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Abstract. This paper presents the new photometer CE318-

T, able to perform daytime and night-time photometric mea-

surements using the sun and the moon as light source. There-

fore, this new device permits a complete cycle of diurnal

aerosol and water vapour measurements valuable to enhance

atmospheric monitoring to be extracted. In this study we

have found significantly higher precision of triplets when

comparing the CE318-T master instrument and the Cimel

AErosol RObotic NETwork (AERONET) master (CE318-

AERONET) triplets as a result of the new CE318-T track-

ing system. Regarding the instrument calibration, two new

methodologies to transfer the calibration from a reference in-

strument using only daytime measurements (Sun Ratio and

Sun-Moon gain factor techniques) are presented and dis-

cussed. These methods allow the reduction of the previous

complexities inherent to nocturnal calibration. A quantita-

tive estimation of CE318-T AOD uncertainty by means of

error propagation theory during daytime revealed AOD un-

certainties (uD
AOD) for Langley-calibrated instruments sim-

ilar to the expected values for other reference instruments

(0.002–0.009). We have also found uD
AOD values similar to

the values reported in sun photometry for field instruments

(∼ 0.015). In the case of the night-time period, the CE318-

T-estimated standard combined uncertainty (uN
AOD) is depen-

dent not only on the calibration technique but also on illu-

mination conditions and the instrumental noise. These val-

ues range from 0.011–0.018 for Lunar Langley-calibrated

instruments to 0.012–0.021 for instruments calibrated using

the Sun Ratio technique. In the case of moon-calibrated in-

struments using the Sun-Moon gain factor method and sun-

calibrated using the Langley technique, we found uN
AOD rang-

ing from 0.016 to 0.017 (up to 0.019 in 440 nm channel), not

dependent on any lunar irradiance model.

A subsequent performance evaluation including CE318-

T and collocated measurements from independent reference

instruments has served to assess the CE318-T performance

as well as to confirm its estimated uncertainty. Daytime

AOD evaluation, performed at Izaña station from March to

June 2014, encompassed measurements from a reference

CE318-T, a CE318-AERONET master instrument, a Pre-

cision Filter Radiometer (PFR) and a Precision Spectrora-

diometer (PSR) prototype, reporting low AOD discrepancies

between the four instruments (up to 0.006). The nocturnal

AOD evaluation was performed using CE318-T- and star-

photometer-collocated measurements and also by means of a

day/night coherence transition test using the CE318-T mas-
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ter instrument and the CE318 daytime data from the CE318-

AERONET master instrument. Results showed low discrep-

ancies with the star photometer at 870 and 500 nm channels

(≤ 0.013) and differences with AERONET daytime data (1 h

after and before sunset and sunrise) in agreement with the

estimated uN
AOD values at all illumination conditions in the

case of channels within the visible spectral range, and only

for high moon’s illumination conditions in the case of near-

infrared channels.

Precipitable water vapour (PWV) validation showed a

good agreement between CE318-T and Global Navigation

Satellite System (GNSS) PWV values for all illumination

conditions, within the expected precision for sun photome-

try.

Finally, two case studies have been included to highlight

the ability of the new CE318-T to capture the diurnal cycle of

aerosols and water vapour as well as short-term atmospheric

variations, critical for climate studies.

1 Introduction

The energy from the sun constitutes the driving force of the

Earth’s climate, but not all of the solar energy that reaches

the top of the atmosphere reaches the surface. In this re-

spect, aerosols play an important role in the Earth’s radia-

tion budget, directly modifying the energy balance by the

scattering/absorption of the solar radiation, and indirectly

through their impact on cloud formation and properties (Fos-

ter et al., 2007; Kaufman et al., 2002; Myhre, 2009). There

is also a semi-direct aerosol effect associated with the ab-

sorption of solar radiation by aerosols which could poten-

tially modify cloud properties (Kaufman et al., 2002). How-

ever, the high spatial/temporal variability of aerosols and

the high complexity of aerosols in the atmosphere make the

task of quantifying their climate effect difficult. Indeed, ac-

cording to the IPCC report (Stocker et al., 2013), aerosols

dominate the uncertainty associated with the total anthro-

pogenic driving of climate change. This report estimated a

global and annual direct radiative forcing effect of anthro-

pogenic aerosols of −0.35 W m−2, with an uncertainty rang-

ing from −0.85 to −0.15 W m−2. The total aerosol radiative

effect including aerosol–cloud interactions was estimated as

a radiative forcing of −0.9 (−1.9 and −0.1) W m−2. No-

table recent advances in the last decades in the understand-

ing of atmospheric aerosols have substantially reduced the

uncertainty in the total direct aerosol effect on the Earth’s

climate (Myhre, 2009). The combination of aerosol satellite

and ground-based measurements have resulted in a remark-

ably increased knowledge about aerosol geographical distri-

bution, concentration and microphysical properties, but there

are still large uncertainties in individual radiative forcing for

several of the aerosol components, such as black carbon par-

ticles, organic carbon or nitrates (Myhre, 2009). This uncer-

tainty reflects how challenging it is to quantify the aerosol

radiative forcing and highlights the need to adequately deter-

mine the nature and spatial/temporal variability of aerosols

on both regional and global scales.

At present, there are several global or regional networks

established during the last 2 decades based on measurements

at ground level; the globally distributed AErosol RObotic

NETwork (AERONET) is one of the most important net-

works for the monitoring of passive long-term aerosols (Hol-

ben et al., 1998, 2001). This global sun photometer network

offers aerosol optical, microphysical and radiative properties

using the standard sun photometer CE318-N as a reference

instrument (hereinafter referred to as CE318-AERONET), in

addition to real-time data reception accessible for the sci-

entific community (Holben et al., 2001). Another reference

network for aerosol monitoring is the Global Atmosphere

Watch (GAW) network, using the Precision Filter Radiome-

ter (PFR) as a reference instrument (Wehrli, 2000, 2005).

The PFR instrument was developed by the World Optical

Depth Research and Calibration Center (WORCC) that was

established in 1996 by the World Meteorological Organiza-

tion (WMO), assigned as the reference centre for spectral

radiometry to determine AOD (WMO, 2003). However, in

spite of the high temporal and spectral resolution provided by

these networks, the sun photometry provides aerosol infor-

mation which is restricted to the daylight period and column-

averaged. These are the two most important limitations of

solar photometry, which prevent the existence of aerosol

observations with the required temporal resolution for cli-

mate studies. This problem is especially challenging at high-

latitude locations, due to the extended periods of darkness

at wintertime, which significantly limits the information we

have to better understand this fragile climate system.

Several studies in the literature are focused on the esti-

mation of AOD at night-time by means of star photometry

(Ansmann et al., 2001; Herber et al., 2002; Pérez-Ramírez

et al., 2008a, 2011; Baibakov et al., 2015). Although this

technique is able to determine AOD with similar accuracies

to sun photometry (expected errors in AOD of ∼ 0.02 for

λ < 800 nm and ∼ 0.01 for λ > 800 nm) (Pérez-Ramírez et

al., 2011), the important operational difficulties and the com-

plexities of such large-aperture systems needed to collect the

weak star light make stellar measurements still limited in use,

especially for large-scale networks such as AERONET. The

study developed by Berkoff et al. (2011) was the pioneer-

ing work in moon photometry, being the first one to use a

modified Cimel sun photometer to obtain night-time AOD

measurements with the moon as light source and using a lu-

nar irradiance model to account for the continuous change

in the moon’s illumination over the moon cycle. Recently,

Barreto et al. (2013a, b) presented a new photometer proto-

type (CE318-U), similar to the CE318-AERONET reference

instrument, with a prototype four-quadrant detector able to

perform lunar measurements to characterize aerosols and wa-

ter vapour at night-time. These authors showed that this new
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CE318-U instrument permits a continuous sequence of diur-

nal aerosol concentrations to be derived in combination with

the current CE318-AERONET. This instrument was able to

perform nocturnal measurements under a moon illumination

greater than 50 %, and therefore it was able to cover 50 %

of the moon cycle, providing the opportunity to significantly

extend the continuity of existing observations.

The use of active remote measurements such as advanced

ground-based lidars systems prevents the last two handicaps

of sun photometry, providing daytime and night-time infor-

mation about the atmospheric vertical structure. As a result,

this technique has proven to be very effective in the charac-

terization of aerosols in high-latitude regions (Baibakov et

al., 2015; Tomasi et al., 2015; Hoffmann et al., 2009). Li-

dars allow us to determine vertical profiles of aerosol op-

tical properties and estimate some microphysical properties

(only using multiwavelength Raman Lidars), but some phys-

ical or mathematical constraints are necessary in the inver-

sion algorithm. The synergy between lidar and sun photome-

ters is currently implemented and successfully checked (Fer-

nald, 1984; Klett, 1985; Cuesta et al., 2008; Chaikovsky et

al., 2012; Lopatin et al., 2013) to minimize the uncertain-

ties of these assumptions when inverting the lidar signals us-

ing the common Klett–Fernald–Sasano technique (Fernald,

1984; Klett, 1985; Sasano et al., 1985). It also serves to re-

duce uncertainties in the retrieval of microphysical properties

using multiwavelength lidars (Pahlow et al., 2006; Tesche et

al., 2008). Some examples in the literature of the potential

of these combined lidar–photometer observations are the nu-

merical tool LIRIC (LIdar/Radiometer Inversion Code), de-

veloped by Chaikovsky et al. (2012), or the GARRLiC (Gen-

eralized Aerosol Retrieval from Radiometer and Lidar Com-

bined data) method, introduced by Lopatin et al. (2013) and

tested by Wagner et al. (2013) and Granados-Muñoz et al.

(2014). More recently, Barreto et al. (2014a) and Baibakov

et al. (2015) showed the improvement in the synergetic re-

trieval of AOD at night-time using a combination of lidar and

lunar photometer (CE318-U) measurements in the first case,

and by means of lidar and star photometer measurements in

the second case.

In this work we present the new photometer CE318-T

(Sect. 2), which combines the features of the extensively used

CE318-AERONET standard model (Holben et al., 1998)

with the ability to perform nocturnal measurements of the

prototype CE318-U, described in Barreto et al. (2013a, b).

The CE318-T instruments were deployed at Izaña Atmo-

spheric Observatory (IZO) and Granada stations. IZO is a

high-altitude site, while Granada is an urban station. These

sites are presented in Sect. 3. The instruments, as well as the

supporting information used to evaluate the CE318-T perfor-

mance, and the lunar irradiance model are shown in Sect. 4.

The instrument’s calibration is described and assessed in

Sect. 5.1, where we present four different approaches for

CE318-T calibration. The absolute calibration of this in-

strument is presented as a combination of the usual Lang-

ley Method for daytime and the Lunar Langley Method for

night-time (Sect. 5.1.1), while the Moon Ratio technique is

presented in Sect. 5.1.2 as an alternative technique for night-

time calibration transference using measurements restricted

to the night-time period. We have also presented two new

techniques to perform the calibration transference from a ref-

erence instrument using only daytime measurements: the Sun

Ratio method (Sect. 5.1.2), which requires a moon-calibrated

reference instrument, and the Sun-Moon gain factor method

(Sect. 5.1.3), which only requires a sun-calibrated reference

instrument and it is not dependent on any lunar irradiance

model. In Sects. 5.2 and 5.3 we detail the methodology to

obtain AOD, Angström’s exponent (AE) and PWV using

CE318-T. Section 6 describes a quantitative estimation of

CE318-T AOD uncertainty. In Sects. 7.1 and 7.2 we present

the assessment of the Sun Ratio and Sun-Moon gain fac-

tor calibration methods. We perform the evaluation analy-

sis of CE318-T AODs in Sect. 7.3, carried out by the com-

parison of AODs extracted in the daytime period from four

different independent instruments (CE318-T master instru-

ment, CE318-AERONET master instrument, PFR and Pre-

cision Spectroradiometer – PSR) and, in Sect. 7.4, a similar

analysis for the night-time period, using CE318-T measure-

ments with collocated star photometer observations. We have

extended the evaluation analysis through a day/night coher-

ence test transition using CE318-AERONET daytime data

and CE318-T AOD information (Sect. 7.5). Daytime and

night-time CE318-T PWV measurements at IZO were val-

idated against Global Navigation Satellite System (GNSS)

and AERONET data in Sect. 7.6. Two demonstration case

studies (Sect. 8) showed the ability of the instrument to mon-

itor short-scale atmospheric processes. Finally, the main con-

clusions of the present study are summarized in Sect. 9.

2 Instrumentation – the new sun-sky-lunar Cimel

CE318-T

The new sun-sky-lunar Cimel CE318-T photometer has been

developed by the French company Cimel Electronique, im-

proving the tracking precision in order to perform both day-

time and night-time (lunar) measurements and providing ad-

ditional and enhanced operational functionalities compared

with the standard sun photometer CE318-AERONET, exten-

sively described in Holben et al. (1998). The CE318-T is

based on a new control unit and a new four-quadrant system

in the sensor head.

The CE318-T is based on the former prototype CE318-U,

described in Barreto et al. (2013a, b), which presents higher

signal-to-noise ratios (better than 60 dB) to capture not only

the daytime radiation from the sun but also the limited energy

during night-time reflected by the moon, and therefore is able

to provide valuable information of aerosols and water vapour

at night-time.

Similarly to the standard CE318-AERONET, the new

CE318-T performs measurements at an approximate field of
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view of 1.29◦ at 10 nominal wavelengths of 1020, 937, 870,

675, 500, 440, 380 and 340 nm, using a silicon photodiode

detector, as well as additional measurements at 1020 and

1640 nm using an InGaAs (indium gallium arsenide) detec-

tor. Due to the low signal in the UV channels at night, AOD

cannot be obtained and therefore UV information is restricted

to the daylight period.

This new instrument performs three different measure-

ment types: spectral direct-sun and direct-moon irradiance

measurements to obtain aerosol and water vapour content,

and spectral sky radiances to infer aerosol properties from

inversion during daytime period. This is the reason for ap-

plying the term “triple” to this new Cimel photometer. As in

the standard AERONET version, the CE318-T takes a se-

quence of three measurements (triplet) every 30 s at each

wavelength. The triplet value is defined as the maximum

minus minimum divided by the mean value of these three

consecutive measurements. It means that each triplet repre-

sents the normalized range of these three consecutive mea-

surements. At this moment, the triplet information is used to

detect and remove clouds as well as to check the instrument’s

stability until a new operative cloud screening is applied.

Among the new features of this new instrument (CE318-T)

we highlight the following.

– The CE318-T has a new tracking system. The new four-

quadrant detector in the sensor head is designed to track

both the sun and the moon. The tracking firmware has

been optimized to provide robust moon tracking, even in

the presence of nearby clouds or night-time light pollu-

tion. The new control box uses microstepping technol-

ogy to control the robot. All movements are smoothed

and full step shocks are eliminated. The pointing reso-

lution is improved to 0.003◦ on both axes. The robot is

held in position between each movement to avoid un-

wanted movements caused by wind or cables. With all

of these new features, the new tracking system is ex-

pected to improve measurement precision in the day-

time compared to the CE318-AERONET version.

– The control box is equipped with a powerful micropro-

cessor, an internal 4 Mb flash memory and an on board

SD card that avoids any loss of data.

– A single powerful firmware includes all usual scenarios

for any of the four CE318-T models: standard, polar-

ized or sea prism. It also includes new scenarios like the

hybrid scenario (for sky measurements with larger scat-

tering angles) and curvature cross from±3 to±7.5◦ (for

improved cloud screening in the daytime).

– Data are stored and transferred with 32 bits. As a result,

previous digital gains have been eliminated.

– The instrument is designed to run (both daytime and

night-time) with its usual solar panel, for better protec-

tion against lightning effects. The internal battery has

been suppressed in order to simplify operations, and the

power consumption has been reduced. The local inter-

face is improved with a robust touch keyboard and a

large backlit graphic LCD display.

– The atmospheric pressure is measured in each group

of scenarios by a barometer integrated in the connec-

tor panel. The control box is also equipped with inputs

to connect a pyranometer and is designed to support a

SDI12 bus.

– The control box is equipped with a GPS receiver for im-

proved time synchronization and automatic localization.

– It supports communications through local serial, local

USB and local radio, and remotely through a GPRS

mobile phone with automatic transfer via file transfer

protocol or a website. For isolated locations, it supports

communication through satellite data collection plat-

form (DCP) with fully automated DCP configuration.

3 Measurement sites

The Izaña Atmospheric Observatory (http://izana.aemet.es)

is a high mountain atmospheric monitoring station located

at 2373 m a.s.l. in Tenerife, Canary Islands, Spain (28.31◦ N;

16.49◦W). It is managed by the Izaña Atmospheric Research

Center (IARC) from the State Meteorological Agency of

Spain (AEMET). High-quality atmospheric measurements

are carried out at IZO since it is normally located above a

strong and quasi-permanent subsidence temperature inver-

sion typical of the subtropical regime, which prevents pol-

lution from lower parts of the island. Clear skies and high at-

mospheric stability make IZO a suitable site for atmospheric

monitoring and calibration activities under free-tropospheric

conditions. Moreover, this station also allows us to measure

under Saharan Air Layer (SAL) conditions (Rodríguez et al.,

2011, 2015; Cuevas et al., 2013, 2015; Barreto et al., 2014b),

which is an advantage for characterizing photometers in a

wide range of AOD and AE values. This station is a member

of the WMO-GAW programme and is one of the two direct-

sun calibration sites of the AERONET network (Holben et

al., 1998). IZO is also a WMO Commission for Instruments

and Methods of Observation (CIMO) Testbed for Aerosols

and Water Vapor Remote Sensing Instruments.

Granada station (37.16◦ N, 3.60◦W; 680 m a.s.l) is an

EARLINET (Pappalardo et al., 2014) and AERONET sta-

tion, managed by the Atmospheric Physics Group (GFAT) at

the Andalusian Institute for Earth System Research (IISTA-

CEAMA). The station is located in the south-east of Spain in

a non-industrialized metropolitan area surrounded by moun-

tains. Its aerosol climatology is dominated by Atlantic air

masses, usually associated with low aerosols conditions, air

masses from Europe and the Mediterranean basin, with more

influence of anthropogenic particles, and also an important
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influence of mineral dust from the African continent (Valen-

zuela et al., 2012) detected in lofted aerosol layers in the free

troposphere that can affect the boundary layer (Guerrero-

Rascado et al., 2009; Navas-Guzmán et al., 2013; Bravo-

Aranda et al., 2015). The experimental site is also affected

by anthropogenic particles and dust resuspension from lo-

cal aerosol sources (Lyamani et al., 2010, 2012; Titos et al.,

2014).

4 Instruments and supporting information

4.1 Independent AOD measurements

Several CE318-T instruments have been installed at IZO

since 2013. The master instrument has been in operation

since December 2013, but only information from March

2014 to present can be used to characterize its performance.

Another instrument, referred to as secondary, was installed

from March to June 2014. Coincident information extracted

from these paired instruments has been used to validate the

new calibration transference technique developed for CE318-

T. Later, this secondary instrument was sent to Granada sta-

tion, where it was in operation during August 2014.

In this work we have used ancillary data collected at IZO

from Cimel AERONET instrument. AERONET version 2

Level 2.0 AOD data were retrieved from the IZO master

no. 244 (http://aeronet.gsfc.nasa.gov). This information is

quality-assured following the AERONET protocol (Holben

et al., 1998). We have also used AERONET version 2 Level

1.5 data, not quality-assured for data collected in 2015.

A four-wavelength GAW PFR developed by the WORCC

of the PMOD World Radiation Center (http://www.

pmodwrc.ch/worcc/index.html) has been in operation at IZO

since July 2001. This instrument provides AOD at 367.6,

412.1, 501.0 and 863.1 nm. The PFR instrument of IZO is di-

rectly linked with the WORCC-WMO AOD reference triad

of PFRs that operates at WORCC. During April, May and

June 2014, a PSR prototype (Gröbner et al, 2012) was run-

ning at IZO, providing coincident measurements with PFR,

CE318-AERONET and CE318-T. This spectroradiometer is

designed to measure direct solar irradiance between approx-

imately 300 and 1020 nm, with a resolution varying between

1.4 and 6 nm over the wavelength range.

The final part of the AOD evaluation procedure in-

volves CE318-T measurements performed at Granada sta-

tion. Nighttime AOD information was obtained using the

EXCALIBUR star photometer (Astronómica S. L.) which

belongs to IISTA-CEAMA. More details of this system can

be found in Pérez-Ramírez et al. (2008b, 2012a). This instru-

ment acquires direct star irradiances at 380, 436, 500, 670,

880, 940 and 1020 nm using a Schmid–Cassegrain telescope

and a charge-coupled device camera as a detector device. Pe-

riodical calibrations of the star photometer are performed

at the high mountain station Calar Alto (37.2◦ N, 2.5◦W;

2168 m a.s.l.), following the calibration technique described

in Pérez-Ramírez et al. (2011). The instrument has been

used both to follow day–night-time AOD evolution (Pérez-

Ramírez et al., 2012b) and to retrieve aerosol microphysical

properties (Pérez-Ramírez et al., 2015).

Finally, we have used vertical aerosol backscatter informa-

tion in this work extracted from a Micropulse Lidar (MPL),

MPL-3 (SES Inc., USA) system (Spinhirne et al., 1995). This

instrument has been operating at Santa Cruz de Tenerife sta-

tion (28.5◦ N, 16.2◦W; 52 m a.s.l.) since January 2005 and

it is currently in operation within the NASA/MPLNET net-

work (http://mplnet.gsfc.nasa.gov). It is co-managed by the

National Institute for Aerospace Technology (INTA, Spain)

and the IARC. Further information about MPL and the cal-

ibration techniques can be found in Campbell et al. (2002)

and in Welton and Campbell (2002).

4.2 Independent PWV measurements

For the PWV intercomparison study we have used, in ad-

dition to AERONET level 2.0 PWV measurements, a LE-

ICA GRX1200GGPRO GNSS receiver which belongs to the

Spanish National Geographical Institute (IGN), and has been

operating at IZO (IZAN station, IERS code 31309M002)

within the European Reference Frame network (EUREF,

Bruyninx, 2004) since July 2008. This instrument is part of

the EUMETNET (Network of European Meteorological Ser-

vices) GNSS water vapour programme (E-GVAP). It pro-

vides instantaneous zenith total delay (ZTD) values every

15 min (GNSS ultra-rapid orbits) by applying the Bernese

software version 5.0 (Dach et al., 2007); meanwhile, the

zenith hydrostatic delay (ZHD) is calculated at IZO with

the actual surface pressure at the station, measured with a

high-precision SETRA 470 barometer. The methodology to

convert ZWD data to PWV is described in Romero et al.

(2009). We have used 1 h resolution instantaneous ZTD post-

processed values (GNSS precise orbits). The GNSS station at

Granada (Granada station, EUREF code 13459M002), man-

aged by the Instituto Andaluz de Geofísica, is equipped with

a LEICA GRX1200PRO receptor. Only GNSS ultra-rapid or-

bits PWV data are available at Granada for the time period

studied in this paper.

4.3 Lunar irradiance model

Barreto et al. (2013a) described that in lunar photometry it

is necessary to use a lunar irradiance model to compute the

moon’s extraterrestrial irradiance (I0, Eq. (4) of Barreto et

al., 2013a) to predict the changes in this quantity through the

night. The Robotic Lunar Observatory (ROLO) at the United

States Geological Survey (USGS) in Flagstaff, Arizona, has

developed a model for the lunar spectral irradiance (Kieffer

and Stone, 2005) as part of a NASA-funded effort for on-

orbit calibration of remote sensing satellite instruments. The

ROLO model can provide the exoatmospheric lunar irradi-

ance for any given location and time within its valid geome-
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try range, and for any instrument’s spectral response within

its valid wavelength range. The model is based on fitting

thousands of lunar measurements acquired over more than

8 years with the ground-based ROLO telescopes in 32 wave-

length bands from 350 to 2450 nm. Kieffer and Stone (2005)

found band-averaged residuals ∼ 1 % from fitting the ROLO

data set with a function of only the geometric variables of

phase angle and the sub-solar and sub-observer points on the

moon, i.e. the lunar librations. This value is a measure of

the precision of ROLO model predictions of the lunar irra-

diance over its full range of geometries. For a given night of

lunar photometer measurements, the relative prediction pre-

cision is well below 1 %. In this study, ROLO model com-

putations of I0 were provided by the USGS team, as part of

their support to AERONET. We have also used the algorithm

described in Barreto et al. (2013a), which has been proven to

provide similar results to the USGS ROLO.

5 Aerosols and PWV determination using the new

CE318-T

5.1 Instrument’s calibration

Similarly to the standard CE318-AERONET calibration, the

CE318-T calibration during the daytime period can be per-

formed applying the standard Langley–Bouguer calibration

at high mountain stations for direct-sun measurements, us-

ing an integrating sphere for sky radiances’ calibration, or by

means of a cross-calibration transference technique. These

methods are extensively described in Holben et al. (1998).

In the case of the night-time, the absolute CE318-T cal-

ibration can be performed following the Lunar Langley

Method (Barreto et al., 2013a), or by means of calibration

transference using the Ratiomoon method, previously pub-

lished by Barreto et al. (2013a). In both cases, these calibra-

tion techniques require nocturnal measurements, and there-

fore they are subject to the inherent inconveniences associ-

ated with the lunar cycle (changing illumination conditions

and only a few days around full moon to perform the in-

strument calibration). In this work we present two new tech-

niques with the aim of overcoming these calibration prob-

lems at night-time: Ratiosun and Sun-Moon gain factor tech-

niques. These techniques involve the calibration transference

from a reference instrument using only daytime measure-

ments.

5.1.1 Absolute calibration at night-time

According to Barreto et al. (2013a), the absolute calibration

can not be performed using the common Langley–Bouguer

technique. The reason is that, unlike the sun, the moon is a

highly variable source which changes continuously with the

lunar-viewing geometry. Thus, Barreto et al. (2013a) devel-

oped the Lunar Langley Method modifying the usual Lang-

ley technique to be applied under variable illumination con-

ditions, avoiding the determination of the instrument calibra-

tion every night. In this method the calibration coefficient

for the instrument i (master with the superscript “M” or sec-

ondary with the superscript “S”) can be expressed as

V i0,λ = I0,λ · κ
i
λ, (1)

where I0,λ is the extraterrestrial irradiance in a certain chan-

nel with a central wavelength at λ, and κ iλ is the instrument’s

calibration constant, which depends on the instrument fea-

tures. I0,λ is calculated using the ROLO model (Kieffer and

Stone, 2005). κλ constant strictly accounts for the instru-

ment’s photometric responsivity and any residual systematic

offset difference between ROLO-predicted I0,λ and the real

exoatmospheric irradiance.

5.1.2 Calibration transference at night-time: Ratiomoon

and Ratiosun methods

Barreto et al. (2013a) found that CE318-U photometer cal-

ibration can also be attained by transference from a cali-

brated instrument (using the ratio of moon measurements,

hereinafter called Moon Ratio technique or Ratiomoon). Fol-

lowing these authors, CE318-T night-time calibration can be

performed applying this technique of nocturnal ratios. How-

ever, taking the advantage of the increased CE318-T digital

resolution and the simplicity that supposes the use of fixed

internal gains, it is also possible to establish a new way to

transfer the moon absolute calibrations from a CE318-T mas-

ter instrument to an uncalibrated secondary CE318-T instru-

ment using only daylight period measurements. In this case,

we can consider the ratio master-secondary of averaged co-

incident raw data (digital counts or DCs) measured in the

daytime (DCiD) and in the night-time (DCiN) to be similar.

Therefore,

V S
0,λ = V

M
0,λ ·

DCS
N

DCM
N

∼ VM
0,λ ·

DCS
D

DCM
D

, (2)

with
DCS

D

DCM
D

= Ratiosun. This new calibration method is called

the Sun Ratio technique and avoids the use of nocturnal co-

incident measurements between master and secondary mea-

surements (or Ratiomoon), which are affected by higher un-

certainties and have to meet restrictive criteria about moon

illumination. Thus, the calibration transference using the Sun

Ratio makes the calibration of CE318-T instruments simpler

and easier. It implies that, combining Eqs. (1) and (2), once a

master instrument is moon-calibrated using the Lunar Lang-

ley Method (κM
λ ), it is possible to find the spectral calibration

constants for the secondary (κS
λ ) by means of coincident day-

time measurements:

κS
λ = κ

M
λ ·RatioSun,λ. (3)

Implicit in this assumption is the fact that the lunar irradi-

ance model (I0,λ) is the same for master and secondary co-

incident measurements and also the fact that the Ratiomoon

Atmos. Meas. Tech., 9, 631–654, 2016 www.atmos-meas-tech.net/9/631/2016/



Á. Barreto et al.: The new sun-sky-lunar Cimel CE318-T multiband photometer 637

and the Ratiosun are very close, which, in turn, depends on

the value of the fixed resistance gains installed in each in-

strument. These resistances link detector voltages and output

voltages, with a different configuration (in parallel or in se-

ries) depending on the type of measurement (sun mode or

moon/sky mode). As a result, the goodness of the Eq. (3)

depends on how uncertain the assigned value of these resis-

tances is (∼ 1 %, given by the manufacturer), and the vari-

ability of these values between different instruments.

5.1.3 Calibration at night-time using an integrated

sphere: the Sun-Moon gain factor method

A fourth method for CE318-T calibration exists, based on

previous works developed by Berkoff et al. (2011) and Bar-

reto et al. (2013a), which implies the direct transference of

daytime calibration to night-time through the estimation of

the different amplification used between sun and moon mea-

surements. It is important to note that the direct-sun and the

direct-moon measurements are always performed with the

same optical components, so that the only difference between

them is the electronic gain or amplification. This amplifica-

tion can be estimated in laboratory by means of the ratio

of moon and sun measurements ( DCN

DCD
) using an integrating

sphere as light source. In that case, the CE318-T output sig-

nal ratio equals the gain ratio (Li et al., 2008). Following this

idea, it is possible to estimate night-time κλ using Eq. (4).

κλ =
V0,λ

E0,λ

·G (4)

In this equation V0,λ represents the daytime calibration for

each channel, E0,λ is the extraterrestrial solar irradiance and

G is the amplification between daytime and night-time mea-

surements.

This Sun-Moon gain factor method is simpler than the pre-

vious techniques because it is not dependent on the ROLO

model and it only requires the daytime calibration and G de-

termination in the laboratory for κλ estimation, which can be

easily implemented in the routine sphere calibration process

in AERONET network.

5.2 AOD and AE determination

Once night-time κλs are known, it is possible to determine

instantaneous AOD from each individual measurement:

AODλ =
ln(κλ)− ln( Vλ

I0,λ
)−matm(θ) · τatm,λ

ma(θ)
. (5)

The subscript “atm” accounts for air mass and optical

depth of all atmospheric attenuators with the exception of

aerosols. This term includes the contribution of Rayleigh, O3

and NO2 optical depths, calculated using the same equations

and resources as AERONET version 2. Atmospheric pres-

sure has been estimated using the common hydrostatic equa-

tion because the information from the CE318-T-integrated

barometer was not available for the time period used in this

study.

Since AE is a measure of the wavelength dependence of

the AOD (Angström, 1929), it is a qualitative indicator of

aerosol particle size (Kaufman et al., 1994) and useful to dis-

criminate different atmospheric aerosol types. This parame-

ter is usually retrieved using AOD within the spectral range

between 870 and 440 nm. We can obtain AE using the fol-

lowing equation:

ln(AOD(λj ))= ln(β)−AE · ln(λj ). (6)

5.3 PWV determination

The Beer–Lambert–Bouguer law must be modified in those

spectral regions affected by strong spectral variation of

molecular absorption. We do this taking into account the

water vapour transmittance: Tw,λ (Schmid et al., 1996). As

Bruegge et al. (1992) and Halthore et al. (1997) showed, Tw,λ

presents a exponential dependence with PWV:

Tw,λ = exp(−a(mw(θ) ·PWV)b). (7)

As shown by Barreto et al. (2013b) for the night-time pe-

riod, the “a” and “b” constants can be determined by fitting

the simulated Tw,λ by a radiative transfer model for a spe-

cific filter function vs. the PWV. Hence, PWV is obtained

using the following expression:

PWV=
1

mw

· {
1

a
· [ln(

I0,λ

Vλ
)+ ln(κλ)−mR · τR,λ−ma ·AODλ]}

1
b . (8)

In this equation, mw represents the water vapour opti-

cal mass, mR is the Rayleigh optical mass and τR,λ is the

Rayleigh optical depth within water vapour absorption band.

All these values have been obtained using AERONET ver-

sion 2 references. I0,λ is obtained from the ROLO lunar ir-

radiance model, AOD in this spectral region is obtained by

extrapolation of AOD at 870 and 440 nm and “a” and “b”

constants are obtained by simulation of water vapour trans-

mittances using the radiative code MODTRAN 4.0 (Berk et

al., 1999) (a = 0.732 and b = 0.611).

6 AOD combined standard uncertainty estimation

In order to perform a quantitative estimation of the uncer-

tainty involved in AOD retrieved by the CE318-T, we have

followed the uncertainty propagation procedure described by

the Joint Committee for Guides in Metrology (JCGM, 2008).

Equation (9) shows the estimated combined standard uncer-

tainty in AOD (uAOD) considering that the inputs (V0, V

and m) are not correlated. It is calculated using summation

in quadrature of each term uxi , which represents the stan-

dard uncertainty associated with each input. For the sake of

brevity, wavelength dependence on these inputs has not been

included.

uAOD =

√
1

m2
·

[( δAOD

δV0

)2

· u2(V0)+
( δAOD

δV

)2

· u2(V )+
( δAOD

δm

)2

· u2(m)
]

(9)
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For the daytime period, we can consider the instrumental

uncertainty negligible due to electro-optical precision (Hol-

ben et al., 1998) and due to air mass calculation. Conse-

quently, the uncertainty associated with the calibration term

u(V0) is much larger than the uncertainty associated with the

other terms. As a result, we can estimate the uncertainty in

AOD during the daytime (uD
AOD) as a function of the error of

the zero air mass term modulated by the air mass:

uD
AOD =

1

m
·
u(V0)

V0

. (10)

As Holben et al. (1998) and Eck et al. (1999) suggested,

the combined standard uncertainty of atmosphere, instrument

noise and calibration in CE318-AERONET instruments can

be inferred by means of the coefficient of variation (CV)

of several V0 values obtained at a reference station such as

Mauna Loa. They found relative uncertainties for reference

instruments better than 0.2–0.5 and ∼ 1.5 % for field instru-

ments in the visible and the near-infrared (nIR) range (Eck

et al., 1999; Schmid et al., 1999). This yields an uncertainty

due to calibration (u(V0)) between 0.002 and 0.005 for refer-

ence instruments and ∼ 0.015 for instruments calibrated by

means of intercomparison techniques. Following Eck et al.

(1999) and Toledano et al. (2007), it is necessary to include

the errors associated with the estimation of Rayleigh optical

depth and gaseous absorptions. In the case of CE318-T in the

daytime period, we also expect negligible instrument uncer-

tainty u(V ) (since dark current and triplets are considerably

low) as well as similar estimations for Rayleigh and gases’

optical depths. Assuming the values proposed by Eck et al.

(1999), a total AOD uncertainty (uD
AOD) of ∼ 0.002–0.009

is estimated for reference instruments, and ∼ 0.010–0.021

for field instruments. Daytime calibration uncertainty due to

Langley and intercomparison procedures are also expected

to be similar for CE318-T and CE318-AERONET. These as-

sumptions will be discussed in Sect. 6.1.

In the case of night-time measurements, taking Eq. (1) into

account, an alternative form of Eq. (9) is required, including

three additional terms: two terms attributed to the contribu-

tion of u(V ) and the uncertainty in the ROLO model (u(I0)),

and another term which includes the correlation coefficient r

(often called covariance term) of the correlated inputs κ and

I0 (Eq. 11). Please note that the term u(κ) corresponds to the

uncertainty due to calibration, and it is similar to the cali-

bration term involved in Eq. (10) for daytime measurements

(u(V0) in this case).

uNAOD

2
=

1

m2

(u2(κ)

κ2
+
u2(I0)

I 2
0

+
u2(V )

V 2

)
+

2

m2
· rκ,I0 ·

(δAOD
δκ

)
·

(δAOD
δI0

)
· u(κ)

· u(I0)∼
1

m2

(u2(κ)

κ2
+
u2(I0)

I 2
0

+
u2(V )

V 2

)
(11)

Although the existence of a correlation between κ and I0

can be anticipated, the covariance term is expected to be near

to 0. The reason for neglecting this term is the low impact of

I0 systematic uncertainties on κ during the Langley period

(≤ 2 h). In any case, considering these two magnitudes are

inversely correlated (negative covariance), by neglecting this

term, we are obtaining a conservative estimate of the total

uncertainty for the night-time period.

Equation (11) presents a combined uncertainty in AOD

measurements at night-time related to the random uncertain-

ties in the calibration process as a result of the statistical dis-

persion estimation (u(κ)), in addition to the systematic un-

certainties due to ROLO estimations (u(I0)) and instrument

uncertainty (u(V )). Kieffer and Stone (2005) estimated a rel-

ative accuracy of this model ≤ 1 %, and therefore we expect

an additional error in computed AOD of ≤ 0.01. The term

in Eq. (11) associated with the instrument calibration can

be obtained, similarly to the daytime period, by means of

CVs of the κs obtained from Lunar Langley-calibrated in-

struments. The estimate of calibration uncertainty at night-

time for field instruments can be performed by analysing the

difference between sun and moon ratios in the case of instru-

ments calibrated using the Moon Ratio technique. An addi-

tional error in AOD determination must be included when the

Sun Ratio technique is applied. This term is dependent on the

precision in the measurement of the internal resistance gains

which relate the sun and moon/sky scenarios, and therefore

the Ratiosun and the Ratiomoon values, with each other. In

the case of instruments calibrated using the new Sun-Moon

gain factor technique, u(κ) has the contribution of u(V0), E0

and G calculation. We estimate and discuss these nocturnal

instrument calibration uncertainties for field instruments in

Sect. 6.2.

The last term in Eq. (11) represents the uncertainty due

to instrument precision. This term will be determined in

Sect. 6.1 using the normalized range of three consecutive

measurements (triplets), in the same way that normalized

standard deviations or CVs are used to determine u(κ). In

our case, since we are working with a set of data with just

three measurements, normalized range and normalized stan-

dard deviation of triplets are similar quantities. We have em-

pirically determined that they differ by a factor of 2 (normal-

ized range is ∼ 2 times the normalized standard deviation).

Finally, it is important to highlight that these errors are

modulated by the air mass term, and therefore all these ex-

pected values are the maximum AOD errors atm= 1 (for so-
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lar noon and highest moon elevation conditions), and are re-

duced by a factor of 1/m as the zenith angle becomes higher,

with a minimum at sunset and sunrise in the daytime, and at

moonrise and moonset at night-time.

6.1 uAOD estimation for reference instruments

Firstly, we have estimated the uncertainty in calibration for

reference instruments (Langley-calibrated). To do this, we

computed at IZO the spectral calibration coefficients V0,λ

for daytime and the calibration constant κλ for night-time for

the CE318-T master instrument using the Langley–Bouguer

technique and the Lunar Langley Method from the average of

20 days (from February to May 2014) and 6 nights (March

to June 2014), respectively. These days and nights were af-

fected by low and quite stable aerosol loads. CV for day-

time Langley calibration is ≤ 0.31 %, similar to those pre-

sented in Holben et al. (1998) for Mauna Loa reference sun

photometers. It demonstrates that we can consider the same

calibration uncertainty for CE318-T and CE318-AERONET

Langley-calibrated instruments during the daytime, as sug-

gested previously. For the night-time, CVs range from 0.39

to 0.78 % for visible channels, to values of 0.73 and 1.24 %

for 1020 and 1640 nm, respectively. It leads to an uncertainty

calibration estimation of 0.004–0.008 for visible channels

and 0.007–0.014 for near-IR channels in the case of reference

instruments. According to Eq. (11), a value of 0.01 must be

added due to uncertainties in the ROLO irradiance model and

also a value of u(V ) as a result of instrumental uncertainties.

Secondly, a comparison analysis on the triplets measured

by two master instruments installed at IZO, the CE318-T and

the CE318-AERONET, has been performed in order to check

the performance of the new CE318-T tracking system, as

well as to estimate the instrument precision term (u(V )) in

Eq. (11). For this study AERONET level 1.5 triplets have

been used. Only very stable aerosol conditions have been

chosen to analyse triplets variability, selecting a set of 23

days (between February and March 2015) characterized by

low AOD at 500 nm values (≤ 0.02). We can see significantly

lower triplet variability values at all wavelengths for CE318-

T compared to the previous CE318-AERONET in Fig. 1a.

The higher variability in CE318-AERONET 1020 nm chan-

nel indicates a possible problem affecting this channel, in ad-

dition to the expected uncertainties due to the lack of temper-

ature correction in this level 1.5 data version. The rest of the

channels showed CE318-T mean triplet values between 112

and 172 % lower than those values for CE318-AERONET. It

indicates the better performance of this new tracking system,

pointing to an improved precision of CE318-T compared to

previous sun photometer versions. However, it is fair to admit

that a final confirmation of the CE318-T precision improve-

ment must be given after using data from several instruments.

We have also analysed the variability of CE318-T triplets

at night-time, including a set of 7 nights near full moon

and 5 nights near quarter moon between January and April

Figure 1. Box plot of triplets (in %) measured at IZO for (a) CE318-

T and CE318-AERONET in a daytime period of 23 days from

February and March 2015, with pristine conditions (AOD at 500 nm

≤ 0.02), and (b) for CE318-T in a night-time period of 7 nights near

full moon (FM, in blue) and 5 nights near quarter moon (QM, in red)

between January and April 2015. In this figure, circles represent the

mean value, while the horizontal line inside each box is the median

value.

2015 (Fig. 1b). Generally, triplets measured under near full

moon conditions are lower than 0.2 %, similar to the CE318-

AERONET daytime triplet values. For low illumination con-

ditions, triplets are higher, up to 1 % in all channels with the

exception of 440 nm, with triplets up to 2 %. Thus, the ad-

ditional uncertainty due to measurement errors is dependent

on illumination conditions and is half of the triplets’ normal-

ized range (an estimation of the normalized standard devia-

tion), with a value ≤ 0.001 for near full moon and 0.005 for

near quarter moon (0.01 in the case of the 440 nm channel).

With this information we could estimate that the combined

AOD standard uncertainty at night-time for a reference in-

strument is 0.011–0.013 (0.012–0.014) in the case of visible

channels and full moon (quarter moon) conditions, with val-

ues up to 0.016 in the 440 nm channel at higher phase angles.

For near-IR wavelengths we have obtained a combined stan-

dard uncertainty estimation in AOD, ranging from 0.012 to

0.017 for full moon conditions and between 0.013 and 0.018

for quarter moon.

6.2 uAOD estimation for field instruments

In order to estimate the combined standard uncertainty in

AOD measurements for CE318-T field instruments, we per-
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Figure 2. Ratio of simultaneous master/secondary signals at IZO performed on 11 consecutive days and 10 consecutive nights in June 2014.

The vertical black line corresponds to the coincidence of full moon conditions. Standard deviations (σ s) and ratio differences (1 ratio) are

depicted in each figure for ratios of sun midday and ±1 night near full moon events.

formed the calibration of a secondary instrument using co-

incident master/secondary measurements taken under stable

atmospheric conditions on 22 consecutive days (from 9 to

30 June 2014) and 10 consecutive nights (from 9 to 20 June

2014) in order to ensure the validity of Eq. (3) for κS
λ es-

timation. The different spectral ratio in this lunar cycle at

each channel was calculated to show the ratio variability

in daytime and night-time conditions throughout the lunar

cycle (Fig. 2 for 11 consecutive days and 10 consecutive

nights). We observe that the ratio of measurements during

day and night is quite similar in the case of high moon illu-

mination conditions, and the ratio performed using nocturnal

measurements presents higher dispersion with decreasing il-

lumination of the moon. We have found similar standard de-

viations (σ ’s) in the daytime and in the night-time for ±1

night around full moon conditions and ratio sun/moon rel-

ative differences (1ratio)< 0.3 % for visible channels (see

information included in this figure). Higher 1ratio values

were obtained for 1020 nm channel (0.57 %), attributed to

the temperature effect at this spectral range. It implies that

a new uncertainty term must be assumed for instruments cal-

ibrated by means of the Moon Ratio technique (0.006 for

1020 nm channel and 0.003 for the rest of channels). Conse-

quently, following Eq. (11), a CE318-T instrument calibrated

by means of the Moon Ratio calibration technique has a com-

bined standard estimated uncertainty for visible channels of

0.011–0.013 (0.012–0.014) under full moon (quarter moon)

conditions, with the exception of the 440 nm channel at

higher phase angles, with values up to 0.017. In the 1640 nm

range, we have obtained uncertainties ranging from 0.013 to

0.017 (0.014 to 0.018) for full moon (quarter moon), and for

the 1020 nm channel, these values range within 0.014–0.018

(0.015–0.019) for full moon (quarter moon).

Figure 3. Relative differences between Ratiosun and Ratiomoon for

seven different heads at IZO.

In the case of field instruments calibrated by means of the

Sun Ratio technique, we have to take into account the present

precision ≤ 1 % in the instrumental resistance gains given by

the manufacturer. In this respect we have studied the dif-

ference between Ratiosun and Ratiomoon in near full moon

events for seven different heads (all of them installed at IZO

during 2014). Our results showed that this relative difference

is within the ±1 % stated by the manufacturer as the pre-

cision limit, and is wavelength-dependent (Fig. 3). Indeed,

this figure shows relative differences< 0.5 % for λ≤ 870 nm

and values up to 0.8 % for near-IR channels. With this infor-

mation, the additional uncertainty term in those instruments

that are Sun Ratio-calibrated can be fixed to values ≤ 0.8 %

for near-IR channels and ≤ 0.5 % for channels in the visible

range. Therefore, following Eq. (11), the combined nocturnal

AOD uncertainty due to κ , I0 and V uncertainties in a Sun

Ratio-calibrated field instrument is expected to be from 0.012

to 0.014 (0.013 to 0.015) for visible wavelength channels at

full (quarter) moon conditions with the exception of 440 nm,
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with values up to 0.017 in the case of low moon illumina-

tion. For near-IR channels, we obtained values from 0.015

to 0.019 (0.016 to 0.020) for the 1640 nm channel under full

(quarter) moon events, and between 0.016 and 0.020 (0.017

and 0.021) in the case of the 1020 nm channel. It assures the

validity of the Sun Ratio method for CE318-T calibration as a

simple technique with relatively low uncertainties (maximum

uncertainties expected to be≤ 0.021), reducing the complex-

ities of the former Moon Ratio technique considerably.

Finally, in the case of instruments calibrated by means of

the Sun-Moon gain factor method, a new contribution in u(κ)

term must be included in agreement with Eq. (4). Doing so,

u(κ) depends on the uncertainty associated with the calibra-

tion term u(V0) (0.002–0.005 in the case of a reference in-

strument that is Langley-calibrated), with the contribution of

E0 solar irradiance model uncertainty and the factor u(G)/G

relative to the Sun-Moon gain calculation. We have estimated

the u(E0)/E0 contribution in 0.005, as a conservative value

taking into account the inherent uncertainty associated with

this type of models (see Gueymard (2003)). In the case of

u(G)/G uncertainty, we can consider that the contribution

from the integrating sphere is low, since G calculation is

based on the ratio of moon and sun measurements, differ-

ing as much in 1–2 ‰. Therefore, in order to estimate this

contribution, we have used the CV of 40 different G values

obtained from 10 different moon/sun ratios in four differ-

ent channels (1640 to 675 nm), those having more than 400

counts in the sun (low gain) scenario, finding a CV value of

0.011. Considering the instrumental noise term (u(V )) and

the uncertainty in the ROLO model (u(I0)), we have esti-

mated a combined nocturnal AOD uncertainty between 0.016

and 0.017 for all channels, with the exception of the 440 nm

channel, with values up to 0.019.

A summary of the uAOD estimation for both reference and

field instruments is presented in Table 3.

6.3 Case study to estimate CE318-T precision

Precision, defined as the capability of the instrument to per-

form measurements repeatedly and reliably, can be inferred

from the information extracted from the triplets, as we did

previously in Sect. 6.1. However, it is also possible to deter-

mine the precision in AOD through an analysis of the AOD

measurements and their dispersion under very stable AOD

conditions. Thus, the standard deviation in AOD (σ(AOD))

in such conditions provides the information about the instru-

ment’s precision. For this purpose, we have selected a case

study at IZO of 3 different days and nights between 15 and

18 March 2014, in which AOD conditions were quite stable

and moon’s illumination was high (full moon in 16 March).

In fact, these conditions will be used in Sect. 8 to study

the CE318-T performance in more detail. We have coinci-

dent daytime AOD information in this time period from the

CE318-T master instrument, the CE318-AERONET master

instrument and the PFR, as well as night-time AOD informa-

tion from the same CE318-T master instrument.

Averaged AOD values in the daytime of 0.019, 0.013 and

0.013 were found for PFR, CE318-AERONET and CE318-

T, respectively, confirming the low aerosol loads in this pe-

riod. Nighttime averaged AOD was 0.022. The stable AOD

conditions were confirmed by means of the analysis of the

σ(AOD) of each instrument, with daytime values of 0.009,

0.004 and 0.003 for PFR, CE318-AERONET and CE318-T,

respectively, and night-time values of 0.003. These results

confirmed that the CE318-T precision is similar to other ref-

erence instruments for both daytime and night-time (under

near full moon conditions).

7 CE318-T intercomparison with reference

instruments

The CE318-T AOD and PWV characterization and assess-

ment was carried out at IZO and Granada. Daytime obser-

vations at IZO encompass daytime measurements in 2014

taken on 60 days from 1 March to 30 June; meanwhile at

night-time, the study is focused on 32 nights, corresponding

to four different moon cycles in 2014: 12–23 March, 7–19

April, 7–13 May and 9–16 June. Nocturnal evaluation per-

formed at Granada station involves 4 nights of collocated

measurements CE318-T/star-photometer on 7–8, 9–10, 11–

12 and 14–15 August 2014.

7.1 Assessment of the Sun Ratio calibration method

In order to confirm the suitability of the nocturnal calibra-

tion transference using the Ratio Sun technique, we have

computed the scatter plot of AOD coincident measurements

performed at IZO by the master instrument (direct-sun-

calibrated and direct-moon-calibrated measurements using

the Langley and the Lunar Langley methods according to

Sect. 6.1) and the secondary instrument (sun-calibrated us-

ing calibration transference and moon-calibrated using both

the Sun Ratio and Moon Ratio techniques) (see Fig. 4). The

main statistics of the comparison are presented in Table 4. We

observed a good agreement between the AOD retrieved in the

daytime from the master instrument and the secondary instru-

ment (mean bias (MB) and root mean square error (RMSE)

values ≤ 0.002). For night-time we obtained similar results

by calibrating the secondary instrument using the Ratiosun

or the Ratiomoon, with MBs and RMSEs slightly higher us-

ing daytime ratios, but in all cases within the expected pre-

cision for a reference instrument (MBs< 0.004 and RM-

SEs< 0.008).

7.2 Assessment of the Sun-Moon gain factor

calibration method

We have checked the suitability of the Sun-Moon gain fac-

tor calibration technique by comparing the calibration coef-

ficients obtained at night-time by means of the Lunar Lan-
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Figure 4. Scatter plot with CE318-T master- vs. secondary-derived

AODs for (a) a period of 22 consecutive days and (b) and (c) for

a period of 10 consecutive nights in June 2014, with the secondary

instrument calibrated using the Sun Ratio and the Moon Ratio tech-

niques, respectively.

gley Method and with this new technique for three different

heads calibrated in Izaña between 2014 and 2015. We present

the relative differences (in %) in Table 1, showing absolute

differences of 2.6 % on average including all channels, with

larger discrepancies in the 1640 and 1020 nm channels, 4 and

3.7 % on average, respectively.

In order to quantify the AOD uncertainty involved in this

new calibration method we have compared the AOD obtained

by the same CE318-T instrument calibrated at Izaña using

the Lunar Langley and the Sun-Moon gain factor calibra-

tions techniques in May and June, 2014. This analysis en-

compasses 6072 coincidences in 17 different days during the

two lunar cycles. Table 2 presents the main statistics of this

comparison study, showing RMSEs< 0.02 in 1020–500 nm

wavelength range, within the expected uncertainty presented

in Sect. 6 for Sun-Moon gain factor-calibrated field instru-

ments. However, higher discrepancies were found in the case

of 1640 nm (0.027) and 440 nm (0.029). Further investiga-

Table 1. Relative differences (in %) in calibration coefficients ex-

tracted by means the Sun-Moon gain factor method and the Lunar

Langley method for three different heads calibrated at Izaña.

Channel (nm) Head no. 1 Head no. 2 Head no. 3

1640 5.4 3.8 2.8

1020 −1.4 −5.1 −4.8

870 0.7 −3.7 −0.7

675 0.8 −3.1 −1.9

500 4.0 0.5 1.9

440 3.5 0.7 3.3

Table 2. Main statistics of the AOD differences obtained by means

the Sun-Moon gain factor method and the Lunar Langley method

for one head at Izaña for May and June, 2014. We have included

mean bias (MB), standard deviation (σ ) and root mean square error

(RMSE) values.

Channel (nm) MB σ RMSE

1640 0.027 0.009 0.029

1020 0.016 0.005 0.017

870 −0.002 0.001 0.002

675 0.005 0.002 0.006

500 0.014 0.005 0.015

440 0.025 0.008 0.027

tions must be carried out to explain the higher differences

found at 1640 and at 440 nm and to assess the possibility of

using these differences to estimate ROLO’s residual errors.

7.3 AOD daytime period intercomparison at IZO

We have used three independent and collocated measure-

ments at IZO from PFR, PSR and CE318-AERONET to val-

idate the CE318-T master performance during daytime. As

WMO (2005) stated, the preferred method of traceability to

evaluate the instrument’s accuracy is by means of co-location

of representative networks’ instruments performed at refer-

ence wavelengths, trying to ensure a minimum wavelength

difference between their channels. Since CE318-T and PFR

take measurements at different wavelengths, it is not possi-

ble to perform such a comparison at all CE318-T channels.

For this reason, we have selected for this intercomparison the

channels centred ∼ at 870 and 500 nm.

There are other specific limits established by WMO (2005)

to ensure successful comparisons, besides the minimum

wavelength criteria. These limits are (1) more than 1000

coincident points, (2) minimum of 5 clear sky days, and

(3) AOD values within a 0.040–0.200 range during the com-

parison period. In this study we have satisfied all the afore-

mentioned limits, as can be seen in the text included in Fig. 5,

where the main results of the intercomparison are shown.

In a first stage, we have compared quasi-coincident

(±1 min) AOD measurements in the daytime period ex-
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Figure 5. Scatter plots of AOD at 870 nm (blue) and 500 nm (cyan) using four different and independent measurements (CE318-T, CE318-

AERONET, PFR and PSR) during March, April, May and June 2014 at IZO. In each figure, the dotted line represents the linear regression

line, and the solid line is the diagonal.

Table 3. Summary for night-time uAOD estimated values for visi-

ble (VIS) and near-IR (nIR) channels considering the four different

calibration techniques: Lunar Langley method (LLM), Ratio Moon

(RM), Ratio Sun (RS) and Sun-Moon gain factor (SMG) methods.

These results are presented for different moon illumination condi-

tions: full moon (FM) and quarter moon (QM).

VIS 440 nm nIR

LLM
FM ±0.011–0.013 ±0.011–0.013 ±0.012–0.017

QM ±0.012-0.014 ±0.012–0.016 ±0.013–0.018

RM
FM ±0.011–0.013 ±0.011–0.013 ±0.013–0.017

QM ±0.012-0.014 ±0.012–0.017 ±0.014–0.018

RS
FM ±0.012–0.014 ±0.012–0.014 ±0.015–0.020

QM ±0.013-0.015 ±0.013–0.017 ±0.016–0.021

SMG
FM ±0.016 ±0.016 ±0.016

QM ±0.017 ±0.017–0.019 ±0.017

tracted from CE318-T and CE318-AERONET in the 60-day

period from March to June 2014 (Fig. 5). MB≤ 0.001 and

RMSE≤ 0.002 were obtained, in addition to high regres-

sion coefficients> 0.99. These values are consistent with the

AOD uncertainty associated with high-mountain-calibrated

reference instruments presented by Eck et al. (1999).

A subsequent intercomparison study using CE318-T and

PFR, as well as between CE318-T and PSR in the same pe-

riod, encompasses coincident daylight measurements at IZO

in a temporal window of ±1 min. We can see a good agree-

ment between AOD extracted from CE318-T and PFR/PSR

instruments (r > 0.99) and MBs and RMSEs below 0.003

for PFR, and MBs and RMSEs below 0.006 for PSR. Skill

scores obtained for CE318-T and PFR are similar to the val-

ues obtained by Nyeki et al. (2013) in a 5-month comparison

at IZO in 2009 and better than those found by Kazadzis et

al. (2014) in Athens, Greece, using ground instruments. We

have also compared collocated PSR/PFR, AERONET/PFR

and AERONET/PSR, finding similar results to those ob-

tained in the two last comparisons (MBs≤ 0.003 and RM-

SEs≤ 0.006 for all comparisons in both channels).

WMO (2005) also stated that an acceptable traceability

exists only if differences in AOD between reference instru-

ment lie within acceptance limits, which are defined for fi-

nite field-of-view instruments in function of air mass (ma).

They defined the expanded uncertainty limits at a 95 % con-

fidence level as U95 =±(0.005+ 0.010/ma), matching the

level of 2 standard deviations for a Gaussian distribution.

Therefore, this type of criterion assumes that our error distri-

bution follows a normal distribution. All the U95 values for

all instruments in this comparison are within the specified

limits (Fig. 6). U95 levels are similar to the values obtained
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Table 4. Statistics of the master vs. secondary AOD comparison: mean bias (MB), root mean square error (RMSE) and Pearson correlation

coefficient (r).

Daylight (N = 5566)

Channel (nm) 1020 1640 870 675 440 500

MB 0.001 0.002 0.001 0.001 0.001 0.002

RMSE 0.002 0.002 0.002 0.002 0.000 0.002

r 0.999 0.999 0.999 0.999 0.999 0.999

Night-time – Sun Ratio (N = 2319)

MB −0.004 0.001 −0.001 −0.002 −0.002 −0.001

RMSE 0.006 0.003 0.003 0.004 0.008 0.005

r 0.996 0.999 0.998 0.998 0.992 0.996

Night-time – Moon Ratio (N = 2319)

MB −40.001 0.000 −0.001 −0.000 −0.001 −0.000

RMSE 0.005 0.002 0.003 0.003 0.007 0.005

r 0.996 0.999 0.998 0.998 0.992 0.996

Figure 6. AOD differences vs. air mass for the channel centred at 870 nm (blue) and 500 nm (cyan). The solid line represents the U95

uncertainty limit. In each figure panel, the percentage of points within the U95 limits is included.

by Nyeki et al. (2013) when comparing the standard CE318-

AERONET with PFR at IZO. Values for 870 nm channels are

also in agreement with those results found by Kazadzis et al.

(2014) for AERONET–PFR comparison at Athens, but our

results for the 500 nm channel are considerably better.

Consequently, we have obtained similar AOD differences

in the daytime between CE318-T and reference instruments,

as the current CE318-AERONET master instrument and the

PFR. As a result, we can anticipate a precision of the new

CE318-T in the daytime similar to the other reference in-

struments, which is in agreement with the expected daytime

accuracies presented in Sect. 6.
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Figure 7. AOD at the 500 nm channel from CE318-T in the daytime and night-time (in blue), and from the star photometer (in green) at

Granada in 8 consecutive days in August 2014. Vertical line represents the full moon phase.

7.4 AOD nocturnal intercomparison at Granada

Coincident measurements of the CE318-T secondary instru-

ment (Sun Ratio-calibrated) and the star photometer in a

temporal window of ±15 min were performed at Granada

during 4 nights in August 2014 (7–8, 8–9, 11–12 and 14–

15). During this period, stellar information in 880, 500 and

440 nm channels, close to CE318-T wavelengths, were ex-

tracted. Main statistics of the comparison are presented in

Table 5, showing high regression coefficients for the three

channels and reduced MBs and RMSEs in the case of longer

wavelength channels (≤ 0.001 for 870 nm and ≤ 0.013 for

500 nm). Higher discrepancies were found in the case of the

440 nm channel (MB=−0.033 and RMSE= 0.018). The se-

quence of AOD measured at 500 nm by CE318-T in the day-

time and night-time are displayed in Fig. 7, as well as star

photometer night-time AODs. The scatter plot of AOD ex-

tracted from these two instruments at 870, 500 and 440 nm

channels is shown in Fig. 8. There is a good agreement be-

tween both instruments in the case of the 870 and 500 nm

channels, with discrepancies lower than the expected accura-

cies for the star photometer published by Pérez-Ramírez et al.

(2011) and also lower than the errors presented in Sect. 6 for

field instruments. On the contrary, the differences found in

the case of the 440 nm channel are higher than those expected

for star photometry and slightly higher than the maximum

uncertainty values for CE318-T field instruments in visible

channels theoretically estimated using Eq. (11) (≤ 0.017 for

secondary Sun Ratio-calibrated instruments). This might be

attributed to a calibration problem in the star photometer in

this channel.

7.5 AOD day/night transition coherence test

The daytime and night-time AOD evolution extracted at

IZO from the CE318-AERONET master instrument and the

CE318-T master instrument for a sequence of four moon

cycles in March, April, May and June 2014 (60 days and

32 nights) is shown in Fig. 9. The moon’s fraction of illu-

mination (FI) is also depicted in each AOD figure to show

the accuracy dependence of CE318-T nocturnal retrievals on

Table 5. Statistics of the CE318-T and star photometer AOD com-

parison during August 2014: mean bias (MB), root mean square

error (RMSE), Pearson correlation coefficient (r) and number of

coincidences (N ).

Channel (nm) 870 500 440

MB −0.001 0.013 −0.033

RMSE 0.003 0.009 0.018

r 0.946 0.937 0.911

N 15 15 14

Figure 8. Scatter plot CE318-T AOD vs. stellar AOD at Granada

for 4 nights in August 2014. The dotted line represents the linear

regression line, and the solid line is the 1 : 1 line.

the lunar phase. An artificial AOD cycle with the moon’s

zenith angle is readily observed in Fig. 9 for the case of low

AOD events. The result is a curvature in AOD with max-

imum absolute values when the moon zenith angle is mini-

mum. This cycle is more important in the case of the 1640 nm

channel. The quantitative analysis of AOD differences be-

tween the daytime and night-time period with respect to FI is

shown in Tables 6 and 7, in which we have compared noctur-

nal (CE318-T) and daytime (CE318-AERONET) data corre-

sponding to the consecutive 1 h time period during moonset-

sunrise (MS-SR, 23 events) and sunset-moonrise (SS-MR, 20

events) for different illumination conditions, assuming sta-
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Figure 9. Diurnal CE318-AERONET/CE318-T AOD evolution

during (a) March, (b) April, (c) May and (d) June 2014 at IZO.

The blue line and right y axis correspond to the evolution in this

period of the moon’s factor of illumination (FI).

ble AOD conditions. In this respect, no significant changes

in aerosol loads were observed during this period, with the

exception of the variations in AOD observed on 10–11 May

and on 12–13, 14–15 and 15–16 June. These data have not

been included in the analysis. MS-SR events are represen-

tative of conditions before full moon, while SS-MR events

are typically observed after full moon. These tables show

that, in general for MS-SR events, MBs for channels with

shorter wavelengths (λ≤ 870 nm) and for any illumination

condition are ≤ 0.015, slightly higher than the values re-

ported by Eck et al. (1999) and Schmid et al. (1999) for

reference instruments but within the expected uncertainties

calculated in Sect. 6. Somewhat higher differences appeared

in SS-MR events, when MBs and RMSEs ≤ 0.018 (0.022 for

the 440 nm channel) are retrieved, with the exception found

at FI between 70 and 80 %, when we obtained an MB of

0.024 for the 870 nm channel, while an MB value of −0.001

is obtained for similar illumination conditions in the case of

the MS-SR period. In the case of longer wavelength channels

(1020 and 1640 nm) we have found significant discrepancies

for low illumination conditions (MBs> 0.06), especially in

the 1640 nm channel, with higher differences after full moon

conditions. In these channels MBs< 0.02 can only be found

under FI≥ 90 %. Generally, the lower the RMSE values, the

higher the moon’s illumination.

This information shows that the values estimated by

Eq. (11) and presented in Sect. 6 for CE318-T nocturnal

AOD uncertainty match reasonably well the mean differ-

ences obtained in this coherence test for visible channels un-

der all illumination conditions (up to 0.016 for reference in-

struments) and for near-infrared channels (up to 0.018 for

reference instruments) only for high FI conditions (> 90 %).

The artificial nocturnal cycle on AOD is observed for any

wavelength, with a minor impact at λ < 1020 nm, the chan-

nel centred at 1640 nm being the most affected channel. The

reason for this nocturnal cycle is unclear, and further inves-

tigations must be developed to clarify it, although it possibly

reflects a problem in the instrument calibration, in the night-

time AOD calculation and/or in the lunar irradiance model.

7.6 Precipitable water vapour intercomparison

We have compared ±15 min quasi-coincident daytime PWV

data from the CE318-T master instrument with CE318-

AERONET data (Fig. 10a) and GNSS precise orbits for day-

time and night-time at IZO (Fig. 10b). In the same time

period as in previous sections, PWV measured with GNSS

was 0.37 and 0.32 cm during daytime and night-time, re-

spectively, and 0.29 cm for both daytime and night-time in

the case of CE318-T. We have used the same criteria as in

the previous AOD comparison to quantitatively determine

the nocturnal discrepancies as a function of FI. This infor-

mation is presented in Table 8. Daytime CE318-T PWV

matches AERONET data reasonably well, with discrepan-

cies and RMSEs ∼ 0.02 cm and high regression coefficient

(r = 0.99). The daytime comparison of CE318-T against

GNSS data (Fig. 10b) also showed a good correlation be-

tween data (r = 0.97) but higher MBs (−0.09 cm), showing

the existence of a slight negative bias between instruments,

and slightly higher RMSEs (0.05 cm). In the case of noc-

turnal data, we observe a similar negative bias to those ob-

tained in the daytime. MB values remain lower than daytime

values for any FI. Regarding RMSE, only near full moon

events have similar RMSEs than daytime period. We ob-

tained RMSE values ranging from 0.09 cm for FI< 60 % to

0.05 cm under near full moon events. Daytime as well as

nocturnal measurements are within the expected precision

of CE318-AERONET and GNSS under such dry conditions,
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Table 6. MB and RMSE values for AOD differences between CE318-AERONET daytime and CE318-T night-time data during sunset-

moonrise (SS-MR, defined as the last 1 h of daytime data vs. the first 1 h of nocturnal data) as a function of the average moon’s fraction of

illumination (FI).

SS-MR

No. cases 1020 1640 870 675 500 440

60 %≥FI > 50 % 2
MB 0.035 0.061 0.012 −0.015 −0.008 −0.019

RMSE 0.037 0.062 0.017 0.018 0.014 0.022

70 %≥FI > 60 % 2
MB 0.029 0.051 0.008 −0.014 −0.007 −0.015

RMSE 0.029 0.051 0.009 0.014 0.008 0.016

80 %≥FI > 70 % 1
MB 0.048 0.056 0.024 0.008 0.016 0.006

RMSE – – – – – –

90 %≥FI > 80 % 4
MB 0.016 0.027 0.001 −0.010 −0.012 −0.016

RMSE 0.018 0.027 0.003 0.011 0.013 0.016

95 %≥FI > 90 % 3
MB 0.001 0.010 −0.004 −0.010 −0.016 −0.016

RMSE 0.003 0.010 0.006 0.012 0.017 0.017

FI≥ 95 % 8
MB 0.015 0.009 0.014 0.013 0.010 0.012

RMSE 0.008 0.006 0.008 0.008 0.008 0.008

Table 7. MB and RMSE values for AOD differences between CE318-AERONET daytime and CE318-T night-time data during moonset-

sunrise (MS-SR, as the first 1 h of daytime data vs. the last 1 h of nocturnal data) as a function of the average moon’s fraction of illumination

(FI).

MS-SR

No. cases 1020 1640 870 675 500 440

50 %≥FI > 60 % 1
MB 0.012 0.046 0.003 −0.009 −0.008 −0.006

RMSE – – – – – –

60 %≥FI > 70 % 1
MB 0.007 0.039 −0.002 −0.014 −0.005 −0.015

RMSE – – – – – –

80 %≥FI > 70 % 2
MB 0.007 0.034 −0.001 −0.012 −0.012 −0.017

RMSE 0.010 0.034 0.003 0.012 0.013 0.017

90 %≥FI > 80 % 4
MB 0.012 0.023 0.009 0.002 −0.001 −0.001

RMSE 0.002 0.012 0.001 0.006 0.009 0.009

95 %≥FI > 90 % 4
MB 0.011 0.016 0.007 −0.002 −0.002 −0.001

RMSE 0.015 0.018 0.011 0.009 0.011 0.010

FI≥ 95 % 11
MB −0.001 −0.003 −0.002 −0.004 −0.009 −0.006

RMSE 0.002 0.004 0.002 0.004 0.008 0.006

as reported by Schneider et al. (2010). These authors found

a CE318-AERONET expected precision ranging from 7 to

25 % from dry to humid conditions, and the GNSS precision

was within 10–20 % in the case of PWV ≤ 0.35 cm, as in our

case. These values also agree with the values found by Bar-

reto et al. (2013b) in the comparison between CE318-U and

GNSS PWV data.

PWV comparison at Granada allows us to extend the last

evaluation procedure to wetter conditions, including GNSS

data for 9 different days and 5 different nights in August

2014 (Fig. 10c), with PWV values up to 3 cm. The com-

parison criteria are also ±15 min. Since this information has

been obtained using the secondary CE318-T instrument, it

has served us as a new evaluation of the secondary’s cal-

ibration. PWV averaged during this period is 1.70 cm for

GNSS and 1.55 cm for CE318-T for daytime, and 1.90 and

1.98 cm, respectively, for night-time. We have found MBs

of −0.15 and 0.09 cm, for daytime and night-time, respec-

tively, both within the 7–25 % precision expected for CE318-

AERONET and 10–20 % precision for GNSS. RMSEs of
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Table 8. Main statistics of the PWV comparison (in cm) extracted

from CE318-T, CE318-AERONET and GNSS for daytime data, and

from CE318-T and GNSS for nocturnal data. In the case of night-

time information a comparison in function of the moon’s fraction of

illumination (FI, in %) is also included.

Day

Instruments MB RMSE r N

CE318-T/CE318-AERONET −0.02 0.02 0.99 1935

CE318-T/GNSS −0.09 0.05 0.97 461

Night

CE318-T/GNSS MB RMSE r N

60 %≥FI > 50 % −0.08 0.09 0.99 10

70 %≥FI > 60 % −0.07 0.08 0.99 10

80 %≥FI > 70 % −0.01 0.02 0.98 10

90 %≥FI > 80 % −0.03 0.07 0.99 43

95 %≥FI > 90 % −0.03 0.06 0.98 41

100 %≥FI > 95 % −0.02 0.05 0.99 93

Total 207

0.14 and 0.07 cm and regression coefficients of 0.83 and 0.85

were obtained, respectively.

8 Demonstration case study

The purpose of these case studies is to assess in more de-

tail the performance of the CE318-T master instrument under

both very clean free-troposphere and dusty conditions, with

a quick transition between the two scenarios. This case anal-

ysis also provides an opportunity to explore new potential

scientific applications of CE318-T since it can measure di-

urnal changes of aerosols and water vapour (during daytime

and night-time periods) with high temporal resolution, help-

ing to improve our understanding of short-term atmospheric

processes.

8.1 IZO, June 2014

During the period 10–18 June 2014, three dust-laden in-

trusions of the SAL, followed by clean background free-

troposphere conditions, were recorded at IZO with the

MPL and the CE318-T (Fig. 11). The coherence between

the backscatter signal (Fig. 11a) and the AOD evolution

(Fig. 11b) can be seen in this figure. The onset of two of

the three dust intrusions are clearly detected in both figures

in the late hours of 12 June and also in the initial hours of 15

June. The intrusion detected by CE318-T on 14 June was not

recorded by MPL because of the presence of thick clouds

observed at altitudes below IZO, which completely attenu-

ated the lidar signal. Regarding the AE evolution (Fig. 11c),

we observe a good agreement between daytime and night-

time measurements during SAL conditions, as is the case of

Figure 10. Scatter plot with daytime (in blue) CE318-T master

PWV (in cm) vs. (a) CE318-AERONET, (b) daytime and night-time

master (black) CE318-T PWVs (in cm) vs. GNSS, and (c) daytime

and night-time PWV comparison performed at Granada station us-

ing the secondary CE318-T and GNSS ultra-rapid orbits. The dotted

line represents the linear regression line and the solid line the 1 : 1

line in all figures.

13 June. However, we observe the presence of a diurnal cy-

cle in AE under free-troposphere conditions, with predom-

inantly higher values of AE at night-time. The first feature

is a consequence of the homogeneity of SAL conditions in

terms of aerosol properties (Smirnov et al., 1998), while the

second feature is attributable to the strengthening of free-

troposphere conditions driven by the katabatic regime during

night-time, causing an increase in AE associated with pris-

tine near aerosol-free Rayleigh conditions. This figure also

shows the expected higher dispersion in AE as the moon’s

illumination drops. Other assessments can be done from the

PWV records (Fig. 11d) within the three SAL events. The

expected increase in PWV as a result of the dust intrusions

is observed. Saharan air masses are characterized by rela-

tively low and stable humidity levels, but are higher than
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Figure 11. Case study at IZO in June, 2014, including informa-

tion for (a) MPL-corrected backscatter cross section obtained from

Santa Cruz de Tenerife station (60 m a.s.l.). The black horizontal

line represents the altitude of IZO station. Grey vertical lines repre-

sent the absence of measurements. The evolution of CE318-T AOD,

AE and PWV from 10 to 19 June 2014 is shown in (b), (c) and (d).

PWV values from GNSS precise orbits are plotted with a black solid

line.

those normally present under clean free-troposphere condi-

tions, driven by a subsidence regime. This is the case of 13

June at night and 14 June at noon, perfectly matching the dust

intrusions. These features were similarly detected by GNSS.

8.2 IZO, March 2014

This is an example of free-troposphere conditions affecting

IZO during several days (Fig. 12). In this case, from 16

to 21 March, there were pristine conditions, with AOD be-

low 0.05 (Fig. 12b). Even under these background condi-

tions, data from the CE318-T reveal valuable information

about atmospheric processes. A diurnal cycle in AE is still

present, where the AE typically reaches its minimum ap-

proximately in the early hours of the morning, between 04:00

and 06:00 UTC, while the maximum is reached in the second

half of the day (Fig. 12c). Regarding PWV, we have found

that under these free-troposphere conditions, both CE318-

Figure 12. Case study at IZO in March 2014, including informa-

tion for (a) MPL-corrected backscatter cross section obtained from

Santa Cruz de Tenerife station (60 m a.s.l.). The black horizontal

line represents the altitude of IZO station. Grey vertical lines repre-

sent the absence of measurements. The evolution of CE318-T AOD,

AE and PWV from 16 to 21 March 2014 is shown in (b), (c) and

(d). PWV values from GNSS precise orbits are plotted with a black

solid line.

T and GNSS are capable of detecting a diurnal variation

in atmospheric humidity with a maximum during daytime.

The diurnal cycle is still an issue that is currently being in-

vestigated and some explanations have been hypothesized.

Some authors have analysed GNSS data partially and at-

tribute the PWV diurnal variation to an artifact related with

diurnal changes of the mean temperature of the layer (Ortiz

de Galisteo et al., 2010). Other authors explain these varia-

tions by diurnal variations of temperature and winds (Suparta

et al., 2009), water vapour transport by turbulent mixing with

the development of the boundary layer in the afternoon (Wu

et al., 2003) or by evaporation and condensation within the

air mass and wet or dry advection by local winds (Ortiz de

Galisteo et al., 2010). In our case, we attribute the PWV di-

urnal variation to diurnal evolution of the marine boundary

layer which introduces small amounts of water vapour in the
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free troposphere near noon, reinforced by the sharp topog-

raphy of the island and the consequent valley–land breeze

system established on a daily basis. This is confirmed by

the diurnal evolution of the boundary layer (BL) top altitude

(not shown here) which can vary over 1000 m between noon

and midnight. The BL top height has been obtained from

radiosonde data at 00:00 and 12:00 UTC from the WMO

GUAN station no. 60018 (Güímar, Tenerife), 13 km distance

from IZO. The criteria used to account for the BL top alti-

tude are 1θ/1z ≥ 0.0025 km−1 and θtop/θbase ≥ 1 K, where

1θ/1z is the potential temperature lapse rate, and θtop and

θbase correspond to the top and base of the layer, respectively

(Cuesta et al., 2008; Guirado et al., 2014).

With this information we can verify that CE318-T has suf-

ficient accuracy to capture the diurnal cycle of aerosols and

PWV associated with local and short-term atmospheric vari-

ations. These examples show us the high sensitivity of the

new CE318-T photometer, capable of detecting small-scale

atmospheric processes which will permit new studies which

were impossible to tackle before with standard sun photome-

ters.

9 Summary and conclusions

In this paper we have described the new photometer CE318-

T, designed to perform a complete cycle of diurnal photo-

metric measurements during both daytime and night-time.

New improvements permit this new photometer to extend

photometric information at night-time using the moon as

a light source. Our comparative results of the instrument’s

triplets measured by two master instruments (CE318-T and

CE318-AERONET) installed in IZO showed a better preci-

sion of the CE318-T as a result of its improved tracking sys-

tem. We have also presented four different approaches for

CE318-T calibration. The methodology for an absolute cal-

ibration involves the Langley and the Lunar Langley tech-

niques, for day and night measurements, respectively; mean-

while the nocturnal calibration transference from a master

instrument can be performed using the Moon Ratio method

and the new Sun Ratio technique. The latter technique re-

quires a reference moon-calibrated instrument and daytime

measurements. We have also presented a fourth calibration

technique, the Sun-Moon gain factor technique, which only

requires a reference sun-calibrated instrument and daytime

measurements and is not dependent on any lunar irradiance

model. The last two techniques allow the reduction of the

complexities inherent to nocturnal calibration due to the low

signal captured at night-time and the short period within a

moon cycle to perform the instrument calibration. We as-

sessed the Sun Ratio technique by an AOD intercomparison

of a CE318-T master instrument Langley-calibrated with a

secondary instrument calibrated using this method. A good

agreement between both AOD retrievals was found, with

MB< 0.002 for daytime and< 0.004 for night-time. The

Sun-Moon gain factor technique was assessed by compar-

ing the AOD obtained by the same instrument that is Lu-

nar Langley-calibrated and Sun-Moon gain factor-calibrated,

obtaining discrepancies< 0.02 for 1020–500 nm wavelength

range, and higher differences for 1640 nm and 440 nm (up

to 0.029). It is also important to highlight the advantages

that the Sun-Moon gain factor calibration method offers in

terms of accuracy and simplicity, since it is not affected by

the ROLO’s uncertainty and requires only daytime collocated

measurements from a sun-calibrated reference instrument.

These advantages would imply that a Sun-Moon gain fac-

tor CE318-T calibrated instrument may be used to measure

the moon irradiance at surface level, which could be useful

to infer extraterrestrial moon irradiance in the case of the at-

mospheric turbidity being low, for example, at high-altitude

and polar stations.

Our analysis, following the error propagation theory, re-

sulted in a estimation of the combined CE318-T AOD stan-

dard uncertainty for each calibration method. For the day-

light period (uD
AOD) we expect similar values to those calcu-

lated for previous sun photometer versions, ranging between

0.002 and 0.009 for reference instruments and ∼ 0.015 for

field instruments. For the night-time period, we estimated

consistent uN
AOD values for reference instruments of 0.011–

0.014 for visible channels (with the exception of 440 nm,

with values up to 0.016 for higher phase angles) and 0.012–

0.018 for near-IR channels. For field instruments calibrated

using the Moon Ratio technique we have estimated uN
AOD

between 0.011 and 0.019. If the new Sun Ratio technique

is applied, higher uncertainties are expected: 0.012–0.015

(0.017) for visible (440 nm) channels and 0.015–0.021 for

longer wavelengths. For instruments calibrated by means of

the new Sun-Moon gain factor technique, the uncertainties

range from 0.016 to 0.019, in the case of using a Langley-

calibrated instrument for G calculation.

To summarize, the differences found in uN
AOD are quite

low, confirming the consistency between the four calibration

techniques, with maximum uncertainties of 0.017 expected

in visible channels and 0.021 in the case of longer wave-

lengths, all of them for the low moon’s illumination condi-

tions.

We derived daytime AOD for 60 days in March, April,

May and June 2014, at IZO using a CE318-T reference in-

strument (Langley-calibrated). We compared these observa-

tions with those extracted from independent reference instru-

ments (CE318-AERONET and PFR) and the PSR prototype,

as an assessment of the instrument performance. This AOD

comparative study in the daytime reported discrepancies sim-

ilar to sun photometry precision in the AERONET or GAW-

PFR networks (≤ 0.01), also similar to the uD
AOD estimated

values. The nocturnal evaluation performed in Granada sta-

tion using a star photometer and a secondary CE318-T

showed similar low discrepancies for 870 and 500 nm chan-

nels (∼ 0.01), within the uN
AOD expected values, but higher

(∼ 0.03) for the 440 nm channel. We attributed this discrep-
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ancy to a calibration problem in the star photometer in this

channel.

A subsequent coherence test for AOD at IZO using the

CE318-T and CE318-AERONET master instruments was fo-

cused on the AOD daytime and night-time differences be-

tween 1 h after and before sunset and sunrise. The results

of this coherence test match the uNAOD estimated values in

the case of visible channels reasonably well at all illumina-

tion conditions. However, in the case of near-infrared chan-

nels, this consistency was only attained in high FI conditions

(> 90 %). This test also reflects the existence of a faint noc-

turnal cycle on AOD which impacts more significantly in the

1640 nm channel. This cycle possibly reflects a problem in

instrument calibration, in night-time AOD calculation or in

the lunar irradiance model, and further investigations must

be carried on to properly identify and quantify the causes of

the problem.

Regarding PWV, the comparison showed a good agree-

ment between PWV CE318-T/CE318-AERONET and

CE318-T/GNSS obtained in daytime and night-time condi-

tions for any illumination condition. MB and RMSE values

< 0.1 cm were found in the case of dry conditions, when the

precision of water vapour measurements was low. We found

also a slight negative bias between CE318-T and GNSS for

daytime and night-time.

The final part of this paper examines two cases studies at

IZO in 2014, including a sequence of dust intrusions and

clean free-troposphere events (in June) and a sequence of

clean conditions representative of the free troposphere (in

March). These two cases showed that the CE318-T has suf-

ficient accuracy to capture the diurnal cycle of aerosols and

PWV associated with local and short-term atmospheric vari-

ations, important for climate studies.

Though these results reveal a good performance of CE318-

T in comparison to the current standard instruments, showing

better precision in terms of instrument pointing, it is fair to

admit that a definitive conclusion about CE318-T accuracy

and precision must be stated after analysing several instru-

ments. Further investigations are needed to determine the un-

certainty reduction that the use of the integrated pressure sen-

sor might suppose instead of using the hydrostatic equation

and the NCEP/NCAR Reanalysis. Furthermore it is neces-

sary to conduct a comprehensive investigation of the ROLO

model used in this paper to perform a conclusive estimation

of the uncertainties involved in it.

The comparable daytime and night-time measurements

also permit nocturnal aerosol information to be included in

the existing databases. It is of crucial importance for mon-

itoring aerosol transport, especially in high-latitude loca-

tions, given the extended periods of darkness during winter,

to study the effect of aerosol particles on cloud lifetime or

nocturnal coverage, and for detecting the sharp changes that

aerosol concentration may experience in term of hours dur-

ing dust events.

To conclude, these results demonstrate the capability of

the new CE318-T for monitoring aerosols and atmospheric

water vapour, although further investigations must be car-

ried out to confirm them at different locations, in a wider

range of the moon’s illumination and cycles and using dif-

ferent CE318-T photometers. These results also suggest that

there may be new applications for this new CE318-T, such

as moon irradiance estimation under pristine skies in high-

altitude and polar stations.
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