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Abstract: The quanta-to-energy ratio plays a crucial role in converting energy units to quantum units
in the context of photosynthetically active radiation (PAR). Despite its widespread use, the effects
of atmospheric particles and solar zenith angle (SZA) on the quanta-to-energy ratio remain unclear.
In this study, both simulation and observation data revealed that the principal wavelength, which
can be transformed into the quanta-to-energy ratio using a constant, exhibits a slow initial growth,
followed by a rapid increase beyond 60° solar zenith angles and a subsequent dramatic decrease after
reaching its maximum value. The measured quanta-to-energy ratio demonstrates a variable range of
less than 3% for SZA under 70° in a cloudless atmosphere, with significant changes only occurring
at zenith angles above 80°. Simulation data indicate that ozone, wind speed, surface-level pressure,
surface air temperature, and relative humidity have negligible effects on the quanta-to-energy ratio.
The Angstrom exponent exerts a minor influence on the quanta-to-energy ratio by affecting diffuse
radiation. Visibility, however, is found to have a substantial impact on the quanta-to-energy ratio.
As a result, two relationships are established, linking the principal wavelength to visibility and the
diffuse fraction of PAR. The principal wavelength serves as an effective measure of solar spectrum
variability, remaining unaffected by radiation energy. This implies that atmospheric parameters which
do not alter the solar spectrum will not influence the principal wavelength. The strong correlations
between the principal wavelength, visibility, and the diffuse fraction of PAR suggest a broader range
of applications for the principal wavelength in various research domains, opening up new avenues
for exploration and potential contributions to numerous fields.

Keywords: principal wavelength; quanta-to-energy ratio; photosynthetically active radiation; cloudless
atmosphere; SPCTRAL2

1. Introduction

The quanta-to-energy ratio serves as a crucial parameter for converting photosyntheti-
cally active radiation (PAR) from energy units (irradiance, R, W m~2) to quantum units
(Qp pmol m~2 s~1) [1-3]. This conversion facilitates precise and comprehensive modeling
of vegetation photosynthesis [1,4-7] and ecosystem-atmosphere CO, exchange [8,9], partic-
ularly for forests ecosystems [10,11]. The quanta-to-energy ratio can be defined using the
following Equation:
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where E(A) is the global downwelling irradiance reaching the underlying surface at a
specific wavelength (A), Planck’s constant i = 6.6255 x 10~3* W s2, the velocity of light
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in vacuum ¢ = 2.9979 x 107 nm s~ !, Avogadro constant A, = 6.02 x 1023 molfl, M
and A; are the lower and upper limits of the wavelength region under consideration and
generally correspond to 400 nm and 700 nm, respectively [9,12-14]. The A, referred to as
the principal wavelength, serves as a novel metric that enables a qualitative assessment of
variations in the spectral distribution of global PAR energy or quanta [3].

The concept of the quanta-to-energy ratio was first introduced by McCree in 1972 [12],
who initially proposed a value of 4.57 umol W1 s~! for this parameter at the Earth’s
surface [12]. Subsequent studies by Morel and Smith [15] and Morel [16] expanded upon
this idea, providing quanta-to-energy values for various locations. Morel and Smith [15]
highlighted that the quanta-to-energy ratio for sea surfaces generally ranges around
4.6 + 1% pumol W~ s~1, emphasizing the potential variations across different environments.
Notably, many research studies have adopted a constant value for the quanta-to-energy
ratio, typically using either 4.6 or 4.57 pmol W~! s~ as illustrated in Table 1. The quanta-
to-energy ratio has been widely employed across various observational studies and models,
showcasing its significance in understanding the dynamics of PAR.

Table 1. Published quanta-to-energy ratios of PAR.

Reference Location Quanta-to-Energy Ratio (umol W—1s-1)
Aguiar et al. [17] 10°05’ S, 61°56' W 457
Tsubo and Walker [18] 29°06’' S, 26°11" E 4.6
Udo and Aro [19] 8°32' N, 4°34' E 457
Meek et al. [20] 36°18' N, 120°06’ W 457
Geetal. [21] 37°50' N, 122°07' W 457
Zhang et al. [22] Lhasa, China 443

Bai [23] North China region 4.89~4.97

Akitsu et al. [24] conducted a comprehensive analysis of the quanta-to-energy ratio
reaching land surfaces, utilizing an extensive dataset from observational studies. Their
research revealed that for solar zenith angles (5ZA) less than 78°, the quanta-to-energy
ratio may exhibit a 3% variability around McCree’s constant value due to changes in
dew point temperature and clearness index. This finding suggests that McCree’s value
remains a valid approximation for sea surfaces under low SZA conditions. The change
in the quanta-energy ratio in seawater is significantly more complicated than that on the
sea surface due to the absorption and scattering process of attenuation material in the
ocean [3]. Reinart et al. [14] investigated the profiles of the quanta-to-energy ratio for both
oceanic and coastal water types, revealing that this ratio is influenced by factors such as
water depth and transparency. Consequently, the quanta-to-energy ratio may deviate by
up to 24% from its value in the air. The relationship between the principal wavelength
and the quanta-to-energy ratio is characterized by a single constant parameter, 1/ (A hc).
Wang et al. [3] provided an exponential function relationship of the principal wavelength in
Case I seawater, along with a semi-empirical function linking the deviation of the principal
wavelength to chlorophyll-a concentration. A lack of large-scale observations and less
attention to the quanta-to-energy ratio in seawater has led to the common practice of
inputting a constant value of 4.57 pumol W~! s~! into the geochemical model. This constant
value may significantly impact the accuracy and reliability of model simulation outcomes,
underscoring the importance of further research in this area to improve our understanding
and modeling capabilities.

There remain two key areas of inquiry regarding the quanta-to-energy ratio that
warrant further investigation. Firstly, it is essential to characterize the variation of the
quanta-to-energy ratio across a broad range of SZA, spanning from 0° to 90°. This will
enable a more comprehensive understanding of the ratio’s behavior under diverse illumi-
nation conditions. Secondly, the spectral variability of global irradiance is influenced by the
combination of radiation spectra from various sources, including the solar disk, clouds, and
the atmosphere. Consequently, the quanta-to-energy ratio is inherently connected to the
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spectral composition of incident diffuse and direct beam irradiance within the 400-700 nm
wavelength range. To address this complex interplay, it is crucial to explore how global
irradiance can be effectively represented by diffuse and direct beam irradiance components.
This study will primarily focus on these two research questions, aiming to advance our
understanding of the quanta-to-energy ratio and its implications for energy balance and
ecosystem processes in the context of complex spectral radiation dynamics. By addressing
these knowledge gaps, we can improve the accuracy of geochemical models and our ability
to predict and address the impacts of environmental changes on the Earth’s climate system.

The primary focus of this article revolves around the investigation of alterations in
the quanta-to-energy ratio as it reaches terrestrial surfaces. Several works in the literature
indicate that the quanta-to-energy at the surface is virtually insensitive to changes in
both cloudiness and fine-mode aerosols [1,13]. Consequently, a representative value of
4.56 umol W1 s~1 can be employed across a wide range of cloud conditions with minimal
error. However, Akitsu et al. [24] reported a dependence of the quanta-to-energy ratio
on water vapor pressure, SZA, and clearness index. Notably, their findings revealed a
more complex fluctuation in this ratio at high SZA compared to low SZA. Building upon
this research, the present study examines the variations in the quanta-to-energy ratio at
high SZA under a cloudless maritime atmosphere. By employing a substantial dataset
and model outputs, we aim to investigate the potential applications of these findings. The
paper is structured into five sections. Section 2 outlines the data sources used and provides
an overview of the selected model. Section 3 summarizes the key features of the quanta-
to-energy ratio at high SZA and explores its dependence on various factors such as SZA,
visibility, Angstrom exponent, ozone concentration, wind speed, surface-level pressure, air
temperature, and relative humidity. Finally, Section 4 presents the main conclusions of the
study and discusses potential applications of the findings in advancing our understanding
of the dynamics and implications of the quanta-to-energy ratio.

2. Materials and Methods
2.1. Time-Series Measurements of the Spectral Irradiance of Photosynthetically Active
Radiation (PAR)

The values of PAR and the quanta-to-energy ratio at Stations 1 and 2 are determined by
time-series analysis of spectral irradiance measurements conducted by the Polar Oceanog-
raphy and Global Ocean Change laboratory (POGOC) in northern Liaodong Bay during
the boreal winter of 2012 (Figure 1). The optical instrument PRR-800, manufactured by
Biospherical Instruments Inc. (BSI, San Diego CA, USA), was employed to measure surface
downwelling irradiance (Es) at 18 specific wavelengths (313, 380, 412, 443, 490, 510, 520, 532,
555, 565, 589, 625, 665, 683, 710, 765, 780, and 875 nm) [3,25-27]. Station 3 was conducted
by the Remote Sensing Ocean Optics (ORSOO) laboratory under a clear sky in a river near
Orcas Island on 20 June 1998 (Figure 1). A Tethered Spectral Radiometer Buoy (TSRB),
manufactured by Satlantic Inc. (Halifax, NS, Canada), was utilized to record continuous
measurements of downwelling irradiance just above the sea surface at 412, 443, 490, 555, 670,
684, and 700 nm [28]. To compensate for the data gap at low solar zenith angles, this study
incorporates National Renewable Energy Laboratory (NREL) observation data recorded
under cloudless skies over 20 days in 1987/1988 (Stations 4 and 5, as outlined in Table 2).
Detailed information on the instruments used can be found in the Spectral Solar Radiation
Database Documentation (https:/ /www.nrel.gov/grid/solar-resource/spectral-solar.html,
accessed on 31 January 2024). The NREL measurements include global-horizontal and
diffuse-horizontal spectral irradiance (Eg, and Ef) between 300 and 900 nm, enabling an
investigation into the fluctuations of the quanta-to-energy ratio.

Stations 1, 2, and 3 continuously monitored solar radiation, with a minimum observed
solar zenith angle (SZA) of 40° and a maximum of 90°. Due to the high-frequency observa-
tions, Stations 1 and 2 obtained 65,534 and 73,001 samples, respectively. Station 3 collected
42,065 samples. At Stations 4 and 5, solar radiation was monitored hourly, with a minimum
observed SZA of 4° and a maximum of 90°. The modest fluctuations evident in the diurnal
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time series suggest that solar radiation was not impacted by the presence of broken clouds
(Figure 2A—C). The variability observed in PAR indicates that the dataset encompasses a
wide range of cloudless sky conditions, spanning from low to high SZA, highlighting the
diversity of the atmospheric conditions represented in the study.

Liaodong Bay

Figure 1. The locations of solar radiation records. The circled numerals in the figure denote the

respective station identification numbers.
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Figure 2. (A-C) Diurnal time series of global irradiance of photosynthetically active radiation (PAR,
red line) and coincident variation in solar zenith angle (blue line) for three consecutive measurements
(Stations 1-3). The discrete observation data obtained at Stations 4 and 5 are also displayed in panels
(D,E) in the same way (red dots for PAR and blue dots for solar zenith angle).
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Table 2. Solar radiation records under cloudless atmospheric conditions.

Stn. Longitude (°E) Latitude (°N) Time (UTC) Local Time Condition
(1) 120.985 40.784 5 January 2013 03:43-07:22 11:43-15:22 Sunny
(2] 121.817 40.010 8 January 2013 03:14-08:36 11:14-16:36 cloudless
(3] —122.877 48.677 20~21 June 1998 15:36-04:53 07:36-20:53 cloudless
(4] —80.600 28.400 1987/1988 (20 days) - cloudless
(5] —121.967 37.785 20 January 1988 - cloudless

2.2. Principal Wavelength

The quanta-to-energy ratio can be simplified using the concept of the principal wave-
length, as proposed by Wang et al. [3]. This simplification is possible due to the existence
of a constant factor, 1/ Ayhc = 0.0084 pmol W—! s~Inm~! (Equation (1)). The principal
wavelength serves as a representation of changes in the solar spectrum and offers a more
robust explanation for solar spectral fluctuations compared to the quanta-to-energy ratio.
Consequently, the subsequent sections of this study will primarily focus on the fluctuations
of the principal wavelength across all observation stations.

2.3. Radiative Transfer Model

The SPCTRAL2 model, developed by Bird and Riordan [29], was initially employed
to simulate incident downward radiation at the Earth’s surface. Subsequently, Gregg and
Carder [30] applied this model to determine the downward irradiance entering the ocean.
Bird and Hulstrom [31] the relevance of SPCTRAL?2 to high SZA regions, such as the Arctic
Ocean. Building on this work, Campbell and Aarup [32] pioneered the use of SPCTRAL2
to simulate PAR fluctuations at high SZA. The simplicity of the model, along with its
minimal input requirements, has contributed to its widespread adoption and utility in
various studies.

The SPCTRAL2 model attributes the attenuation of solar radiation in the visible
and near-infrared spectral regions of the atmosphere to five distinct processes: Rayleigh
scattering by mixed gases, absorption by mixed gases (predominantly oxygen), ozone
absorption, aerosol absorption and scattering, and water vapor absorption. In this model,
the global solar radiation (E¢ (A)) reaching the underlying surface is partitioned into two
components: direct solar radiation (E;(A)) and diffuse solar radiation (Es;(A)). Direct
solar radiation represents the portion of solar radiation that directly reaches the surface
following atmospheric absorption. Conversely, diffuse solar radiation denotes the portion
of solar radiation deviating from the beam direction due to scattering. The mathematical
expressions for these radiation components can be represented as follows:

Eg(A) = E4(A) + Es(A) 2)
E4(A) = Fy(A)D cos0 Ty (A) Ta(A) Tox () T (A) Tuo(A) 3)
Es(A) = I(A) + La(A) + Ig(M) (4)

where the subscripts ’g’, ‘d’, and ‘s’ denote global, direct, and diffuse radiation, respectively.
Fy is the extraterrestrial irradiance at the mean Earth-Sun distance for a given wavelength A,
while D serves as a correction factor accounting for variations in the Earth-Sun distance. The
transmittance functions of the atmosphere at wavelength A are denoted by T;, T, Toz, Ty,
and T;,, which represent molecular (Rayleigh) scattering, aerosol attenuation, water vapor
absorption, ozone absorption, and uniformly mixed gas absorption, respectively. The SZA is
indicated by 6. In the SPCTRAL2 model, diffuse irradiance is further subdivided into three
components: the Rayleigh scattering component I, (A); the aerosol scattering component
I;(A), and the component that accounts for multiple reflections of irradiance between the
ground and the air I;(A). The detailed calculation formulas for these components can be
found in the work of Bird and Riordan [29].
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2.4. Simulated Sky-Radiances

To assess the model’s performance, this study compares the downwelling irradiance
under different SZA at Stations 1 and 2 with simulated downwelling irradiance under
identical atmospheric conditions and SZA. Simultaneous observations of various meteo-
rological elements, such as surface air temperature (SAT), sea level pressure (SLP), wind
speed, and humidity, were conducted at a nearby meteorological station, providing reliable
parameters for the model. Table 3 presents the input parameters for the model at different
SZAs for Stations 1 and 2. Additionally, the underlying surface albedo r, is required for the
model. In situ observations were conducted using a features spectrometer manufactured by
Analytical Spectral Devices Inc. (Boulder, CO, USA) to obtain ice-albedo data for Station 2,
as depicted in Figure 3.

Table 3. List of environmental variables incorporated into SPCTRAL2. The surface air temperature
(SAT), humidity (H), and sea level pressure (SLP) data were obtained from a meteorological station
in proximity to the optical observation station. Visibility (V) data were sourced from observations
made by the meteorological bureau. Ozone concentration and Angstr'om exponent (AE) values were
derived from the MODIS M3 aerosol product.

Num. Time SZA (°) SAT (°Q) H (%) SLP (hPa) V (m) Ozone (DU) AE
1C1 5 January 2013 63.47 —-5.76 38.87 1013.76 20 360 0.8
1C2 5 January 2013 64.17 —5.41 38.32 1013.55 20 360 0.8
1C3 5 January 2013 65.78 —5.08 36.32 1013.37 20 360 0.8
1C4 5 January 2013 68.24 —4.80 38.24 1013.53 20 360 0.8
1C5 5 January 2013 71.47 —4.84 41.42 1013.70 20 360 0.8
1Ceé6 5 January 2013 75.34 —4.46 37.71 1013.86 20 360 0.8
2C1 8 January 2013 63.82 —10.91 52.87 1017.59 15 360 0.8
2C2 8 January 2013 65.74 —10.68 46.41 1017.77 15 360 0.8
2C3 8 January 2013 68.50 —10.43 49.36 1017.78 15 360 0.8
2C4 8 January 2013 71.99 —-10.39 46.30 1017.60 15 360 0.8
2C5 8 January 2013 76.10 —10.32 47.85 1017.10 15 360 0.8
2C6 8 January 2013 80.75 —10.45 49.48 1017.18 15 360 0.8

1

08}
° 0.6 P ———————
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=
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04t

02t
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A ‘ ‘ ‘ . B

0
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Figure 3. Underlying surface albedo measurements at Station 2 (A), a location characterized by
snow-covered sea ice (B).

Figure 4 provides a comparison between the downwelling irradiance obtained from the
SPCTRAL2 simulation and the corresponding observational data. The relative inaccuracies
between the two datasets are presented in Table 4. The observed and simulated solar
radiation spectra exhibit a high degree of consistency, with a steady inaccuracy ranging
from 2% to 3%. The highest inaccuracy is observed in Case 2C6, with a value of 7.08%.
Overall, the SPCTRAL2 model demonstrates sufficient accuracy to meet the requirements
of this study.



Atmosphere 2024, 15, 1166

7 of 18

038 038 08
—— MODEL
Obs.
07k W‘UWW} 07 W\W 07t
T T T WWW
Sost N Eosh W AN Sost W VI“V\
E M Y 2 \
Sost Sost 2osl
Q Q Q
= 2 2
Soal Soal Solar Zenth Angle = 64.17 Soal
g = g g
= Solar Zenth Angle = 63.47 = = Solar Zenth Angle = 65.78
03 - 03 03
A: 1C1 B: 1C2 C:1C3
0.2 1 1 1 1 1 0.2 1 1 1 1 1 0.2 1 1 1 1 1 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
Wavelength(nm) Wavelength(nm) Wavelength(nm)
08 08 08
07 07 f 07 f
Eosl ,\‘ ) Eosl Eosl
€ \ﬂw ' € Solar Zenth Angle = 71.47 €
2os| N 2os| 2os|
8 I\ \[ g M'/vv\."\/\-w g Solar Zenth Angle = 75.34
© © e ©
T 04 5 04 ~ S04
g Solar Zenth Angle = 68.24 g \/.MW\\V g
03 03 03 ‘/NW‘W ~
D: 1C4 E: 1C5 w"{‘ F:1C6 V
02 1 1 1 1 1 02 1 1 1 1 1 02 1 1 1 1 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength(nm) Wavelength(nm) Wavelength(nm)
0.9 0.9 0.9
08 08 08
~o7t Vi, So7t ~o7t
£ IfM ' jVem £ JW»’M £
c N < VM <
~ 06 N | o 06 ~ 06|
3 ¥ ./N\\z\v ] G i | 1 -
%0 5 V %0 5 W So 5 W
0
Soal Soat SoaM \{[
8 g 8
Eos Solar Zenth Angle = 63.82 Eogsl Solar Zenth Angle = 65.74 Eo3l Solar Zenth Angle = 68.50
02 02 02f |:2
G: 2C1 H: 2C2 c3
0.1 1 1 1 1 1 1 0.1 1 1 1 1 1 0.1 1 1 1 1 1
350 400 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength(nm) Wavelength(nm) Wavelength(nm)
0.9 0.9 0.9
08 08 08
=07 o7 o7
£ 1S 1S
f= f= =
o 06| o 06 o 06
€ € €
%0-5 i %0-5 I Solar Zenth Angle =76.11 %0 °r
[ o o
S04 WW‘WWW | Soal So4l
5 _ ™ 5 5
© M‘f{v L[ e 03 M/W © 03
Zo03} Zo03f WA Zo03f
v e m\/\\/ L: 2C6 Solar Zenth Angle = 80.75
02 J: 2C4 Solar Zenth Angle = 71.99 02 K: 2C5 o2 L be :
W R e R e T
0.1 1 1 | 1 | 1 0.1 1 1 | 1 | 0.1 1 1 | 1 | V
350 400 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700

Wavelength(nm) Wavelength(nm)

Wavelength(nm)

Figure 4. Comparison of the simulated downwelling irradiance (black solid line) with the observation
value at specific wavelengths (yellow dots). The requisite environmental variables utilized for
the simulation process are enumerated in Table 3, with panels (A-L) corresponding to 1C1 to 2C6
in the table, respectively. The solar zenith angle during each observation is indicated within the

individual plots.
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Table 4. The relative inaccuracies of the simulated downwelling irradiance when compared to the
corresponding observed values.

Stn. C1 Cc2 C3 C4 C5 Ceé
1 2.02% 3.03% 2.61% 2.12% 3.20% 2.94%
2 2.09% 3.25% 2.85% 3.84% 4.76% 7.08%

3. Results and Discussion
3.1. Influence of the Solar Zenith Angle on the Principal Wavelength

Under clear sky conditions, the principal wavelength initially exhibits an implicit
increase, followed by a subsequent decrease as the solar zenith angle increases (Figure 5A).
The variation in principal wavelength is minimal when the solar zenith angle is below 60°,
ranging from 543.97 nm (the quanta-to-energy ratio = 4.57 pmol W~ s~1) at an SZA of 2.5°
to 546.07 nm at 60° (the quanta-to-energy ratio = 4.58 umol W1 s71) at Station 2 (Figure 5B).
The principal wavelength reaches its maximum value of 551.95 nm (the quanta-to-energy
ratio = 4.64 umol W—! s~1) when the SZA approaches 78°. Beyond this point, the principal
wavelength rapidly declines, reaching 536.34 nm (the quanta-to-energy ratio = 4.51 pmol
W1 s71) at an SZA of 87.43°, which corresponds to a decrease of approximately 1.5%
compared to smaller SZAs. A similar pattern of fluctuation is observed at Stations 3 and 5
(Figure 5A). The equipment at station 3 is situated on the seawater surface. The principal
wavelength at Station 3, located on the sea surface, is higher than that at Station 2 under
high SZA conditions due to the influence of sea waves.
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Figure 5. Variation in the principal wavelength with increasing solar zenith angles (SZA). Panel (A)
shows the observation principal wavelength for each of the five stations. Panel (B) is the comparison of
the observation principal wavelength (red line) with the simulated value at Station 2 using the observed
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time series of atmospheric parameters (dashed line). The solid line represents the simulated output
under the same atmospheric conditions of 1C1 with an SZA range of 0-90°. Panel (C) depicts the
fluctuation of principal wavelength derived from global irradiance (black line), diffuse irradiance
(blue line), and direct irradiance (red line) simulated by SPCTRAL2 as simulated by SPCTRAL2 in
the identical meteorological conditions as 1C1 in Table 3.

Both the simulated principal wavelength obtained from the SPCTRAL2 model and
the observed values exhibit consistent trends (Figure 5B). However, at high SZAs, the
observed principal wavelength is greater than the simulated values. Rayleigh scattering
can be employed to elucidate the fluctuation of the principal wavelength at low SZAs.
Deirmendjian and Sekera [33] demonstrated that in a clean, clear atmosphere, Rayleigh
scattering leads to a shift in the maximum spectral irradiance within the PAR region
towards longer wavelengths as the solar zenith angle increases, resulting in the depletion of
blue radiation. Nonetheless, this phenomenon cannot fully account for the abrupt decrease
in principal wavelength observed at higher SZA. To address this, the definition formula of
the principal wavelength was modified, and a relationship with the diffuse fraction of PAR
(f) was established, yielding the following Equation:

_ A=A
f‘Ad—Af

= Ag = (1= f)Ag+ fAg (5)

where Ag, A and A, are the principal wavelengths computed from global irradiance, diffuse
irradiance, and direct irradiance, respectively.

Taking Station 2 as an example in Figure 5C, A; is observed to be greater than A,
while Ag lies between the two, which may also be deduced from Equation (5). As the SZA
increases, A4 exhibits an increasing trend, whereas Ay initially grows and subsequently
drops. According to Equation (5), A¢ varies as a function of the diffuse fraction (f). When f
is small, A¢ is more strongly influenced by A;. For instance, at a 30° SZA, the fraction of
diffuse irradiance is 0.28, and the computed value of A is 544.85 nm, which is closer to
the value of A; of 552.69 nm. As the SZA increases, so does the diffuse irradiance fraction,
reaching 0.56 at a 75° SZA. Concurrently, the A, value of 548.79 nm is found to be closer
to the A ¢ value of 531.35 nm. Upon further increase in SZA, f reaches 0.89 at an 85° SZA.
The computed A, value at this moment is 537.73 nm, which is more closely aligned with
A¢=1529.18 nm. The rapid drop in principal wavelength can be attributed to the substantial
increase in the diffuse fraction of PAR.

Under cloudless conditions, the principal wavelength typically exhibits minimal
fluctuation, remaining close to 544.05 nm (the quanta-to-energy ratio = 4.57 umol W1 s 1)
for SZAs below 70°. By excluding observation values at SZAs larger than 70°, a linear
relationship between the principal wavelength and relative air mass is established, as
shown in Figure 6. The principal wavelength gradually increases with increasing SZA until
it reaches its maximum value, after which it rapidly declines. Observational data reveal
that the principal wavelength can deviate by up to 1.5% (relative to 544.05 nm) at an SZA of
87.43°. Notably, the simulated principal wavelength decreases significantly by 3.5% at an
SZA of 89°. Due to a lack of observational data, it is not possible to establish a connection
between the principal wavelength and relative air mass at high SZAs. It is important to
note that when utilizing the quanta-to-energy ratio at high SZAs, such as in polar regions,
careful attention must be given to its dependence on SZA variations.
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Figure 6. The linear relationship between the principal wavelength and relative air mass. The blue
dots represent the observation value of the principal wavelength at Station 4, while the red solid line
denotes the relationship obtained through linear regression analysis. The linear regression equation,
displayed in the upper left corner, exhibits a coefficient of determination (R?) of 0.53.

3.2. Effects of Atmospheric Absorption and Scattering on the Principal Wavelength

The preceding analysis examined the influence of solar zenith angle on the principal
wavelength. As the solar zenith angle increases, the relative air mass undergoes significant
changes, affecting the solar spectrum. In a cloudless sky, atmospheric components such
as aerosols, ozone, and water vapor absorb and scatter light, considerably altering the
solar spectrum. This section will explore the effects of these factors on the principal
wavelength associated with global irradiance, diffuse irradiance, and direct radiation, as
well as the diffuse fraction of PAR. The discussion will primarily focus on understanding
the relationships and interactions between these variables and their respective impacts on
the principal wavelength.

3.2.1. Visibility

Visibility is utilized in the model to calculate the aerosol extinction coefficient. Figure 7
depicts the effect of varying visibility on the principal wavelength. In this paper, we
determine the principal wavelengths (Ag, A and A) related to global irradiance, diffuse
irradiance, and direct radiation, as well as the diffuse fraction of PAR. To evaluate their
variability, the standard deviation (SD) of Ag, A and A; was calculated across a visibility
range of 5-25 km, as shown in Table 5.

Table 5. The standard deviation of Ag, A 7 and A, as simulated by the SPCTRAL2 model across a
visibility range of 5-25 km.

Solar Zenith Angle (Degree)

1 20 30 40 50 60 70 80 89
Ay 7.00 7.05 7.13 7.25 7.45 7.73 7.98 6.82 0.45
Ag 2.02 2.14 2.32 2.60 3.06 3.84 532 8.60 9.66
Ag 0.65 0.69 0.75 0.82 0.92 1.00 0.81 1.21 0.51

Figure 7 reveals consistent profiles for Ay, A and A; under different visibility condi-
tions. At lower SZAs, Ag, A and A all decrease with increasing visibility. The SD for A¢
ranges from 7 to 8 nm at SZAs less than 80° and then declines significantly as the SZA
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increases (Table 5). The SD for A; is less than 4 nm for SZAs under 60° but rises as the SZA
increases. The mean SD for A is 0.78 nm for SZAs less than 60°, followed by a double-peak
profile at SZAs of 60° and 80°. This trend is attributed to the increasing fraction of diffuse
radiation in PAR as the SZA increases. Additionally, the SZA at which A, reaches its
maximum value and increases considerably with increasing visibility.
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Figure 7. The variation in A¢ (A), A 7 (B) and A (C) as simulated by SPCTRAL2 with increasing SZA
under a visibility range of 5-25 km. Panel (D) illustrates the diffusion fraction of PAR as a function
of SZA for visibilities ranging from 5 to 25 km. In the figure, solid lines represent a visibility of
5 km, dotted lines indicate a visibility of 10 km, dashed lines correspond to a visibility of 15 km,

diamond-marked solid lines represent a visibility of 20 km, and square-marked solid lines indicate a
visibility of 25 km.

3.2.2. Angstrom Exponent (AE)

The Angstrom exponential (AE) serves as an indicator of aerosol particle size [34,35].
Table 6 presents the simulated principal wavelengths (Ag, Ar and A4) related to global
irradiance, diffuse irradiance, and direct radiation under various AE. Figure 8 depicts the
profiles of principal wavelengths at different AE values.
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Table 6. The standard deviation of Ag, A 7 and A, as simulated by the SPCTRAL2 model across a
Angstrom exponential range of 0.2-1.0.

Solar Zenith Angle (Degree)

1 10 20 30 40 50 60 70 80 89
Ay 1.69 1.70 1.71 1.75 1.79 1.82 1.83 1.74 1.25 1.21
Ag 0.78 0.79 0.82 0.89 1.00 1.18 1.49 2.08 3.51 5.20
Ag 0.10 0.10 0.11 0.13 0.16 0.20 0.28 0.39 0.47 1.30
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Figure 8. The variation in A¢ (A), A 7 (B) and A (C) as simulated by SPCTRAL2 with increasing SZA
under a Angstrom exponential range of 0.2-1.0. Panel (D) illustrates the diffusion fraction of PAR as
a function of SZA. Solid lines represent an AE of 0.2; dotted lines indicate an AE of 0.4; dashed lines
correspond to an AE of 0.6; diamond-marked solid lines represent an AE of 0.8; and square-marked
solid lines indicate an AE of 1.0.

It can be observed that A, increases considerably with increasing AE. However, its
SD is only 0.15 nm at a low SZA, such as 60°, which is approximately one-fifth of the SD
affected by visibility, as seen in Table 5. While A, for direct irradiance also increases slightly
with increasing AE, its influence is significantly less than that of visibility. On the other
hand, A f for diffuse irradiance exhibits a substantial decrease as AE increases, with a more
pronounced reduction compared to direct and global radiation. Notably, the SD of A¢
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remains relatively constant across the entire SZA range. Moreover, the SZA at which A,
reaches its maximum value and remains unchanged with varying AE. These properties
might be attributed to the wavelength-independent nature of the AE.

3.2.3. Ozone, Wind Speed, SLP, SAT, and Relative Humidity

In this study, the effects of various parameters, including total column ozone, wind
speed, surface-level pressure, surface air temperature, and relative humidity, on the princi-
pal wavelength are investigated (Figure 9). The ranges of these parameters are presented in
Table 7. Here, we specifically demonstrate the variation of the principal wavelength with
SZA under different total column ozone conditions.
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Figure 9. The variation in A¢ (A), A 3 (B) and A (C) as simulated by SPCTRAL2 with increasing SZA
under an ozone concentration range of 300~380 Dobson units. Panel (D) illustrates the diffusion
fraction of PAR as a function of SZA. Solid lines represent an ozone concentration of 300 Dobson
units; dotted lines indicate an ozone concentration of 320 Dobson units; dashed lines correspond
to an ozone concentration of 340 Dobson units; diamond-marked solid lines represent an ozone
concentration of 360 Dobson units; and square-marked solid lines indicate an ozone concentration of
380 Dobson units.
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Table 7. The values of atmospheric parameters incorporated into the SPCTRALS2 model.

Atmospheric Parameters Range
Ozone (Dobson) 300, 320, 340, 360, 380
Wind Speed (m/s) 0,2,4,6,8
Surface Level Pressure (hPa) 1000, 1005, 1010, 1015, 1020
Sea Air Temperature (°C) —15,-10,-5,0,5
Relative Humidity (%) 20, 40, 60, 80, 100

The results indicate that, among these parameters, only the total column ozone has
a notable impact on the principal wavelength. However, this influence is considerably
less substantial than that of aerosols. It can be inferred that the principal wavelength
is not significantly affected by ozone, wind speed, surface-level pressure, surface air
temperature, or relative humidity. This suggests that these factors play a relatively minor
role in determining the principal wavelength under varying atmospheric conditions.

The preceding analysis reveals that visibility exerts the most significant influence on
the principal wavelength, with aerosol Angstrom Exponent (AE) having a secondary impact,
while ozone, wind speed, surface-level pressure (SLP), surface air temperature (SAT), and
relative humidity exhibit minimal effects. An increase in visibility results in a reduction
of the principal wavelength, irrespective of whether it pertains to global irradiance, direct
irradiance, or diffuse irradiance. AE has a limited effect on A¢ and A, affecting only the
value of Ay. When comparing the effects of AE and visibility on Ay, it is observed that the
impact of AE remains constant with changing SZA, whereas the impact of visibility sharply
decreases after 80°. At low SZA, visibility has an impact that is approximately four times
greater than AE. Based on the SPECTRAL2 output, two relationships between the principal
wavelength for global irradiance at 20° SZA and visibility, as well as the diffuse fraction of
PAR, can be established, as shown in Figure 10. The inaccuracy in these relationships is
attributed to AE.

Ap = 548.25 — 0.69 x V +0.05 x V2 —0.002 x V3 42.67 x 107> x V4 (6)
Ap =543.02+6.68 x f —1.99 x f2 )
Diffuse Fraction of PAR

0 0.2 0.4 0.6 0.8 1

)8

548

547

<546

545

544 : : : : :
0 5 10 15 20 25 30

Visibility (km)
Figure 10. The polynomial fitting relationships of the principal wavelength for global irradiance at an
SZA of 20° with visibility (blue) and the diffuse fraction of PAR (red).

To validate the relationship between the diffuse fraction and principal wavelength,
observed principal wavelength data are employed. Due to varying observation times, the
on-site measured principal wavelength must be adjusted to a fixed SZA for consistency.
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In this case, the relationship between the principal wavelength and relative air mass, as
depicted in Figure 6, is utilized to adjust the observed data to an SZA of 20°. Upon compar-
ison, it is found that the model-fitting results align well with the observed data, as shown
in Figure 10. This close agreement between the model and observations demonstrates the
reliability and accuracy of the established relationship between the diffuse fraction and
principal wavelength under different atmospheric conditions.

3.3. Prospective Applications of the Principal Wavelength

The principal wavelength, which effectively measures solar spectrum variability and
remains unaffected by radiation energy, possesses unique characteristics that offer several
potential applications in various research areas. By capitalizing on its distinct attributes, the
principal wavelength could contribute significantly to fields such as atmospheric studies,
remote sensing, and ecosystem research.

One potential application of the principal wavelength lies in the realm of visibility
measurements and satellite-based visibility inversion. The strong correlation between the
principal wavelength and visibility suggests its utility in this context, offering valuable
insights into atmospheric aerosol particle size variations. This could have significant
implications for urbanization studies and investigations of atmospheric pollutant diffusion.

Another area where the principal wavelength could prove useful is in the estimation
of the diffuse fraction of PAR in observations. Given that the determination of f often poses
challenges and requires stable platforms, the relationship between the principal wavelength
and f offers a viable alternative. This method can be applied to satellite remote sensing,
aiding in oceanic observation research and large-scale ecosystem studies.

The true potential of the principal wavelength likely extends beyond the discussed
applications, as it not only inherits the research direction of the quanta-to-energy ratio but
also opens up new avenues for exploration. By combining the principal wavelength with
satellite remote sensing data, its application areas could be broadened to encompass forest
systems, climate change at large scales, ecosystems, and more. Further research is required
to fully harness the potential of the principal wavelength in these diverse domains.

4. Conclusions

The quanta-to-energy ratio is frequently employed as it facilitates the conversion
between energy and quanta units. In some applications, the quanta-to-energy ratio of
the underlying surface is often substituted with the constant value of 4.57 umol W1 s,
Several studies have examined the factors influencing the quantum energy ratio, including
the clearness index, SZA, and water vapor pressure. However, since its inception in 1974,
the quanta-to-energy ratio has not been extensively explored, and its broader applications
remain understudied. In the present work, observational data under a cloudless atmosphere
and SPCTRAL2 model outputs are primarily utilized to investigate the variation in the
quanta-to-energy ratio from a 0° to 90° SZA. The effects of various factors, such as aerosols,
ozone, relative humidity, surface air temperature, surface-level pressure, and surface wind
speed, on the quanta-to-energy ratio were studied using model simulations. Building
on these findings, the potential applications of the quantum energy ratio will be further
investigated, paving the way for its wider use in relevant fields.

The principal wavelength serves as a simplified representation of the quanta-to-energy
ratio calculation using a single constant. Compared to the quanta-to-energy ratio, the
principal wavelength offers a clearer physical interpretation and can elucidate variations in
the solar spectrum, making it more intuitive and easier to comprehend [3]. Consequently,
this study emphasizes the examination of the principal wavelength fluctuations under
cloudless atmospheric conditions, with the aim of shedding light on the underlying factors
contributing to these variations.

Both simulation and observation data revealed that the principal wavelength exhibits
a gradual increase at SZAs from 0° to 90°, followed by a rapid rise beyond 60° and a
subsequent sharp decline after reaching its maximum value. The Rayleigh scattering theory
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can account for the observed relationship between the principal wavelength and relative
air mass at SZAs below 70°. This study attributes the decrease in principal wavelength
to an increase in the diffuse fraction of PAR. Under cloudless meteorological conditions,
the variability in the measured quanta-to-energy ratio remains within 3% for SZAs less
than 70°. A significant change in the quanta-to-energy ratio is only observed at SZAs
greater than 80°. Simulation results indicate that the quanta-to-energy ratio inaccuracy
may approach 3% solely under the condition of an SZA of 89°, underscoring the negligible
influence of the quanta-to-energy ratio on the solar radiation spectrum at lower SZAs.

Under cloudless meteorological conditions, the model simulations indicate that ozone,
wind speed, surface-level pressure, surface air temperature, and relative humidity have
negligible effects on the quanta-to-energy ratio. The Angstrom exponent exerts a minor
influence on the quanta-to-energy ratio by affecting diffuse radiation. On the other hand,
visibility is found to have a substantial impact on the quanta-to-energy ratio. Consequently,
two relationships are established, linking the principal wavelength to visibility and the dif-
fuse fraction of PAR. Visibility can be measured through visual methods, transmissometers,
and scatterometers. The diffuse fraction is typically calculated by shielding direct solar
radiation. However, obtaining visibility and diffuse radiation from ship-based observations
can be challenging due to the ship’s motion. The strong correlations identified in this study
demonstrate that by measuring the solar radiation spectrum under cloudless atmospheric
conditions at sea, it is possible to estimate visibility and the diffuse fraction of PAR, thus
overcoming the limitations imposed by ship-based measurements.

Despite previous studies examining the quanta-to-energy ratio under various atmo-
spheric conditions, their primary focus has been limited to treating it as a mere conversion
factor. In contrast, the principal wavelength serves as a measure of solar spectrum vari-
ability and remains unaffected by radiation energy. This unique characteristic implies that
atmospheric parameters that do not alter the solar radiation spectrum will not influence
the principal wavelength. Consequently, its potential applications extend beyond that of a
conversion constant, suggesting broader prospects for its future use in understanding and
modeling solar radiation under different atmospheric conditions.
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