993-QLUXUVCR202W1LED-ND 

310 Roithner Laser Technik DUV310-SD353EN 

325 Roithner Laser Technik DUV325-SD353EV 

(A) (B) (C) 
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340 Roithner Laser Technik DUV340-SD353EL-01 

375 Mouser Electronics LZ1-10UVH0-0000 

460 Mouser Electronics 897-LZ110B2020000 

523 Mouser Electronics 720-LZ1-10G1020000G2 

 

The receiver was mounted at the centre of a goniometer, and the light source was rotated from 0° to 180° in 10° increments to 

characterize angular sensitivity. The light source comprised a 50 mm f/1 lens (ThorLabs, LA4464) in front of a LED mounted 

on a copper heat sink with a Peltier cooler and a fan. This setup ensured the beam was collimated and filled the receiver head, 85 

while temperature control minimized LED output drift during calibration.  

The calibration was repeated after rotating the receiver 90° to check for construction symmetry. LED power was measured 

before and after calibration to convert intensity readings into wavelength-dependent power. For these measurements, the LED 

light was focused onto the power meter using the same lens, ensuring the beam filled the meter’s aperture. The radiometer 

output spanned 196–888 nm with 0.38 nm spacing and 2.5 nm FWHM resolution. 90 

2.3 Chamber and field deployment 

The radiometer was evaluated in an atmospheric chamber and outside with a solar flux. The atmospheric chamber is made of 

0.127 mm thick fluorinated ethylene propylene (FEP) film (AirTech) to make a chamber that has a volume of approximately 

35 m3. All inlets and outlets to the bag pass through a 6.35 mm thick PTFE plate (0.91 × 1.22 m) that serves as the base to the 

atmospheric chamber (Interstate Advanced Materials). The bag was sealed to the plate using polyester masking tape with a 95 

silicon adhesive (Advanced Polymer Tape). Above the chamber is a bank of fifty-six 36 W UVC (1000Bulbs.com, G36T8) 

and fourteen 75 W UVC (Canadalite.com, TUV75WHO) bulbs. The outside testing took place on the campus of Brigham 

Young University, Provo, Utah, USA (40.2518° N, 111.6493° W) on 10 July 2025 from 9:19-15:49 MDT. Clear, warm summer 

conditions prevailed, with temperatures ranging from approximately 26–32 °C. (Time and Date, 2025; Timeanddate.Com, 

2025) Low mid‑afternoon humidity (23–37 %) and light breeze (<5 m/s) created stable atmospheric conditions ideal for 100 

accurate radiometric measurements. Spectra were collected every 3 ms, and 20,000 spectra were averaged during acquisition 

to produce one spectrum per minute during field testing. These were scaled to a 1-second integration time and used to calculate 

irradiance (W/m²/s) and photon flux (photons/cm²/s). 

2.4 TUV Model Configuration 

The NCAR Tropospheric Ultraviolet and Visible (TUV v5.3) model (Madronich and Flocke, 1999) was used to simulate 105 

actinic flux and photolysis rates for the field experiment. Model inputs matched the measurement conditions: latitude 40.23°, 

longitude –111.67°, date 2025-07-10, and altitude 1.4 km a.s.l. The surface albedo was 0.9999, overhead ozone column 310 

DU, and temperature 298 K. Clouds and aerosols were omitted (optical depth = 0), and the pseudo-spherical four-stream solver 
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was used for higher accuracy. Outputs included actinic flux (quanta s-1 cm-2 nm-1), cross-sections, and quantum yields. These 

parameters are provided here for transparency and to facilitate replication. 110 

3 Results and discussion 

3.1 Radiometer configurations 

Among the tested receivers, the one showing the least sensitivity to phase angle is the optimal choice, as it minimizes, or even 

removes, the need for post-acquisition correction, thereby reducing uncertainty in the final results. As such, five receiver shapes 

and configurations were evaluated and compared for the best use outside in a field setting and in a chamber setting. Fig. 2 115 

shows a representation of the measured phase angle dependences in the UV. These shapes and trends were consistent across 

the six calibration wavelengths. 

 

Fig. 2: Comparison of phase angle dependence for each receiver at 310 nm: dome (blue), cone (green), flat (red), dome with varying 

wall thickness (cyan), cone with varying wall thickness (black). 120 

Angular-response testing included both zenith and azimuthal assessments. Receiver rotation by 90° confirmed < 10 % 

asymmetry between orthogonal orientations, indicating that the variable-cone design closely approximates a cosine response. 

Although a full two-dimensional angular correction was not applied, the observed isotropy suggests that solar-angle biases are 

small under the clear-sky conditions tested. Future work will incorporate radiative-transfer-based 2-D correction following 

Jäkel et al. (Jäkel et al., 2007) and Bohn & Lohse (Bohn and Lohse, 2023). 125 

As shown in Fig. 3, while the light throughput of the radiometer increased, the quartz rod did not assist in flattening out the 

phase angle dependence of the receiver. The radiometer is not light limited; therefore, it was simpler to not use a quartz rod 

moving forward as the increased light throughput was not needed in this instrument. 
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Fig. 3: Comparison of phase angle dependence of the flat top receiver with (black) and without (red) the quartz rod at 310 nm. 130 

The wavelength efficiency of the radiometer was slightly different depending on which receiver head was used; however, the 

wavelength efficiency of the radiometer followed the same trends as the quantum efficiency of the spectrograph. Fig. 4 shows 

an example of a wavelength efficiency curve that was used in calculating flux with the radiometer. 

 

Fig. 4: The wavelength efficiency curve for the variable cone receiver configuration of the radiometer. Grey shading indicates the 135 
10% error in the fit line. 

Stray-light performance was verified prior to calibration by illuminating the spectrograph with isolated mercury emission lines. 

No secondary broad features were observed, indicating minimal leakage into adjacent wavelength regions. The original grating 

was replaced with a broadband UV–visible grating (200-888 nm) to reduce out-of-band scatter, eliminating the minor stray-

light signal initially observed. Residual stray-light contributions are therefore estimated to be negligible. 140 

3.2 Error Propagation 

The error in the calibration of the radiometer was a combination of the error in the wavelength stamp of the spectrograph 

(0.5%), the error in the power meter (5%), and the error in the fit function used to create the calibration curve (10%). These 

were combined in quadrature for a total error in calibration of 11.2%. This was also the error in the flux measurements. 
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The error in the calculation of the J-values in the formation of O1D from the photolysis of NO2 and O3 includes the uncertainty 145 

in the absorption cross-sections of NO2, 3% (Vandaele et al., 1998), and O3, 3.1% (Bogumil et al., 2003), and the uncertainty 

in the quantum yields of NO2, 10% (Troe, 2000), and O3, 10% (Matsumi et al., 2002). Total errors were calculated in quadrature 

for the flux measurements of 𝐽𝑁𝑂2  and 𝐽𝑂3as 15.3% and 15.3%, respectively. 

3.3 Chamber Deployment 

The radiometer receiver was placed on the chamber floor at its centre, where light intensity was highest. A fibre optic cable 150 

connected the receiver through the floor to a spectrograph positioned below the chamber. The chamber’s light bank emitted 

light primarily between 50° and 130°, with 90° directly above the receiver. In this range, the flat-top radiometer showed 

minimal dependence on phase angle and was therefore selected for these experiments. The total output of the lamp array above 

the chamber was measured at 21.8 W. 

Fig. 5 shows the measured photon flux in the chamber. The expected mercury emission lines and the broad peak around 360 155 

nm from the UVC and UVB lamps were clearly captured. Although the chamber’s photon flux is lower than solar noon on a 

clear, average summer day, it remains sufficiently strong for photochemical studies. The integrated photon flux from 250-600 

nm in the chamber is 3.13 × 1014 photons/cm2/s. 

 

Fig. 5: Spectrum of the measured photon flux in chamber experiment. This spectrum is a combination of UVC and UVB lamps. 160 

3.4 Field Deployment 

Measured photon fluxes from field deployment can be seen in Fig. 6(A). An intensity vs time trace is shown in Fig. 6(B) 

to show part of the diurnal pattern measured during this experiment. It should be noted that spectra are reported in photon-flux 

units (photons cm-2 s-1 nm-1) rather than energy-flux units (W m-2 nm-1), the solar maximum appears near 550 nm rather than 

≈500 nm. This shift is consistent with the ASTM G-173 AM 1.5 G reference spectrum when expressed in photon units and 165 

reflects the wavelength dependence of the photon-energy conversion. The total flux measured from 300-888 nm, the 

wavelength range of light seen in the spectrometer, is 6.19 ± 0.69 × 1017 photons/cm2/s. The flux at each wavelength was on 

the order of 1014 photons/cm2/s. These values are consistent with other work done at similar conditions (Finlayson-Pitts and 
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Pitts, 2000; Madronich et al., 1983; Hofzumahaus et al., 1999; Monks et al., 2004; Kim et al., 2007; Li et al., 2020; Peterson, 

1976). Integrated J-values were then calculated using Equation 1: 170 

𝐽𝜆 = ∫Φ(𝜆)𝜎(𝜆)𝐼(𝜆)𝑑(𝜆) ,          (1) 

where Φ(𝜆) is the wavelength specific quantum yield, 𝜎(𝜆) the wavelength specific absorption cross-section, and 𝐼(𝜆) the 

wavelength specific measured irradiance. Quantum yield values for the formation of O1D from NO2 (Troe, 2000) and O3 

(Matsumi et al., 2002) photolysis were taken from the JPL Evaluation (Jet Propulsion, 2019). These were interpolated to match 

the spectrometer’s wavelength stamp. Absorption cross-sections were obtained from Vandaele et al.(Vandaele et al., 1998) for 175 

NO₂ and Bogumil et al.(Bogumil et al., 2003) for O₃. J-values for NO2 were found to peak on the order of 10-2 s-1 and on the 

order of 10-5 for O3.  These values are consistent with other work done at similar conditions (Stockwell and Goliff, 2004; Cotte 

et al., 1997; Reuder et al., 1996; Beine et al., 1999; Hofzumahaus et al., 2004; Trebs et al., 2009). Measured J-values were also 

compared to the NCAR Tropospheric Ultraviolet and Visible (TUV) Radiation Model (Madronich and Flocke, 1999) and 

AtChem (Sommariva et al., 2020) using the conditions described earlier in the paper. The measured are in close agreement 180 

with the modelled values being less than a factor of 3 different. The measured J-values showed close agreement with the TUV 

radiative transfer model results (Fig. 6 C–D). For both NO2 and O3, the model reproduced the diurnal behaviour and magnitude 

of photolysis frequencies with deviations generally within the propagated measurement uncertainty (±15.3 %). Morning 

J(NO2) values were slightly overestimated by the model relative to measurements, which may reflect unaccounted cloud or 

aerosol scattering. Such effects can attenuate short-wavelength actinic flux and are not represented in the clear-sky TUV 185 

configuration used here. Minor discrepancies and uncertainties in defined quantum yield and absorption cross-sections can 

also account for this deviation. 

The J(O3) photolysis rate, by contrast, was well captured across the full period after accounting for the temperature- and 

pressure-dependent quantum yield of O(1D) formation (Matsumi et al., 2002). Correcting the literature quantum yields to local 

conditions improved agreement between measured values and modelled values. Overall, the strong correlation between 190 

modelled and measured J-values validates both the wavelength calibration and the absolute response of the radiometer. 

 

(A) (B) 
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Fig. 6: (A) Measured flux, in photons/cm2/s, for the duration of the experiment. Each individual spectrum is coloured differently. 195 
(B) Time trace of intensity at a single wavelength, 311 nm, for the duration of the experiment (C) Comparison of measured J(NO2) 

values (red) with TUV model outputs (black squares); shaded area denotes propagated uncertainty (±15.3 %).. (D) Comparison of 

measured J(O3) values (red) with TUV model outputs (black squares); shaded area denotes propagated uncertainty (±15.3 %). Both 

modeled and measured datasets show strong agreement, with minor overestimation of J(NO2) during early morning hours likely 

due to transient aerosol or cloud scattering effects not included in the model. 200 

4. Conclusions 

This study details the development and evaluation of a compact, cost-effective radiometer for measuring actinic flux in the 

UV/Vis spectral range. A custom-built spectroradiometric system was constructed, incorporating a UV-enhanced fibre optic 

cable, a CCD spectrograph, and an interchangeable PTFE receiver head. Five receiver designs—domes, cones, and flat tops—

were fabricated and evaluated for angular response and wavelength-dependent efficiency using collimated UV and visible 205 

LEDs. 

Through iterative testing and calibration across multiple wavelengths, the variable cone receiver was identified as the optimal 

configuration due to its minimized phase angle dependence. While the use of a quartz rod increased light throughput, it did 

not improve angular response uniformity and was thus excluded in field deployments. The radiometer exhibited reliable 

performance during both chamber and ambient solar tests, demonstrating suitability for photolysis rate calculations. 210 

Although angular response was characterized, post-processing cosine corrections were not applied. Stray light effects, while 

not explicitly corrected, were expected to be minimal due to the spectrometer's wavelength range and low saturation levels. 

Future enhancements could include improved stray light rejection and more precise goniometric calibration. Stability over 

time is particularly important for broadband instruments used in long-term or field deployments.  

Comparison with the TUV model under clear-sky assumptions confirmed the instrument’s calibration accuracy, with 215 

temperature- and pressure-corrected J(O3) rates agreeing closely and early-morning J(NO2) differences likely arising from 

transient aerosol or cloud attenuation. 

With proper calibration, the radiometer provides a robust platform for atmospheric photochemistry studies in both laboratory 

and field environments. Accurate spectral actinic flux measurements are foundational for calculating photolysis rates in 

(C) (D) 
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atmospheric chemistry. Continued development and calibration of radiometers capable of resolving UV/Vis flux remain 220 

critical to advancing our understanding of atmospheric oxidation, air quality, and climate-relevant photochemistry. 
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