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Abstract

The oxygen collisional complex (O2-O2, or O4) is a greenhouse gas, and a calibration trace gas used to 

infer aerosol and cloud properties by Differential Optical Absorption Spectroscopy (DOAS). Recent 

reports suggest the need for an O4 correction factor (CFO4) when comparing simulated and measured O4 

differential  slant  column densities  (dSCD) by passive DOAS. We investigate  the sensitivity  of O4 

dSCD  simulations  at  ultraviolet  (360  nm)  and  visible  (477  nm)  wavelengths  towards  separately 

measured aerosol extinction profiles. Measurements were conducted by the University of Colorado 

2D-MAX-DOAS instrument  and  NASA’s  multispectral  High  Spectral  Resolution  Lidar  (HSRL-2) 

during the Two Column Aerosol Project (TCAP) at Cape Cod, MA in July 2012. During two case study 

days with (1) high aerosol load (17 July, AOD ~ 0.35 at 477 nm), and (2) near molecular scattering 

conditions (22 July, AOD < 0.10 at 477 nm) the measured and calculated O4 dSCDs agreed within 

6.4±0.4%  (360  nm)  and  4.7±0.6%  (477  nm)  if  the  HSRL-2  profiles  were  used  as  input  to  the 

calculations. However, if in the calculations the aerosol is confined to the surface layer (while keeping 

AOD constant) we find 0.53<CFO4<0.75, similar to previously reported CFO4. Our results suggest that 

elevated aerosol layers, unless accounted for, can cause negative bias in the simulated O4 dSCDs that 

can  explain  CFO4.  The  air  density  and aerosol  profile  aloft  needs  to  be  taken into  account  when 

interpreting the O4 from ground-based MAX-DOAS. Opportunities to identify and better characterize 

these layers are also discussed. 

Keywords: DOAS, oxygen collisional complex (O4), O4 correction factor (CFO4), aerosol extinction 

profiles, and elevated aerosol layers.

1. Introduction

The collision-induced absorption of oxygen (O2-O2, or O4) absorbs solar radiation at multiple bands 

throughout the ultraviolet (UV), visible and near-infrared regions of the electromagnetic spectrum[1,2]. 

O2-O2 has  no  bound  state  at  atmospherically  relevant  temperatures,  and  its  concentration  in  the 

atmosphere is proportional to the square of the oxygen concentration. Hence it can be predicted with 

little error (< 0.1 %) if the temperature and pressure profiles are known[2].  Analysis of the strong 

absorption bands of O4 provides a unique way to characterize how clouds and aerosols modify the 

photon trajectories, therefore providing informing about cloud-top pressure, effective cloud coverage, 

and aerosol optical properties. In particular, O4 is being used extensively as an atmospheric reference 
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gas in Differential Optical Absorption Spectroscopy (DOAS) applications, including Multi Axis DOAS 

(MAX-DOAS)[3-6], airborne MAX-DOAS[7-9], in-situ DOAS instruments[2,10], and satellites[11]. Since 

most of the O4 is located below 4 km, the analysis of O4 is particularly useful to infer aerosol and cloud 

properties in the lowermost part of the troposphere. 

Trace  gas  profiles  derived  from  passive  DOAS  techniques,  i.e.,  MAX-DOAS  and  airborne 

MAX-DOAS,  require  aerosol  extinction  profiles  as  prerequisite  information  in  radiative  transfer 

models (RTM). The vertical sensitivity of the measurements to perturbations in the species of interest 

is quantified by the weighting functions, which for optically thin absorbers such as O4 are the same as 

the box-air mass factor (bAMF)[12]. The weighting functions are calculated with RTMs by the ratio of 

the partial slant column density (SCD) to the partial vertical column density (VCD) contained in an 

atmospheric layer. Retrieval algorithms based on nonlinear inversion such as optimal estimation need 

the weighting functions[13]. If the photon path trajectory in the RTM is well-constrained by knowledge 

of the aerosol extinction, then the error in the weighting functions decreases; consequently, the final 

error  of the trace gas inversion also decreases.   By contrast,  assumptions  about aerosol  extinction 

profiles can lead to considerable errors. In this context, O4 observations are important because they 

yield  information  about  the  extinction  profiles[3,4].  Over  the  past  few  years,  many  ground-based 

MAX-DOAS observations  have  reported  O4 dSCDs that  exceed those  simulated  by  RTM. An O4 

correction  factor  (CFO4)  was  applied  to  improve  the  correlation  of  simulated  and  measured  O4 

differential AMF (dAMF or differential SCD, dSCD; differential with regards to the amount contained 

in the reference spectrum)[5,14-18]. The cause of this CFO4 is currently not understood. Recent airborne 

and direct-sun DOAS testing of O4 dSCDs did not find a need for CFO4[9,19]. However, the CFO4 values 

reported  by  ground-based  MAX-DOAS  vary  between  different  studies,  see  Table  1,  and  CFO4 is 

consistently needed at low AOD (< 0.2 at 360 nm) [5, 14] and/or at high AOD (up to 1.5 at 477 nm)[15-18]. 

Past MAX-DOAS studies that needed CFO4 have either lacked independent measurements of vertically 

resolved extinction profiles, and/or made simplifying assumptions about the aerosol extinction profiles, 

i.e., confining aerosols to the near the surface (within the boundary layer (BL), see Table 1). 

Table 1: Previous ground-based MAX-DOAS using the CFO4

Reference Wavelength (nm AOD
Aerosol Profile 

informationa
CFO4

Wagner et al. [14] 360 0.1 – 0.2 NOb ~ 0.78
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Clémer et al. [5] 360, 477, 577, 630 < 0.15 (360 nm) NOc 0.75

Irie et al. [15] 360, 477 0.1 – 1.0 NOd 0.75

Vlemmix et al. [16] 477 0.1 – 0.8 NOe 0.80

Zieger et al. [17] 360, 477 0.1 – 0.8 Qualitativef ~ 0.80g

Irie et al. [18] 476 0.1 – 1.5 Qualitativeh ~ 0.83i

aIndicating  whether  highly  resolved  aerosol  extinction  profiles  (BL  and  free  troposphere)  were 
available  and/or  used  in  the  simulation  of  O4.  bAerosol  profile  approximated  as  box-profile,  i.e., 
constant extinction between the surface and 1 km. cCFO4 was determined using elevation angles of 15˚ 
and 30˚;  aerosol  profile  assumption:  exponential  decrease with a  scale-height  of  0.5 km, AOD as 
measured by a co-located Sun photometer. dAerosol extinction retrieval; assumes exponential decrease 
in  the lowest 1 km.  eSimilar  approach as in  [5]. fRaman lidar  (355 nm); assumes a backscatter to 
extinction ratio between 60 m and 750 m; above 750 m the lidar ratio was determined and multiplied  
with the backscatter signal to obtain extinction profiles (200 m resolution).  gAverage CFO4 applied to 
four  participating  MAX-DOAS  during  the  CINDI  campaign.  hAerosol  extinction  in  the  BL was 
inferred by lidar,  assuming a constant lidar ratio;  lidar  extinctions  in the BL were compared with 
independent in-situ and MAX-DOAS retrievals. MAX-DOAS extinctions profiles were retrieved by 
modifying profile shapes in 1 km thick layers below 3 km constrained by partial AODs.  iCalculated 
with the empirical off-axis scan dependent CFO4 to a set of elevation angles (<= 10˚); in this case 10˚. 

Uncertainties in the temperature and pressure dependencies of O4 cross sections had been suggested as 

possible  causes  for  the  CFO4 [5,14].  Recently,  laboratory  measurements  of  the  O4 absorption  cross 

sections have quantified the temperature dependence of the spectral band shape for a variety of bands 

at ultraviolet and visible wavelengths (Thalman and Vokamer [2]). The O4 bands at 360 and 477 nm 

have further been reproduced from field observations in a Rayleigh atmosphere within narrow error 

bounds (< 3 % error)[19]. This error is significantly smaller than the 25 ± 10% differences reported in 

the literature (see Table 1).  Furthermore,  Volkamer et  al.  [9]  compared modeled and measured O4 

dSCDs  from  airborne  MAX-DOAS,  and  reconciled  the  inferred  aerosol  extinction  profile  with 

independent aerosol extinction profiles retrieved by High Spectral Resolution LIDAR (HSRL) in the 

presence and absence of aerosol. They did not need CFO4 different from unity over the full range of 

altitudes probed (0 -  14.5 km). Some recent  evaluations  of ground-based MAX-DOAS have used 

qualitative information about aerosol vertical distributions (e.g., Irie et al. [18]; Remmers and Wagner 

[20]).  To  our  knowledge  only  airborne  MAX-DOAS  has  been  evaluated  using  quantitative 

vertically-resolved aerosol profiles [9]. In this work, we study the effect of simplifying assumptions 

about aerosol profiles on O4 dSCDs, and assess the validity of these assumptions using independent 

measurements  of  highly-resolved aerosol  extinction profiles  using  the data  from NASA’s HSRL-2 

instrument aboard the B200 aircraft deployment as part of the first phase of the Department of Energy 

(DOE) Two Column Aerosol Project (TCAP)[21].
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2. Methodology

The first intensive phase of the TCAP field campaign took place in  the east coast of North America 

(over Cape Cod, MA, U.S.) through July and part of August 2012. The primary TCAP objectives were 

to characterize the aerosol direct effect under polluted conditions (over Cape Cod, MA), and contrast it  

with pristine conditions several hundred kilometers away from land over the Atlantic Ocean. Here we 

use data collected at the DOE Atmosphere Radiation Measurement (ARM) Mobile Facility (AMF) site 

with the 2-D-MAX-DOAS located at the Highlands Center in the Cape Cod National Seashore about 

85  km southeast  of  Boston,  MA and aboard  the  NASA B-200 King Air  aircraft  with  the  second 

generation HSRL-2 (Fig. 1). Details about the comprehensive set of measurements aboard aircrafts and 

with DOE Atmospheric Radiation Measurement (ARM) Mobile Facility located at the base of the Cape 

Cod are described in Berg et al. [21]. We present results for two distinctive cloud-free days with very 

different AOD conditions and when the King Air aircraft  carried out overpasses above the TCAP 

ground site (Tuesday 17 July and Sunday 22 July 2012). Fig. 1 shows the NASA's King Air flight 

tracks on both days.
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Figure 1: Map of the Cape Cod Bay area. The TCAP ground-based site is shown with the red asterisk. 

The major city of Boston is shown with the blue asterisk. The NASA's King Air flight tracks on 17 and 

22 July 2012 are indicated with the green and blue lines respectively. The white circle area represents 

the 10 km radius that is used to average the extinction profiles from the HSRL-2.

2.1 The 2-D-MAX-DOAS instrument and O4 retrieval

The 2-D-MAX-DOAS instrument, including the retrieval of range-resolved NO2 (3-D distributions), 

are described in detail in Ortega et al. [22]. Briefly, the 2-D-MAX-DOAS instrument as deployed during 

TCAP  consisted  of  three  synchronized  spectrograph/detector  units  located  indoors  in  a 

temperature-controlled  sea  container  and  the  control  measurement  laptop;  the  2-D  telescope  was 

mounted outdoors on the railing of the seatainer (~45 m ASL), providing an unobstructed view close to 

the horizon towards 0 and 180˚ azimuth angles (AA) relative to north. The 2-D measurements during 

TCAP provide a unique data set to test and validate diurnal spatial distribution of AOD and aerosol 

microphysical properties, which are part of a separate study. In this work, we use off-axis scans that  

consisted of seven elevation angles (EA) (1, 3, 6, 8, 10, 20, 45˚ above the horizon, and zenith) and the 

two AAs. The integration time for spectra recorded at each EA was 1 min. The scattered light collected 
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with the 2-D telescope was focused into a single CeramOptics 25 m x 1.0 mm silica mono fiber 

coupled to a tri-furcated fiber bundle connected to three Ocean Optics (QE6500) spectrometers with a 

wavelength range between 300 and 631 nm with a spectral resolution between 0.4 - 0.6 nm (FWHM).

The spectra  collected at  each EA were analyzed using the DOAS method [23]  and the WinDOAS 

software package[24]. Details about the retrieval of O4 dSCDs in the UV and visible, as well as the 

cross sections that were fitted simultaneously are listed in Table 2. All the high-resolution trace gas 

cross sections were adjusted to the instrumental resolution using the slit functions determined close to 

the fit window by means of mercury emission lines. The zenith sky spectra recorded at the start of each 

EA scan is used as reference spectrum to evaluate the O4 dSCDs from the other EAs. A Ring cross 

section  is  calculated  from  the  respective  reference  spectrum  using  the  DOASIS  software[31]  and 

included  in  the  fit  to  account  for  the  "filling  in"  of  Fraunhofer  lines  due  to  rotational  Raman 

scattering[14,32]. An example spectrum of the DOAS analysis of O4 at 360 and 477 nm is shown in Fig. 

2. We refer to the O4 dSCDs retrieved over the spectral ranges 338-370 nm and 438-488 nm as the O4 

dSCDs at 360 and 477 nm, respectively, using  the wavelength of the maximum peak absorptions in the 

UV and visible respectively (see Table 2).. We estimate upper limit O4 dSCD errors of about 7 % 

(~1.80x1042 molec2/cm5) for 360 nm and 4 % (~1.45x1042 molec2/cm5) for 477 nm. These errors are 

estimated  as  the  overall  variation  in  O4 dSCD from sensitivity  tests  that  used  different  O4 cross 

sections[2,33], wavelength windows, and polynomial order according with past studies [5,9]. In general, 

the O4 dSCD variations are about 8 times the DOAS fit error calculated internally in WinDOAS as the 

standard deviations on the retrieved dSCD [24].

Table 2: Summary of the DOAS fitting analysis of O4 in the UV and visible.

Cross section

Fitting window

ReferenceO4 (UV)

338 – 370 nm

O4 (visible)

438 – 488 nm

O4 (293 K) X X Thalman and Volkamer [2]

O3 (223 K) X Bogumil et al. [25]

O3 (243 K) X X Bogumil et al. [25]

NO2 (294 K) X X Vandaele et al. [26]

H2O HITEMP (294) X Rothman et al. [27]

CHOCHO X Volkamer et al. [28]
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HCHO X Meller and Moortgat. [29]

BrO X Fleischmann et al. [30]

Ring X X Kraus [31]

Additional information

Polynomial 5 5

Intensity offset Linear (2 terms)

RTM wavelength (nm) 360 477

Figure 2: Example of the O4 fit in the UV and visible using the DOAS settings listed in Table 1. The 

example is from 17 July 2012 close in time to the NASA's King air overpass (about 11 LST, SZA = 32, 

EA = 3, and north AA). (A) O4 analysis in the UV (360 nm). The RMS is 3.93x10-4 and the O4 dSCD is 

2.49x1043 molecules2·cm-5.  (B) O4 analysis in the UV (477 nm). The RMS is 3.29x10-4 and the O4 

dSCD is 3.65x1043 molecules2·cm-5. The red lines represent measured spectra and black lines are scaled 

reference cross sections.

The time series of O4 dSCDs is shown for two cloud-free days, i.e., 17 and 22 July 2012, in Fig. 3. The 

top panels A and C show the dSCDs at 360 nm, and the bottom panels B and D show the dSCDs at 477 

nm. The magnitude and EA dependence of the measured O4 dSCDs on both days are quite different 

and serve to inform qualitatively on atmospheric and AOD conditions. On 17 July the small O4 dSCDs 

in the low EAs indicate high AOD. For comparison, the clear splitting and higher O4 dSCDs along the 
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different EAs on 22 July indicate lower AOD. In general, the instrument horizontal distance sensitivity 

is enhanced for low AOD. The aerosol extinction profiles and the AOD are examined in Section 2.2. 

The yellow shaded areas in Fig. 3 represent the periods of time when two overpasses were carried out 

with the NASA King Air above the TCAP ground site and that were used to simulate and compare the 

O4 dSCDs.

Figure 3: Time series of the O4 dSCDs obtained with the elevation angle scan on 17 July (A and B) and 

22 July 2012 (C and D). The north AA is shown. The 360 and 477 nm are shown on top and bottom 

respectively. The yellow shaded areas characterize the period of time used to simulate and compare the 

O4 dSCDs and where the NASA's King air carried out overpasses above the TCAP ground site. 

2.2 The High Spectral Resolution Lidar – 2 (HSRL-2)

The  HSRL-2,  an  improved  version  of  the  airborne  HSRL-1  instrument  [34],  measures  profiles  of 

particle backscatter coefficients and linear particle depolarization ratios at 355, 532, and 1064 nm; and 

particle volume extinction coefficients at 355 and 532 nm [35]. During TCAP, data were sampled at 100 

m horizontal and 15 m vertical resolutions using the nadir-viewing geometry below the aircraft. The 

aircraft altitude was about 8 km above ground level during all flights. Hair et al. [34] describes the 
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determination of 532 nm aerosol extinction coefficient from the measured power in the molecular 

channel.  The molecular  extinction  is  calculated  from modeled  density  profiles.  The calculation  of 

aerosol extinction is only performed where the overlap function is unity (approximately 2.5 km from 

the aircraft). The 355 nm aerosol extinction is computed in a similar manner. To avoid ground return 

issues, the extinction profiles start at about 165 m above the surface. Below this altitude we assume 

homogeneous mixing of aerosols and use a constant extinction values measured at 165 m. For detailed 

information about the HSRL-2 instrument and the TCAP deployment, see Muller et al.  [36]. Fig. 1 

shows the NASA's King Air flight tracks close to the ground site on the two selected days. 

Fig. S1 in the supporting information shows the curtain aerosol extinction profiles at 532 nm obtained 

on both days during the entire flight time, highlighting the overpasses above the ground site. We have 

averaged the HSRL-2 extinction profiles for segments when the aircraft was within 10 km radius of the 

2-D-MAX-DOAS location (white circle of Fig. 1). The 10 km radius used to average the HSRL-2 

captures well the horizontal path length realized by the 2-D-MAX-DOAS, especially on 17 July when 

the path length calculated from the O4 dSCDs and O4 concentration ranges from ~ 9 km (360 nm) to 13 

km (477 nm) for an EA of 6˚ [22].  On 22 July, the horizontal path length was greater due to smaller 

AOD, and ranged from 13 km (360 nm) to 19 km (477 nm) for an EA of 6˚. However, the HSRL-2 

aerosol extinction profile averaged over a radius of 20 km is very similar to that obtained with the 10 

km radius..  The difference in MAX-DOAS O4 dSCDs obtained using the HSRL-2 aerosol extinction 

profile averaged over a radius of 20 km and over a radius of 10 km is about 0.1%. On 17 July the flight 

track was from southeast to northwest, returning by following a similar flight track after ~1.5 hours.  

The first and second overpass time averages are at 11:35 and 13:00 LST. On 22 July the flight track 

was similar but from northeast to southwest at 12:12 LST with similar return track at 12:53 LST.  

The averaged extinction profiles at  360 and 477 nm, where O4 has strong absorption bands,  were 

calculated using the extinction Angstrom exponent between the standard wavelengths of 355 and 532 

nm. As an example, Fig. 4 shows the averaged aerosol extinction profiles at 360 and 477 nm obtained 

during the second overpass on both days. On 17 July, the aerosol extinction was significantly higher 

than on 22 July as previously identified with the O4 dSCDs. The inhomogeneity of AOD around the 

ground site was assessed by calculating the AOD below the aircraft altitude down to the surface from 

the profiles as observed when the airplane was on the west and east sides above the 2-D-MAX-DOAS 

measurement site within the same overpass (see Fig. 1). The average AOD at 477 nm during the first  

overpass (11:35 LST) on 17 July was 0.253 with a variability of 0.001 calculated as the difference 

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237



between the AODs integrated from HSRL-2 extinction profiles measured towards the east and west of 

2-D-MAX-DOAS site. The average AOD during the second overpass (13:00 LST) was 0.313 with a 

slightly higher variability of 0.045 between the east and west directions. On 22 July, the average AOD 

was 0.093 (± 0.005) for the first overpass (12:12 LST) and 0.108 (± 0.001) for the second overpass 

(12:53 LST). As can be seen, for most of the time homogeneity within 2 % percent was identified, 

except on the second overpass on 17 July where AOD varied by about 10%. The molecular scattering 

using the method reported by Bodhaine et al. [37] is calculated at 360 and 477 nm to compare with the 

extinction profile as measured by the HSRL-2 (see Fig. 4). As can be seen on 17 July, the extinction 

due to the aerosols was consistently higher below 2 km. On the other hand, on 22 July the aerosol 

extinction below 2 km is very close to or even lower (especially for the 360 nm) than the molecular  

scattering. 

Figure 4: Averaged HSRL-2 aerosol extinction profiles obtained during the overpasses on (A) 17 July 

2012, and (B) 22 July 2012 (< 10 km radius). The filled area indicates extinction due to molecular 

scattering. The potential temperature (θ) profiles derived from radiosondes launched at the AMF site 
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are shown in continuous gray lines. The dotted horizontal lines indicate the approximate altitude of the 

marine BL, residual layer, and free troposphere.

Elevated aerosol layers were frequently observed during TCAP[21]. The potential temperature profile 

for both case study days is shown in Fig. 4 and reveals a relatively shallow marine BL (~400 m), an 

internal BL associated with warming of the Cape Cod peninsula (0 – 60 m), a decoupled residual layer 

above  the  mixed  layer,  and  elevated  aerosol  layers  in  the  free  troposphere.  For  a  detailed 

characterization  of  these  elevated  aerosol  layers  see  Berg  et  al.  [21].  Here,  we  use  the  potential 

temperature  profiles  to  calculate  partial  AOD columns  in  the  BL,  residual  layer,  and  in  the  free 

troposphere. The partial AOD contained in the free troposphere represented 32 % (360 nm) and 36 % 

(477 nm) on the first overpass and 35 % (360 nm) and 36 % (477 nm) during the second overpass on  

17 July. On 22 July the partial AOD above 2 km were even higher: 51 % (360 nm) and 56 % (477 nm)  

for the first overpass and 56 % (360 nm) and 61 % (477 nm) for the second overpass. 

2.3 Additional measurements

The additional suite of measurements used to complement our study are the atmospheric temperature 

and pressure profiles provided by the radiosondes, which were launched four times a day at the AMF 

site (~ 00, 05, 17, and 23 UTC). The vertical resolution of the sondes was about 10 m reaching a 

maximum altitude of about 28 km. For this study, the closest radiosonde in time (17 UTC or 13:00 

LST) is used to construct the O4 concentration profile and to prescribe the temperature, pressure and 

relative humidity in the RTM (see Section 2.4).  

Further comparison of the AOD measured by HSRL-2 with ground-based multifilter rotating shadow 

band radiometer (MFRSR)[36], and a Cimel Sun photometer[39] showed good agreement, with AODs 

retrieved by the HSRL-2 generally being 5-10% smaller than the ground-based AOD, indicating that 90 

-95% of the aerosol extinction was indeed located below the aircraft. The small difference could be due 

to underestimation of the aerosols in the very shallow aerosol layer near the surface (< 165 m) where 

the HSRL-2 loses sensitivity (ground return), or due to aerosol extinction in layers located above the 

aircraft altitude of approximately 8 km.

2.4 Radiative Transfer Modeling

The simulation of the O4 dSCDs was performed using the full  spherical Monte-Carlo atmospheric 

radiative transfer model (McArtim)[40]. McArtim was initialized using the geometry of the EA scan 
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performed with the 2-D-MAX-DOAS during TCAP.  The altitude grid used in the radiative transfer 

calculations to forward model the O4 dSCDs was set to 100 m thickness between 0 and 12 km, 1 km 

thickness between 12 and 25 km, and 2.5 km thickness between 25 and 100 km. The average aerosol 

extinction profile in 100 m thickness layers obtained with the HSRL-2 is used between 0 and 8 km to 

represent  the air  mass  probed by the  HSRL-2.  The wavelengths  chosen to  forward model  the  O4 

dSCDs were 360 and 477 nm. Pressure and temperature profiles up to 28 km were taken from the 

radiosonde (Section 2.3) adjusted to this altitude grid. Above 28 km the U.S standard atmosphere was 

used. When the 2-D-MAX-DOAS was pointing towards the south, the land surface albedo obtained 

from atmospheric transmission by the co-located MFRSR[41] was used (0.04 at 360 nm, and 0.05 at 

477 nm). When pointing to the north, which mostly sees the ocean; we assumed a Lambertian surface 

albedo of 0.07 for both wavelengths[42]. Additional aerosol optical parameters consisted of a single 

scattering  albedo,  ssa,  of  0.98[36],  and  the  aerosol  phase  function  represented  by  an  asymmetry 

parameter,  g,  of  0.68 (Greenstein approximation),  which are  typical  for  this  location[43].  We have 

conducted sensitivity studies that varied ssa (± 0.05) and g (± 0.05) and found a small effect (< 2 % 

total) on the simulation of O4 dSCDs. Similar findings are presented in Clémer et al. [5] and Baidar et 

al.  [8]. For the comparison with the measurements, RTM calculated O4 SCDs of the zenith view were 

subtracted from SCDs at other elevation angles.

Sensitivity studies were further performed that varied the aerosol extinction profiles while keeping the 

AOD constant (constrained by HSRL-2). Fig. 5 shows the different aerosol extinction profiles created 

to test the sensitivity of simulated O4 dSCDs. We use two aerosol profiles exponentially decreasing 

with altitude, one with a scale-height (SH) of 0.5 and the other with SH of 1.5 km (orange and green  

lines in Fig.  5);  a homogeneous aerosol  extinction profile  with a height of 2 km was assumed to 

represent well-mixed homogeneous BL; and the red profile in Fig. 5 represents the extinction profile 

assumed to be aloft with a Gaussian shape. The maximum extinction of this profile is at 2.8 km and a 

width of 0.8 km. To compare with the real extinction profiles we also use the profiles retrieved with the 

HSRL-2 interpolated to the RTM grid vertical resolution. 
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Figure 5: Example of aerosol extinction profile shapes assumed at 360 nm to constrain the RTM. All 

the extinction profiles are constrained by the AOD obtained with the HSRL-2, i.e., all have the same 

AOD. In this example we used the extinction profile at 360 nm obtained on 17 July.

3. Results and discussions

The sensitivity studies presented in Section 3.1 have in common that the AOD was constrained to that 

measured by HSRL-2, and the aerosol extinction profile shape was varied. In Section 3.2 we present 

additional sensitivity studies to further assess the influence of the elevated aerosol layers. In this case, 

the HSRL-2 aerosol extinction below 2 km was used, while the aerosol extinction above 2 km was set 

to  zero.  The following sections  discuss TCAP results  in  context  with the available  literature about 

elevated aerosol layers (Section 3.3), CFO4 found with previous MAX-DOAS measurements (Section 

3.4). Finally, Section 3.5 summarizes the need for future research and gives an Outlook.
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3.1 Comparison of measured and simulated O4 dSCDs

Fig.  6 shows the comparison of simulated and measured O4 dSCDs for different EAs (3˚-A; 6˚-B; 

10˚-C; and 20˚-D) at 477 nm. The data shown here represent both AAs, and both days. The four EAs 

were chosen to represent a range of low and high angles that are sensitive to the air masses probed by 

the HSRL-2. The different aerosol scenarios used during simulations are represented using the same 

color scheme as that of Fig. 5. Note that for clarity the axis scale is different for each EA. The light blue 

shaded area for the low EAs (≤ 10˚) shows the values obtained on 17 July – high AOD. This clear split  

in the O4 dSCDs is caused by the significant differences in the aerosol extinction magnitude on both 

days. However, the magnitude of the O4 dSCDs for the EA of 20˚ (D) is less influenced by changes in 

AOD and profile shapes. A similar effect was also observed by Clémer et al. [5]. They identified that 

high elevation angles (> 15˚) are rather insensitive to small AOD changes (< 0.15, 360 nm) when using 

exponentially decreasing profiles with SH from 0.25 to 0.75 km. It is apparent from this figure that the 

simulated O4 dSCDs assuming aerosol extinction located in the BL are consistently lower than the 

measurements. The correlation under such conditions is always below the 1:1 line, or even below the 

x0.8 line. In particular, the exponential decrease with a SH = 0.5 km shows the largest differences. On 

the other hand, the O4 dSCDs are overestimated if the aerosol extinction is assumed to be only aloft 

(red circles), in particular in the low EAs. The comparison improves significantly and consistently for 

all EAs if the simulations are performed using the extinction profiles retrieved with the HSRL-2 (filled 

blue circles). In this case, the measured O4 dSCDs are close to the 1:1 line for all EAs. A similar figure 

for 360 nm (with similar findings) can be found in the supporting information (Fig. S2).

 The overall comparison between simulated and modeled O4 dSCDs at both wavelengths, all EAs, both 

AAs, and both days is shown in Fig. 7. The O4 dSCDs located in the lower left corner are from 17 July 

2012 (high AOD); higher O4 dSCDs correspond to low EAs on 22 July 2012 (low AOD, see Sect. 2.2). 

The overall  qualitative evaluation confirms that  the simulated O4 dSCDs are underestimated if  the 

assumption is made that aerosol extinction is located only in the BL; and the comparison improves if 

the extinction profiles retrieved with the HSRL-2 are used. We have noticed an AA dependency. In 

general, the southerly viewing angle contains smaller O4 dSCDs that are closer to the 1:1 line if using 

the  HSRL-2.  On the  other  hand,  the  simulated  northerly  view yields  slightly  higher  simulated  O4 

dSCDs. This may be explained by the fact that we use average extinction profiles from the HSRL-2, 

and the instantaneous air mass measured by the 2-D-MAX-DOAS may be slightly different. However, 

the 1:1 line is within the error bars with averages of 6.4 ± 0.4 % (360 nm) and 4.7 ± 0.6 % (477 nm) if  
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using the HSRL-2 measurements. For aerosol homogeneous conditions in the marine BL, Volkamer et 

al. [9] showed that comparison of measured and simulated O4 SCD agreed within 1 ± 2% in the lower 

400  m  close  to  the  surface  when  the  aerosol  extinction  aloft  is  characterized  by  independent 

measurements under similar air masses.

Figure 6: Comparison of O4 dSCDs measured and simulated at 477 nm for the elevation angles of (A) 

3˚, (B) 6˚, (C) 10˚, and (D) 20˚. Note that the x-axis scales are different for each elevation angle. The 

light blue shaded oval represents values from 17 July, which are easily identified for low elevation 

angles (≤ 10˚). For the elevation angle of 20˚ there is not an apparent split in the O4 dSCDs for the 

different days (the light blue shaded oval is not shown). The O4 dSCD error bars in the measurements 

represent the 4% described in Section 2.1. 
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A linear regression analysis was used to assess the effect of aerosol extinction profiles quantitatively for 

the different EAs. The different sets of simulated O4 dSCDs were compared to the measurements with a 

two folded goal: (1) to identify a typical bias with the assumed extinction profiles and (2) to create a 

proxy for the CFO4 based on statistical analysis. To achieve the first goal the linear regression was 

calculated in the form y = mx + b where y is the simulated and x is the measured O4 dSCDs; m is the 

slope  and  b the  intercept  in  molec2/cm5.   The  results  of  the  linear  correlation  analysis  using  this 

approach are presented in Table 3. This Table shows the results among different EAs, for all EAs, and 

for the two wavelengths. Interestingly, the slope increases as the EA increases in all cases when the 

aerosol is assumed to be in the BL. This behavior is observed consistently at both wavelengths. In 

general, the offset (bias) is negative and higher than the O4 dSCD error. These results suggest that the 

low EAs are highly sensitive towards aerosol layers aloft.  This particular pattern is not observed if 

either the extinction profiles of the HSRL-2 or the aerosol assumed extinction aloft is used to initialize 

the  RTM.  Table  4  also  shows  the  overall  slopes  and  intercepts  if  data  from  all  EAs  are  fitted 

simultaneously. Interestingly, the slope is smaller than unity when assuming aerosol extinction profiles 

in the BL. The overall correlation coefficients (R2) improve significantly (0.98) by using the HSRL-2 

extinction profiles with a slope close to unity. In general, the correlations decrease by assuming the 

extinction to be in the lower part of the atmosphere.  This general approach to evaluate slopes and 

intercepts may potentially help future studies to better constrain elevated aerosol layers. 
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Figure 7: Comparison of O4 dSCDs measured and simulated at (A) 360 nm and (B) 477 nm. The 

correlation plot includes all the EAs with the extinction profiles shapes assumed and measured (Fig. 4.)

Table 3: Results from the linear correlation analysis of the simulated and measured O4 dSCDs using the 

EAs of 3˚, 6˚, 10˚, 20˚ and the aerosol extinction profiles from Fig. 3. The analysis is performed using 

the linear model y = mx + b, where m is the slope and b the intercept.

Profile shape EA (˚)
Slope

(360/477 nm)

Intercept

x1043 molec2·cm-5 

(360/477)

R2

(360/477 nm)

Exp decrease

(SH = 0.5 km)

3

6

10

20

0.77±0.05/0.78±0.06

1.10±0.07/1.03±0.08

1.27±0.07/1.19±0.09

1.26±0.10/1.48±0.12

-0.76±0.15/-1.02±0.27

-1.34±0.20/-1.35±0.34

-1.42±0.18/-1.28±0.28

-0.73±0.18/-0.98±0.20

0.92/0.90

0.92/0.88

0.93/0.89

0.86/0.88

3, 6, 10, 20 0.53±0.05/0.59±0.04 0.34±0.13/0.37±0.14 0.53/0.73

Exp decrease

(SH = 1.5 km)

3

6

10

20

0.80±0.04/0.81±0.04

0.95±0.05/0.90±0.06

1.00±0.06/0.97±0.07

1.03±0.09/1.22±0.11

-0.34±0.12/-0.09±0.22

-0.56±0.16/-0.17±0.27

-0.57±0.15/-0.20±0.23

-0.34±0.17/-0.39±0.20

0.95/0.94

0.93/0.90

0.93/0.90

0.83/0.83

3, 6, 10, 20 0.70±0.03/0.75±0.02 0.14±0.07/0.39±0.08 0.88/0.93

Box

(2 km)

3

6

10

20

0.79±0.03/0.75±0.04

0.93±0.05/0.90±0.07

1.05±0.06/1.02±0.08

1.10±0.09/1.30±0.11

-0.14±0.11/0.10±0.20

-0.46±0.14/-0.33±0.28

-0.61±0.15/-0.47±0.25

-0.38±0.17/-0.60±0.19

0.95/0.94

0.94/0.89

0.93/0.89

0.85/0.87

3, 6, 10, 20 0.71±0.02/0.73±0.02 0.22±0.06/0.34±0.07 0.90/0.94

Aloft (2.8 km)

3

6

10

20

0.24±0.02/0.38±0.02

0.39±0.02/0.48±0.03

0.52±0.03/0.57±0.05

0.73±0.09/0.92±0.11

3.21±0.05/4.76±0.11

2.17±0.06/2.81±0.13

1.35±0.09/1.65±0.14

0.45±00.16/0.31±0.19

0.90/0.94

0.94/0.92

0.92/0.88

0.74/0.77

3, 6, 10, 20 1.01±0.07/1.05±0.06 0.30±0.18/0.57±0.22 0.69/0.77

HSRL-2

3

6

10

20

1.00±0.04/0.92±0.03

0.96±0.04/0.88±0.05

0.94±0.04/0.87±0.06

0.89±0.09/1.07±0.11

-0.16±0.12/0.66±0.12

-0.06±0.12/0.58±0.21

-0.01±0.12/0.48±0.19

0.10±0.16/-0.01±0.19

0.97/0/97

0.96/0.93

0.95/0.91

0.81/0.82

3, 6, 10, 20 0.94±0.01/0.99±0.02 0.01±0.04/0.18±0.06 0.98/0.98

The quantitative estimation of the CFO4 was calculated by forcing the intercept to zero,  i.e.,  linear 
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model of  y =  mx +  0 where the slope represents the proxy for the CFO4. Results of this analysis are 

shown in Table 4. In general, the correlation using all EAs reveal that CFO4 between 0.65 - 0.85 are 

needed when the assumed extinction is located in the BL. One interesting finding is that for these  

conditions at lower EA a lower CFO4 is needed. This is contrary to findings by Irie et al. [18] where they 

show lower CFO4 values at higher EAs and with the empirical form of 1 – EA/60. However, Irie et al. 

[18] pointed out that uplifted aerosol layers were not observed using ground-based Lidar. Interestingly, 

they found good agreement between near-surface extinction values with independent measurements 

without correction factor, although higher residuals at high EAs (> 20˚). This is consistent with the way 

that aerosol layers above significantly impact the O4 dSCDs measured with low EAs. This strong EA 

dependency in the CFO4 is not found if the RTM is constrained by the HSRL-2 extinction profiles.

Our results indicate that knowledge about the extinction profiles in the BL and aloft are important in 

order to draw conclusions about the simulation of O4 dSCDs. Assuming the aerosol extinction to be 

purely in the BL in combination with the application of the CFO4 would yield good agreement with 

independent  co-located  AOD  observation.  However,  the  real  aerosol  extinction  profiles  would  be 

different. On the other hand, if the CFO4 is not applied the AOD would be underestimated by up to 60 % 

(depending on the CFO4, i.e., depending on the aerosol profile shape). Furthermore, if the goal is to 

retrieve aerosol extinction in the near-surface layer using “corrected” O4 dSCDs this would yield an 

overestimation of the aerosol extinction coefficients created by the misplacement of aerosols. In fact, 

Zieger et al. [17] compared the near-surface aerosol extinction coefficients retrieved by MAX-DOAS 

with in-situ measurements and found systematically higher MAX-DOAS values. As mentioned in that 

study,  the  presence  of  aerosols  at  higher  altitudes  might  result  in  an  overestimation  of  the  lowest 

extinction  values.  This  is  also  clear  in  the  assumed  extinction  profiles  from Fig.  5  where  all  the 

assumed extinction profiles have the same AOD but higher aerosol extinction coefficients close to the 

surface, in particular using the exponentially decreasing profiles. These findings are in agreement with 

independent  airborne MAX-DOAS observations,  where it  has been shown that  agreement  between 

measured  and simulated  O4 SCD is  within  1  ±  2% error  in  the  BL when  aerosols  aloft  are  well 

characterized independently [9]. 

Table 4: Same as Table 3 but forcing the intercept to zero, i.e., linear model of y =mx +0.

Profile shape EA (˚)
Slope (CFO4)

(360/477 nm)

R2

(360/477 nm)
Exp decrease 3 0.54±0.01/0.58±0.02 0.45/0.51
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(SH = 0.5 km)

6

10

20

0.65±0.020/0.72±0.02

0.74±0.02/0.80±0.02

0.85±0.11/0.92±0.02

0.33/0.43

0.32/0.40

0.39/0.35
3, 6, 10, 20 0.65±0.01/0.68±0.02 0.80/0.97

Exp decrease

(SH = 1.5 km)

3

6

10

20

0.70±0.01/0.80±0.01

0.76±0.01/0.86±0.01

0.80±0.01/0.91±0.01

0.84±0.01/1.00±0.02

0.71/0.90

0.60/0.82

0.58/0.79

0.55/0.56
3, 6, 10, 20 0.75±0.01/0.85±0.01 1.02/1.19

Box

(2 km)

3

6

10

20

0.74±0.01/0.77±0.01

0.78±0.010.83±0.02

0.82±0.01/0.87±0.01

0.89±0.01/0.97±0.02

0.85/0.99

0.67/0.74

0.57/0.65

0.55/0.48

3, 6, 10, 20 0.78±0.01/0.82±0.01 1.11/1.17

Aloft (2.8 km)

3

6

10

20

1.24±0.04/1.29±0.06

1.10±0.04/1.13±0.03

1.02±0.03/1.08±0.02

0.98±0.01/1.09±0.01

24.80/11.16

7.75/5.25

3.58/3.17

1.35/1.09

3, 6, 10, 20 1.12±0.02/1.05±0.01 0.85/1.06

HSRL-2

3

6

10

20

0.95±0.01/1.05±0.01

0.94±0.01/1.02±0.01

0.93±0.01/1.02±0.01

0.95±0.01/1.07±0.01

0.97/1.25

0.93/1.24

0.91/1.24

0.92/0.81

3, 6, 10, 20 0.94±0.01/1.04±0.01 0.92/1.06

3.2 Effect of elevated aerosol layers on O4 dSCDs

Figure 8 shows the comparison of O4 dSCDs (measured and simulated at 477 nm) for EAs of (A) 3˚, 

(B) 6˚, (C) 10˚, and (D) 20˚ using both the HSRL-2 aerosol extinction below 2 km (‘BL only’, red 

circles) and the aerosol extinction up to ~ 7 km (‘HSRL-2’, blue circles). Filled circles represent the 

north and open circles the south AA. It is interesting to note that the lowest EAs (3˚ and 6˚) show 

among the largest  systematic  differences.  The predicted O4 dSCDs are systematically  higher  when 

aerosols aloft are ignored. Virtually no effect of the elevated aerosol layers is only observed at EA of 

10˚. At EAs of 20˚ the elevated layers have the reverse effect compared to the low EAs, i.e., predicted 

O4 dSCDs are  either  unchanged,  or  systematically  lower  when aerosols  aloft  are  ignored.  This  is 
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consistent with the primary effect of elevated aerosol layers being visible in the lower EAs, as shown 

by the linear correlation analysis in Section 3.1. An AA dependency is also captured in Fig. 8, which is 

shown as  time  series  in  Figure  S3  in  the  supplement.  The  comparison  of  the  simulations  reveals 

differences in the lower EAs at different AA, which is not seen in the higher EAs. Significantly smaller 

differences are observed for the view to the North if elevated layers are accounted for.

 

Figure 8: Comparison of O4 dSCDs measured and simulated at 477 nm for the EAs of (A) 3˚, (B) 6˚, 

(C) 10˚, and (D) 20˚. Red circles are assuming only HSRL-2 aerosol extinction below 2 and blue 

circles HSRL-2 aerosol extinction up to ~7 km. The north AA are solids while open circles represent 

the south AA.
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The results  of  the linear  regression analysis  between the simulated (’BL  only’)  and measured O4 

dSCDs are presented in Table 5. The EA analysis is performed using the approach presented in Section 

3.1. Columns 2 to 4 show the results of the linear model y = mx + b, while column 5 shows the CFO4 

obtained with the statistical model of y = mx + 0. In comparison with Tables 3 (HSRL-2 case) the slope 

and intercept are not significant different at 360 and 477 nm, indicating maximal sensitivity to aerosols 

in the boundary layer. However, the CFO4 is significantly different for the EA of 3˚ and 6˚, especially at 

477 nm.  In this case, the CFO4 is larger than 5 % when the aerosols aloft are not taken into account. 

Overall,  these results confirm that ground based observations of O4 dSCDs are suitable to identify 

elevated aerosol layer and that the sensitivity is enhanced in the visible wavelengths. 

Table 5: Results from the linear correlation analysis of the simulated and measured O4 dSCDs using the 

EAs of 3˚, 6˚, 10˚, 20˚, aerosol extinction profiles from ‘BL only’, and north and south AAs. The 

analysis is performed using the linear model y = mx + b (columns 2 to 4) and y = mx + 0 (column 5).

EA (˚)
Slope

(360/477 nm)

Intercept

x1043 molec2·cm-5 

(360/477)

R2

(360/477 nm)

(CFO4, slope)

(360/477 nm)

3 1.02±0.04/1.00±0.04 -0.29±0.12/0.54±0.21 0.97/0.96 0.94±0.01/1.11±0.02
6 1.00±0.04/0.88±0.05 -0.15±0.13/0.81±0.20 0.96/0.94 0.96±0.01/1.07±0.02

10 0.91±0.04/0.84±0.05 0.12±0.11/0.64±0.15 0.95/0.93 0.95±0.01/1.03±0.01
20 0.80±0.09/0.98±0.13 0.23±0.16/0.10±0.20 0.76/0.77 0.94±0.01/1.05±0.01

3, 6, 10, 20 0.90±0.01/1.06±0.01 0.09±0.01/0.10±0.10 0.90/0.94 0.94±0.01/1.06±0.01
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3.3 Literature context: frequency of occurrence of elevated aerosol layers

The elevated aerosol layers identified in this work are not unique of the two presented case studies. 

Berg et al. [21] examined in more detail the contribution of layers aloft to AOD during TCAP using six 

research flights carried out with HSRL-2. They found that elevated layers (from 2.64 km to the top of 

the HSRL-2 ~ 7 km) represented as much as 40% of the total AOD in the continental column. On the 

other  hand,  in  the  maritime column all  of  the  AOD was  associated  with  aerosol  below 2.64  km. 

Furthermore, the occurrence of elevated aerosol layers was examined over the TCAP area using four 

years data from the Cloud-Aerosol Lidar and Infrared Pathfinder satellite (CALIPSO). In this long time 

series analysis more than 60 % of the aerosol layer tops observed between 2 and 5 km are associated  

with layers aloft during the month of July. The importance of such layers was also noted by Goldstein 

et al. [44] in the Southeast of the U.S. They infer that much of the secondary organic aerosol must occur 

above the surface layer to explain the AOD in summer months. Recent studies using long time series 

from CALIPSO have shown that elevated layers are more frequent than expected [45-47]. 

The Intergovernmental Panel on Climate Change (IPCC) Working Group I of the Fifth Assessment 

Report  summarizes the climatology of aerosol extinction vertical  profiles globally,  highlighting the 

importance of aerosol layers above 1 to 2 km [46]. They show that the average latitudinal vertical cross 

sections of the 532 nm aerosol extinction vertical profiles from CALIPSO during 2010 extended up to 4 

km for the longitudinal bands of 20˚ W to 40˚ E and 60 to 120˚ E, especially for northerly latitudes (~ 0 

to  50˚  N).  Winker  et  al.  [45]  used  six  year  data  set  from  CALIPSO  to  characterize  the  global 

3-dimensional distribution of tropospheric aerosols, and present evidence that elevated aerosol layers 

(including the free troposphere) are important, and may be low-biased in the CALIPSO data. They 

compare HSRL extinction profiles co-located with CALIPSO overpasses in the eastern Caribbean, the 

Southeast  US,  and  the  mid-Atlantic  region,  and  show  that  profiles  obtained  from  CALIPSO  are 

significantly lower (by about 0.002 km−1) above 4 km altitude than the HSRL [45]. 

All past MAX-DOAS studies that applied the CFO4 (see Table 1) were conducted at northerly latitudes 

(between 35.0 to 52.0˚ N) and easterly longitudinal bands (between 4° to 117° E),  where AOD is 

enhanced, and elevated aerosol layers are frequent [45,46]. According with the zonal mean distribution of 

aerosol  extinction  profiles  obtained by Winker  et  al.  [45]  about  63% and 90% of  the AOD extend 

roughly to about 1.5 and 3.0 km, respectively at north latitudes, i.e., a significant fraction of AOD is 

located above 1.5 km (~ 37% on average). During TCAP as much as 40% of AOD was located above 3 
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km. To the best of our knowledge elevated aerosol layers were not accounted for in the a-priori aerosol 

profiles used by previous MAX-DOAS studies that found a need for CFO4.  

3.4 Factors influencing the CFO4 in MAX-DOAS 

In order to investigate the different factors that contribute to the CFO4, O4 SCDs were simulated using 

McArtim for four cases that  differ  in  the assumptions  about  the temperature,  pressure and aerosol 

profile. The assumptions for each of the four cases are listed in Table 6. All O4 SCDs were simulated at 

477 nm using the geometry of the EA scan performed with the 2-D-MAX-DOAS during TCAP. The 

simulations were carried out for conditions on 17 July (high AOD case study) and 22 July (low AOD 

case study), and the results are shown in Figure 9. Cases 1 and 2 represent the atmospheric conditions 

as characterized by the radiosondes, while cases 3 and 4 assume the temperature and pressure profile of 

the U.S standard atmosphere. Figure S4 shows the comparison of the temperature and O4 concentration 

profiles using the measured and U.S standard atmospheric conditions for 17 July 2012. Below 13 km 

the  measured  temperature  is  10-12  K  larger  than  that  of  the  U.S  standard  atmosphere.  As  a 

consequence,  the  O4 concentration  is  15  –  18%  higher  at  a  given  altitude  in  the  U.S  standard 

atmosphere.  Several  previous  MAX-DOAS  studies  assumed  the  U.S  standard  atmosphere  directly 

and/or use ambient local surface conditions to adjust the U.S standard atmosphere profiles to represent 

the O4 profile in the RTM [5,14-19]. Cases 1 and 3 use the measured HSRL-2 aerosol profile, while cases 

2 and 4 use the same AOD confined to the lower atmosphere (exponential decreasing profile with a SH 

of 0.5 km, see Fig. 5). We can assume case 1 approximates well the measured O4 dSCDs, because we 

have shown in Section 3.1 that under known aerosol distributions and air density profiles there is no 

need for CFO4, and O4 can be predicted with little error (< 0.1 %) if the temperature and pressure 

profiles are known [2]. Figure 9 compares case 2 (red), case 3 (blue), and case 4 (green) relative to case 

1.

Table 6: Atmospheric and aerosol conditions used in four case sensitivity tests to simulate O4 SCDs. 

Case # Atmosphere Aerosol
1 Radiosonde HSRL-2

2 Radiosonde Exponential (SH = 0.5km)

3 U.S atmosphere HSRL-2

4 U.S atmosphere Exponential (SH = 0.5km)

Figure 9 shows three sets of analysis each for the 17 July (AOD ~ 0.35, top row) and 22 July (AOD < 
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0.10, bottom row): 1) O4 SCDs in the zenith view (9A and 9D); 2) O4 SCDs in the off-axis EAs (9B and 

9E); and 3) O4 dSCDs using the zenith reference spectrum of the same EA scan sequence. Surprisingly, 

the assumption about the aerosol distribution (case 2) does only have a very minor effect on the O4 

SCD,  which  increases  by  4  % for  both  case  study days.  On  the  other  hand,  if  the  U.S  standard 

atmosphere is  used (case 3) the O4 SCDs is  overestimated by ~ 18 and 13 % on 17 and 22 July, 

respectively. This corresponds to an O4 SCD offset (overestimate) of up to 0.1 x1043 molec2 cm-5. The 

axis scales of Fig. 9B and 9E are different on both case study days due to the difference in AOD. 

Interestingly, while points systematically fall above the 1:1 line in panels A and D (case 2), they fall 

systematically below the 1:1 line in panels B and E, and C and F. Similarly, the O4 SCDs in the zenith 

view  are  higher  for  case  4  than  for  case  3,  but  lower  for  the  off-axis  angles.  We  conclude  that 

independent of the assumptions about temperature and pressure conditions, a too low distribution of 

aerosols introduces a small but noticeable high bias in the zenith simulated O4 SCDs, which translates 

in a small low-bias in the O4 dSCDs for the off-axis EAs. This bias leads to 0.95 < CFO4 < 1 for all 

cases and EAs. We conclude that the bias of the aerosol profile on the zenith view is small compared to 

the  assumptions  about  vertical  distributions  of  1)  aerosols  and 2)  air  density,  which have  a  major 

influence on the interpretation of the off-axis EAs. 

If the aerosol is confined to the BL (case 2) CFO4 is needed at all EAs, especially at high AOD (see 

Table 4). Interestingly, using the U.S standard atmosphere increases the simulated O4 SCDs for no good 

reason. This leads to a partial compensation of the bias created by the erroneous aerosol profile, and a 

smaller apparent deviation from the 1:1 line for both case study days, and at all EAs (but zenith). The 

assumption  about  the  aerosol  being  confined  in  the  BL (case  2)  yields  a  negative  bias  that  is 

significantly larger than the bias caused by the assumptions about air density (case 3). Recent studies 

that have used actual measurements of temperature, pressure and humidity profiles in the RTM did not 

find  a  need  for  CFO4 [9,19].  If  RTM simulations  use  the  U.S  standard  atmosphere,  the  bias  in  the 

predicted O4 dSCDs depends on the relative difference of the local temperature and pressure conditions 

at the time of measurement to the conditions in the U.S standard atmosphere, which is often not known 

for studies in Table 1. This complicates an assessment of the causes for CFO4 in past MAX-DOAS 

studies.  However,  it  is clear from Figure 9 that the effect of misrepresenting the aerosol profile is 

especially important for EA < 20˚. Notably, cases 3 and 4 also yield O4 SCDs above the 1:1 line, but 

only for EAs ≥ 20˚. We conclude that for EA < 20˚ the negative bias from assuming aerosols to be 

confined to the BL is more important than the assumption about the atmospheric air density profile. 
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Figure 9: Comparisons of the simulation of O4 SCDs (A,B,D,E) and O4 dSCDs (C,F) for case 2 (red), 

case 3 (blue), and case 4 (green) relative to case 1 (see Table 6) on (top row) 17 July and (bottom row) 

22 July 2012. Different symbols mark different EAs: (circle) 90, (diamond) 45, (triangle down) 20, 

(star) 10, (plus) 6, (triangle) 3, and (square) 1 EA.  

3.5 Outlook

Ground based MAX-DOAS measurements of O4 are mostly sensitive to aerosol in the boundary layer. 

However, the results of this study indicate that such measurements are disturbed in presence of aerosol 

layers aloft. As a consequence, even O4 dSCDs measured in the lower EA contain bias due to elevated 

aerosol layers, which has potential to translate into bias of partial AOD that is attributed to the BL 

based  on  O4 dSCDs  alone.  Elevated  aerosol  layers  were  identified  primarily  with  the  visible 

wavelengths. In order to ovoid bias in the simulation of O4 dSCDs we recommend the use of actual 

temperature and pressure vertical profiles in the RTM [9,19,48,49]. 

Under  known atmospheric  conditions  of  temperature  and  pressure  we  propose  that  the  pattern  of 

EA-dependent O4 dSCD offsets can be systematically exploited to help characterize aerosol extinction 

aloft with ground-based MAX-DOAS, and possibly better characterize these elevated layers. An initial 

step may be to use total AOD from external sources, e.g., from measurements of the Raman Scattering 

Probability with the same instrument [50] or independent direct-sun observations (e.g, AERONET) and 

perform the linear  correlation analysis  as presented in this  work. Friess  et  al.  [4]  had developed a 
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non-linear inversion based on synthetic spectra and found that O4 dSCDs are sensitive to aerosol layers 

located about ~3 km altitude. They had suggested that the information content is enhanced when the 

non-linear retrieval inversion uses O4 dSCDs measured at different wavelengths simultaneously. Our 

results support such sensitivity, which exists at any single O4 band but mostly at visible wavelengths. 

The simultaneous use of wavelength dependent O4 dSCD offsets, optimized viewing geometries, and 

external constraints to AOD is promising to maximize information to characterize layers aloft.  The 

retrieval of aerosol extinction profiles and partial AODs in the boundary layer and free troposphere, 

especially elevated aerosol layers, deserves further investigation. The TCAP dataset provides a unique 

opportunity to apply, further develop and test state-of-the-art retrievals of elevated aerosol layers. The 

data of the two case studies described here is available for collaborative studies upon request from the 

authors. 

Finally, to develop a complete picture about the need for CFO4 with ground-based MAX-DOAS, a study 

in  the  absence  of  elevated  aerosol  layers,  that  has  aerosols  confined to  the  BL and benefits  from 

collocated  independent  quantitative  measurements  of  highly  vertically  resolved  and  multispectral 

aerosol extinction profiles and atmospheric conditions remains desirable.

4. Summary and conclusions

We have presented a detailed study of the simulation of O4 dSCDs under conditions when the aerosol 

extinction profiles are well-known. We conclude the following:

 Excellent  agreement  is  found  between  measurements  and  simulation  of  O4 dSCDs  using 

independently  measured,  highly  vertically-resolved  aerosol  extinction  profiles.  A  linear 

correlation  has  slope  close  to  unity,  no significant  offset,  and R2 >  0.98.  In  particular,  no 

evidence for CFO4 is found at 360 and 477 nm, under conditions of high and low AOD.

 The dominant fraction of the AOD (between 47 to 68 %) was present in form of elevated 

aerosol layers. Although maximum sensitivity is achieved close to the surface we show that 

even for low AOD (near molecular scattering dominant conditions), ground-based O4 dSCD 

measurements, mainly at 477 nm and low EAs, show sensitivity to such elevated aerosol layers. 

When elevated  aerosol  layers  are  present  and total  AOD is  used  in  the  boundary  layer  to 

constrain O4 simulations a slope that is consistently smaller than unity (0.53 – 0.75), and an 

offset that is greater than the O4 dSCD errors of 1.80x1042 molec2/cm5 for the 360 nm and 
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1.45x1042 molec2/cm5 for the 477 are found. A proxy for the CFO4 is estimated, and the range of 

CFO4 is  found to be consistent  with values  that  have been reported in  recent  MAX-DOAS 

studies.

 An EA analysis revealed a consistent and significant negative bias in the O4 dSCD simulations 

for all EAs if AOD is high and aerosol distributions are confined to near the surface. The same 

effect is found when the AOD is small (AOD < 0.1 at 477 nm), however only for EA < 10˚. If 

the EA-dependent  bias (intercept  in Table 3) is  ignored,  this  manifests  as a  systematic EA 

dependence  of  CFO4 that  is  most  pronounced  in  the  lowest  EAs,  and  equivalent  to  an 

overestimation of near-surface extinction. 

 We propose that the pattern of EA-dependent O4 dSCD offsets can be systematically exploited 

in combination with external constraints to AOD to better characterize these elevated layers 

with ground-based MAX-DOAS.

 The aerosol layers aloft identified in this work were not a peculiarity of the two case studies we 

have selected to investigate, but were frequently observed in a period of four years in the Cape 

Cod bay area [21].  Future studies might  need to  consider  the impact  of such layers  on the 

scattering of sunlight as seen by ground-based passive remote sensing instruments. 

There  is  now  consistent  evidence  from  MAX-DOAS,  DS-DOAS  and  AMAX-DOAS 

measurements[9,19] that suggests CFO4 are small or not needed if there is enough information about 

aerosols.  A recent study has shown that there is no fundamental limitation on using O4 dSCDs to 

constrain  aerosol  extinction  profiles  from aircraft[9].  O4  simulations  need to  take  into  account  the 

possibility of elevated aerosol layers. Unless they are accounted for, elevated aerosol layers can result 

in the overestimation of extinction coefficients near the surface. The retrieval of aerosol profiles by 

MAX-DOAS  is  not  limited  to  O4,  and  is  particularly  promising  if  O4 is  combined  with  other 

parameters  that  constrain AOD, such as  the Raman scattering probability[14,50]. The implication of 

elevated aerosol layers for the interpretation of other trace gases deserves further investigation.
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Supplementary figures

Figure S1: Aerosol extinction (532 nm) curtain plots on 17 (A) and 22 (B) July 2012. Both plots are  
shown on the same scale to contrast the difference in extinction on both days. The yellow vertical lines 
represent the average time during the overpasses above the TCAP ground site.

894

895

896
897
898
899
900

901



Figure S2: Comparison of O4 dSCDs measured and simulated at 360 nm for the elevation angles of 3˚ 

(A), 6˚ (B), 10˚ (C), and 20˚ (D). Note that the magnitude of the axis are different for each elevation  

angle. The light blue shaded oval represents values from 17 July, which are easily identified for low 

elevation angles (< = 10˚). For the elevation angle of 20˚ there is not an apparent split in the O 4 dSCDs 

for the different days. The O4 dSCD error bars in the measurements represent the 7 % described in 

Section 2.1 
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Figure S3.  Time series of O4 dSCDs measured on 17 July 2012 during the HSRL-2 overpass, and 

simulated using the aerosol extinction from HSRL-2 below 2 km and removing aerosol aloft at 477 nm 

for the EAs of (A) 3˚, (B) 6˚, (C) 10˚, and (D) 20˚. The gray line indicates the viewing angle (0 =  

north; 180 = south).
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Figure S4. Comparison of the temperature (dotted line) and O4 concentration profiles (continuous line) 

using the co-located radiosonde measurements (red) and U.S standard atmosphere (blue). The example 

shown is from 17 July 2012. If the U.S standard atmosphere is used the O4 concentration profile is 

overestimated, hence the O4 dSCDs are overestimated. 
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