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18Abstract

19

20The oxygen collisional complex (O,-O,, or O,) is a greenhouse gas, and a calibration trace gas used to
21linfer aerosol and cloud properties by Differential Optical Absorption Spectroscopy (DOAS). Recent
22reports suggest the need for an O, correction factor (CFo4) when comparing simulated and measured O,
23differential slant column densities (dSCD) by passive DOAS. We investigate the sensitivity of O,
24dSCD simulations at ultraviolet (360 nm) and visible (477 nm) wavelengths towards separately
25measured aerosol extinction profiles. Measurements were conducted by the University of Colorado
262D-MAX-DOAS instrument and NASA’s multispectral High Spectral Resolution Lidar (HSRL-2)
27during the Two Column Aerosol Project (TCAP) at Cape Cod, MA in July 2012. During two case study
28days with (1) high aerosol load (17 July, AOD ~ 0.35 at 477 nm), and (2) near molecular scattering
29conditions (22 July, AOD < 0.10 at 477 nm) the measured and calculated O4 dSCDs agreed within
306.4+£0.4% (360 nm) and 4.7+0.6% (477 nm) if the HSRL-2 profiles were used as input to the
31calculations. However, if in the calculations the aerosol is confined to the surface layer (while keeping
32A0D constant) we find 0.53<CF4<0.75, similar to previously reported CFos. Our results suggest that
33elevated aerosol layers, unless accounted for, can cause negative bias in the simulated O, dSCDs that
34can explain CFos. The air density and aerosol profile aloft needs to be taken into account when
35interpreting the O, from ground-based MAX-DOAS. Opportunities to identify and better characterize
36these layers are also discussed.

37
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40

411. Introduction

42

43The collision-induced absorption of oxygen (O,-O., or O4) absorbs solar radiation at multiple bands
44throughout the ultraviolet (UV), visible and near-infrared regions of the electromagnetic spectrum[*].
450,-0, has no bound state at atmospherically relevant temperatures, and its concentration in the
46atmosphere is proportional to the square of the oxygen concentration. Hence it can be predicted with
47little error (< 0.1 %) if the temperature and pressure profiles are known[?]. Analysis of the strong
48absorption bands of O, provides a unique way to characterize how clouds and aerosols modify the
49photon trajectories, therefore providing informing about cloud-top pressure, effective cloud coverage,

50and aerosol optical properties. In particular, O, is being used extensively as an atmospheric reference



51gas in Differential Optical Absorption Spectroscopy (DOAS) applications, including Multi Axis DOAS
52(MAX-DOAS)[**], airborne MAX-DOAS[”?], in-situ DOAS instruments[*'°], and satellites["']. Since
53most of the O, is located below 4 km, the analysis of O, is particularly useful to infer aerosol and cloud
54properties in the lowermost part of the troposphere.

55

56Trace gas profiles derived from passive DOAS techniques, i.e., MAX-DOAS and airborne
57MAX-DOAS, require aerosol extinction profiles as prerequisite information in radiative transfer
58models (RTM). The vertical sensitivity of the measurements to perturbations in the species of interest
59is quantified by the weighting functions, which for optically thin absorbers such as O, are the same as
60the box-air mass factor (bAMF)["?]. The weighting functions are calculated with RTMs by the ratio of
61the partial slant column density (SCD) to the partial vertical column density (VCD) contained in an
62atmospheric layer. Retrieval algorithms based on nonlinear inversion such as optimal estimation need
63the weighting functions["’]. If the photon path trajectory in the RTM is well-constrained by knowledge
640f the aerosol extinction, then the error in the weighting functions decreases; consequently, the final
65error of the trace gas inversion also decreases. By contrast, assumptions about aerosol extinction
66profiles can lead to considerable errors. In this context, O, observations are important because they
67yield information about the extinction profiles[*>*]. Over the past few years, many ground-based
68MAX-DOAS observations have reported O, dSCDs that exceed those simulated by RTM. An O,
69correction factor (CFos) was applied to improve the correlation of simulated and measured O,
70differential AMF (dAMF or differential SCD, dSCD; differential with regards to the amount contained
71in the reference spectrum)[>'*'®]. The cause of this CFoq is currently not understood. Recent airborne
72and direct-sun DOAS testing of O, dSCDs did not find a need for CFos[*"°]. However, the CFo, values
73reported by ground-based MAX-DOAS vary between different studies, see Table 1, and CFo, is
74consistently needed at low AOD (< 0.2 at 360 nm) [>'*] and/or at high AOD (up to 1.5 at 477 nm)["*].
75Past MAX-DOAS studies that needed CFo4 have either lacked independent measurements of vertically
76resolved extinction profiles, and/or made simplifying assumptions about the aerosol extinction profiles,
77i.e., confining aerosols to the near the surface (within the boundary layer (BL), see Table 1).

78

79Table 1: Previous ground-based MAX-DOAS using the CFo4

Aerosol Profile
Reference Wavelength (nm AOD CFo4
information®

Wagner et al. ['] 360 0.1-0.2 NO® ~0.78



Clémer et al. [°] 360, 477,577,630 < 0.15 (360 nm) NO* 0.75

Irie et al. [*°] 360, 477 0.1-1.0 NO* 0.75
Vlemmix et al. ['] 477 0.1-0.8 NO¢ 0.80
Zieger et al. [''] 360, 477 0.1-0.8 Qualitative! ~ 0.808
Irie et al. [*%] 476 0.1-1.5 Qualitative" ~0.83!

80°Indicating whether highly resolved aerosol extinction profiles (BL and free troposphere) were
8lavailable and/or used in the simulation of O,. "Aerosol profile approximated as box-profile, i.e.,
82constant extinction between the surface and 1 km. ‘CFo4 was determined using elevation angles of 15°
83and 30°; aerosol profile assumption: exponential decrease with a scale-height of 0.5 km, AOD as
84measured by a co-located Sun photometer. “Aerosol extinction retrieval; assumes exponential decrease
85in the lowest 1 km. °Similar approach as in [°]. 'Raman lidar (355 nm); assumes a backscatter to
86extinction ratio between 60 m and 750 m; above 750 m the lidar ratio was determined and multiplied
87with the backscatter signal to obtain extinction profiles (200 m resolution). #Average CFo. applied to
88four participating MAX-DOAS during the CINDI campaign. "Aerosol extinction in the BL was
89inferred by lidar, assuming a constant lidar ratio; lidar extinctions in the BL were compared with
90independent in-situ and MAX-DOAS retrievals. MAX-DOAS extinctions profiles were retrieved by
91modifying profile shapes in 1 km thick layers below 3 km constrained by partial AODs. ‘Calculated
92with the empirical off-axis scan dependent CFo, to a set of elevation angles (<= 10°); in this case 10°.
93

94Uncertainties in the temperature and pressure dependencies of O, cross sections had been suggested as
95possible causes for the CFos [*'*]. Recently, laboratory measurements of the O, absorption cross
96sections have quantified the temperature dependence of the spectral band shape for a variety of bands
97at ultraviolet and visible wavelengths (Thalman and Vokamer [*]). The O, bands at 360 and 477 nm
98have further been reproduced from field observations in a Rayleigh atmosphere within narrow error
99bounds (< 3 % error)[*°]. This error is significantly smaller than the 25 + 10% differences reported in
100the literature (see Table 1). Furthermore, Volkamer et al. [°] compared modeled and measured O,
101dSCDs from airborne MAX-DOAS, and reconciled the inferred aerosol extinction profile with
102independent aerosol extinction profiles retrieved by High Spectral Resolution LIDAR (HSRL) in the
103presence and absence of aerosol. They did not need CFo, different from unity over the full range of
104altitudes probed (0 - 14.5 km). Some recent evaluations of ground-based MAX-DOAS have used
105qualitative information about aerosol vertical distributions (e.g., Irie et al. ['*]; Remmers and Wagner
106[*]). To our knowledge only airborne MAX-DOAS has been evaluated using quantitative
107vertically-resolved aerosol profiles [°]. In this work, we study the effect of simplifying assumptions
108about aerosol profiles on O, dSCDs, and assess the validity of these assumptions using independent
109measurements of highly-resolved aerosol extinction profiles using the data from NASA’s HSRL-2
110instrument aboard the B200 aircraft deployment as part of the first phase of the Department of Energy
111(DOE) Two Column Aerosol Project (TCAP)[*'].



112

1132. Methodology

114

115The first intensive phase of the TCAP field campaign took place in the east coast of North America
116(over Cape Cod, MA, U.S.) through July and part of August 2012. The primary TCAP objectives were
117to characterize the aerosol direct effect under polluted conditions (over Cape Cod, MA), and contrast it
118with pristine conditions several hundred kilometers away from land over the Atlantic Ocean. Here we
119use data collected at the DOE Atmosphere Radiation Measurement (ARM) Mobile Facility (AMF) site
120with the 2-D-MAX-DOAS located at the Highlands Center in the Cape Cod National Seashore about
12185 km southeast of Boston, MA and aboard the NASA B-200 King Air aircraft with the second
122generation HSRL-2 (Fig. 1). Details about the comprehensive set of measurements aboard aircrafts and
123with DOE Atmospheric Radiation Measurement (ARM) Mobile Facility located at the base of the Cape
124Cod are described in Berg et al. [*']. We present results for two distinctive cloud-free days with very
125different AOD conditions and when the King Air aircraft carried out overpasses above the TCAP
126ground site (Tuesday 17 July and Sunday 22 July 2012). Fig. 1 shows the NASA's King Air flight
127tracks on both days.

128

129
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131Figure 1: Map of the Cape Cod Bay area. The TCAP ground-based site is shown with the red asterisk.

132The major city of Boston is shown with the blue asterisk. The NASA's King Air flight tracks on 17 and
13322 July 2012 are indicated with the green and blue lines respectively. The white circle area represents
134the 10 km radius that is used to average the extinction profiles from the HSRL-2.

135

136 2.1 The 2-D-MAX-DOAS instrument and O, retrieval

137

138The 2-D-MAX-DOAS instrument, including the retrieval of range-resolved NO, (3-D distributions),
139are described in detail in Ortega et al. [**]. Briefly, the 2-D-MAX-DOAS instrument as deployed during
140TCAP consisted of three synchronized spectrograph/detector units located indoors in a
141temperature-controlled sea container and the control measurement laptop; the 2-D telescope was
142mounted outdoors on the railing of the seatainer (~45 m ASL), providing an unobstructed view close to
143the horizon towards 0 and 180° azimuth angles (AA) relative to north. The 2-D measurements during
144TCAP provide a unique data set to test and validate diurnal spatial distribution of AOD and aerosol
145microphysical properties, which are part of a separate study. In this work, we use off-axis scans that
146consisted of seven elevation angles (EA) (1, 3, 6, 8, 10, 20, 45° above the horizon, and zenith) and the

147two AAs. The integration time for spectra recorded at each EA was 1 min. The scattered light collected



148with the 2-D telescope was focused into a single CeramOptics 25 m x 1.0 mm silica mono fiber
149coupled to a tri-furcated fiber bundle connected to three Ocean Optics (QE6500) spectrometers with a
150wavelength range between 300 and 631 nm with a spectral resolution between 0.4 - 0.6 nm (FWHM).
151

152The spectra collected at each EA were analyzed using the DOAS method [**] and the WinDOAS
153software package[**]. Details about the retrieval of O, dSCDs in the UV and visible, as well as the
154cross sections that were fitted simultaneously are listed in Table 2. All the high-resolution trace gas
155cross sections were adjusted to the instrumental resolution using the slit functions determined close to
156the fit window by means of mercury emission lines. The zenith sky spectra recorded at the start of each
157EA scan is used as reference spectrum to evaluate the O4 dSCDs from the other EAs. A Ring cross
158section is calculated from the respective reference spectrum using the DOASIS software[*'] and
159included in the fit to account for the "filling in" of Fraunhofer lines due to rotational Raman
160scattering['***]. An example spectrum of the DOAS analysis of O, at 360 and 477 nm is shown in Fig.
1612. We refer to the O4 dSCDs retrieved over the spectral ranges 338-370 nm and 438-488 nm as the O,
162dSCDs at 360 and 477 nm, respectively, using the wavelength of the maximum peak absorptions in the
163UV and visible respectively (see Table 2).. We estimate upper limit O, dSCD errors of about 7 %
164(~1.80x10* molec*cm®) for 360 nm and 4 % (~1.45x10* molec?’/cm°) for 477 nm. These errors are
165estimated as the overall variation in O, dSCD from sensitivity tests that used different O4 cross
166sections[*>**], wavelength windows, and polynomial order according with past studies [>°]. In general,
167the O, dSCD variations are about 8 times the DOAS fit error calculated internally in WinDOAS as the
168standard deviations on the retrieved dSCD [*].

169

170Table 2: Summary of the DOAS fitting analysis of O, in the UV and visible.

Fitting window

Cross section 04 (UV) O, (visible) Reference
338-370nm 438 — 488 nm

04 (293 K) X X Thalman and Volkamer [?]
0; (223 K) X Bogumil et al. [*]

0; (243 K) X X Bogumil et al. [*]
NO; (294 K) X X Vandaele et al. [*]
H,O HITEMP (294) X Rothman et al. [¥']
CHOCHO X Volkamer et al. [*]



HCHO X Meller and Moortgat. [*’]
BrO X Fleischmann et al. [*°]

Ring X X Kraus [*']

Additional information

Polynomial 5 5
Intensity offset Linear (2 terms)

RTM wavelength (nm) 360 477
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174Figure 2: Example of the O, fit in the UV and visible using the DOAS settings listed in Table 1. The
175example is from 17 July 2012 close in time to the NASA's King air overpass (about 11 LST, SZA = 32,
176EA = 3, and north AA). (A) O, analysis in the UV (360 nm). The RMS is 3.93x10* and the O, dSCD is
1772.49x10* molecules®*cm™. (B) O, analysis in the UV (477 nm). The RMS is 3.29x10* and the O,
178dSCD is 3.65x10* molecules®cm™. The red lines represent measured spectra and black lines are scaled
179reference cross sections.

180

181The time series of O4 dSCDs is shown for two cloud-free days, i.e., 17 and 22 July 2012, in Fig. 3. The
182top panels A and C show the dSCDs at 360 nm, and the bottom panels B and D show the dSCDs at 477
183nm. The magnitude and EA dependence of the measured O4 dSCDs on both days are quite different
184and serve to inform qualitatively on atmospheric and AOD conditions. On 17 July the small O4 dSCDs

185in the low EAs indicate high AOD. For comparison, the clear splitting and higher O, dSCDs along the



186different EAs on 22 July indicate lower AOD. In general, the instrument horizontal distance sensitivity
187is enhanced for low AOD. The aerosol extinction profiles and the AOD are examined in Section 2.2.
188The yellow shaded areas in Fig. 3 represent the periods of time when two overpasses were carried out
189with the NASA King Air above the TCAP ground site and that were used to simulate and compare the
1900, dSCDs.
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193Figure 3: Time series of the O, dSCDs obtained with the elevation angle scan on 17 July (A and B) and
19422 July 2012 (C and D). The north AA is shown. The 360 and 477 nm are shown on top and bottom
195respectively. The yellow shaded areas characterize the period of time used to simulate and compare the
1960, dSCDs and where the NASA's King air carried out overpasses above the TCAP ground site.

197

198 2.2 The High Spectral Resolution Lidar — 2 (HSRL-2)

199
200The HSRL-2, an improved version of the airborne HSRL-1 instrument [**], measures profiles of

201particle backscatter coefficients and linear particle depolarization ratios at 355, 532, and 1064 nm; and
202particle volume extinction coefficients at 355 and 532 nm [**]. During TCAP, data were sampled at 100
203m horizontal and 15 m vertical resolutions using the nadir-viewing geometry below the aircraft. The

204aircraft altitude was about 8 km above ground level during all flights. Hair et al. [**] describes the



205determination of 532 nm aerosol extinction coefficient from the measured power in the molecular
206channel. The molecular extinction is calculated from modeled density profiles. The calculation of
207aerosol extinction is only performed where the overlap function is unity (approximately 2.5 km from
208the aircraft). The 355 nm aerosol extinction is computed in a similar manner. To avoid ground return
209issues, the extinction profiles start at about 165 m above the surface. Below this altitude we assume
210homogeneous mixing of aerosols and use a constant extinction values measured at 165 m. For detailed
211information about the HSRL-2 instrument and the TCAP deployment, see Muller et al. [**]. Fig. 1
212shows the NASA's King Air flight tracks close to the ground site on the two selected days.

213

214Fig. S1 in the supporting information shows the curtain aerosol extinction profiles at 532 nm obtained
2150n both days during the entire flight time, highlighting the overpasses above the ground site. We have
216averaged the HSRL-2 extinction profiles for segments when the aircraft was within 10 km radius of the
2172-D-MAX-DOAS location (white circle of Fig. 1). The 10 km radius used to average the HSRL-2
218captures well the horizontal path length realized by the 2-D-MAX-DOAS, especially on 17 July when
219the path length calculated from the O, dSCDs and O, concentration ranges from ~ 9 km (360 nm) to 13
220km (477 nm) for an EA of 6° [*]. On 22 July, the horizontal path length was greater due to smaller
221A0D, and ranged from 13 km (360 nm) to 19 km (477 nm) for an EA of 6°. However, the HSRL-2
222aerosol extinction profile averaged over a radius of 20 km is very similar to that obtained with the 10
223km radius.. The difference in MAX-DOAS O, dSCDs obtained using the HSRL-2 aerosol extinction
224profile averaged over a radius of 20 km and over a radius of 10 km is about 0.1%. On 17 July the flight
225track was from southeast to northwest, returning by following a similar flight track after ~1.5 hours.
226The first and second overpass time averages are at 11:35 and 13:00 LST. On 22 July the flight track
227was similar but from northeast to southwest at 12:12 LST with similar return track at 12:53 LST.

228

229The averaged extinction profiles at 360 and 477 nm, where O, has strong absorption bands, were
230calculated using the extinction Angstrom exponent between the standard wavelengths of 355 and 532
231nm. As an example, Fig. 4 shows the averaged aerosol extinction profiles at 360 and 477 nm obtained
232during the second overpass on both days. On 17 July, the aerosol extinction was significantly higher
233than on 22 July as previously identified with the O, dSCDs. The inhomogeneity of AOD around the
234ground site was assessed by calculating the AOD below the aircraft altitude down to the surface from
235the profiles as observed when the airplane was on the west and east sides above the 2-D-MAX-DOAS
236measurement site within the same overpass (see Fig. 1). The average AOD at 477 nm during the first

237overpass (11:35 LST) on 17 July was 0.253 with a variability of 0.001 calculated as the difference



238between the AODs integrated from HSRL-2 extinction profiles measured towards the east and west of
2392-D-MAX-DOAS site. The average AOD during the second overpass (13:00 LST) was 0.313 with a
240slightly higher variability of 0.045 between the east and west directions. On 22 July, the average AOD
241was 0.093 (+ 0.005) for the first overpass (12:12 LST) and 0.108 (+ 0.001) for the second overpass
242(12:53 LST). As can be seen, for most of the time homogeneity within 2 % percent was identified,
243except on the second overpass on 17 July where AOD varied by about 10%. The molecular scattering
244using the method reported by Bodhaine et al. [*] is calculated at 360 and 477 nm to compare with the
245extinction profile as measured by the HSRL-2 (see Fig. 4). As can be seen on 17 July, the extinction
246due to the aerosols was consistently higher below 2 km. On the other hand, on 22 July the aerosol
247extinction below 2 km is very close to or even lower (especially for the 360 nm) than the molecular

248scattering.
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250Figure 4: Averaged HSRL-2 aerosol extinction profiles obtained during the overpasses on (A) 17 July

2512012, and (B) 22 July 2012 (< 10 km radius). The filled area indicates extinction due to molecular

252scattering. The potential temperature (0) profiles derived from radiosondes launched at the AMF site



253are shown in continuous gray lines. The dotted horizontal lines indicate the approximate altitude of the
254marine BL, residual layer, and free troposphere.

255

256Elevated aerosol layers were frequently observed during TCAP[*']. The potential temperature profile
257for both case study days is shown in Fig. 4 and reveals a relatively shallow marine BL (~400 m), an
258internal BL associated with warming of the Cape Cod peninsula (0 — 60 m), a decoupled residual layer
259above the mixed layer, and elevated aerosol layers in the free troposphere. For a detailed
260characterization of these elevated aerosol layers see Berg et al. [*']. Here, we use the potential
261temperature profiles to calculate partial AOD columns in the BL, residual layer, and in the free
262troposphere. The partial AOD contained in the free troposphere represented 32 % (360 nm) and 36 %
263(477 nm) on the first overpass and 35 % (360 nm) and 36 % (477 nm) during the second overpass on
26417 July. On 22 July the partial AOD above 2 km were even higher: 51 % (360 nm) and 56 % (477 nm)
265for the first overpass and 56 % (360 nm) and 61 % (477 nm) for the second overpass.

266

267 2.3 Additional measurements

268

269The additional suite of measurements used to complement our study are the atmospheric temperature

270and pressure profiles provided by the radiosondes, which were launched four times a day at the AMF
271site (~ 00, 05, 17, and 23 UTC). The vertical resolution of the sondes was about 10 m reaching a
272maximum altitude of about 28 km. For this study, the closest radiosonde in time (17 UTC or 13:00
273LST) is used to construct the O4 concentration profile and to prescribe the temperature, pressure and

274relative humidity in the RTM (see Section 2.4).
275
276Further comparison of the AOD measured by HSRL-2 with ground-based multifilter rotating shadow

277band radiometer (MFRSR)[*], and a Cimel Sun photometer[*] showed good agreement, with AODs
278retrieved by the HSRL-2 generally being 5-10% smaller than the ground-based AOD, indicating that 90
279-95% of the aerosol extinction was indeed located below the aircraft. The small difference could be due
280to underestimation of the aerosols in the very shallow aerosol layer near the surface (< 165 m) where
281the HSRL-2 loses sensitivity (ground return), or due to aerosol extinction in layers located above the

282aircraft altitude of approximately 8 km.
283
284 2.4 Radiative Transfer Modeling
285

286The simulation of the O4 dSCDs was performed using the full spherical Monte-Carlo atmospheric

287radiative transfer model (McArtim)[*]. McArtim was initialized using the geometry of the EA scan



288performed with the 2-D-MAX-DOAS during TCAP. The altitude grid used in the radiative transfer
289calculations to forward model the O, dSCDs was set to 100 m thickness between 0 and 12 km, 1 km
290thickness between 12 and 25 km, and 2.5 km thickness between 25 and 100 km. The average aerosol
291extinction profile in 100 m thickness layers obtained with the HSRL-2 is used between 0 and 8 km to
292represent the air mass probed by the HSRL-2. The wavelengths chosen to forward model the O,
293dSCDs were 360 and 477 nm. Pressure and temperature profiles up to 28 km were taken from the
294radiosonde (Section 2.3) adjusted to this altitude grid. Above 28 km the U.S standard atmosphere was
295used. When the 2-D-MAX-DOAS was pointing towards the south, the land surface albedo obtained
296from atmospheric transmission by the co-located MFRSR[*] was used (0.04 at 360 nm, and 0.05 at
297477 nm). When pointing to the north, which mostly sees the ocean; we assumed a Lambertian surface
298albedo of 0.07 for both wavelengths[*]. Additional aerosol optical parameters consisted of a single
299scattering albedo, ssa, of 0.98[*°], and the aerosol phase function represented by an asymmetry
300parameter, g, of 0.68 (Greenstein approximation), which are typical for this location[*]. We have
301conducted sensitivity studies that varied ssa (£ 0.05) and g (+ 0.05) and found a small effect (< 2 %
302total) on the simulation of O, dSCDs. Similar findings are presented in Clémer et al. [°] and Baidar et
303al. [°]. For the comparison with the measurements, RTM calculated O4 SCDs of the zenith view were
304subtracted from SCDs at other elevation angles.

305

306Sensitivity studies were further performed that varied the aerosol extinction profiles while keeping the
307A0D constant (constrained by HSRL-2). Fig. 5 shows the different aerosol extinction profiles created
308to test the sensitivity of simulated O, dSCDs. We use two aerosol profiles exponentially decreasing
309with altitude, one with a scale-height (SH) of 0.5 and the other with SH of 1.5 km (orange and green
310lines in Fig. 5); a homogeneous aerosol extinction profile with a height of 2 km was assumed to
311represent well-mixed homogeneous BL; and the red profile in Fig. 5 represents the extinction profile
312assumed to be aloft with a Gaussian shape. The maximum extinction of this profile is at 2.8 km and a
313width of 0.8 km. To compare with the real extinction profiles we also use the profiles retrieved with the
314HSRL-2 interpolated to the RTM grid vertical resolution.

315
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317Figure 5: Example of aerosol extinction profile shapes assumed at 360 nm to constrain the RTM. All
318the extinction profiles are constrained by the AOD obtained with the HSRL-2, i.e., all have the same
319A0D. In this example we used the extinction profile at 360 nm obtained on 17 July.

320

3213. Results and discussions

322

323The sensitivity studies presented in Section 3.1 have in common that the AOD was constrained to that
324measured by HSRL-2, and the aerosol extinction profile shape was varied. In Section 3.2 we present
325additional sensitivity studies to further assess the influence of the elevated aerosol layers. In this case,
326the HSRL-2 aerosol extinction below 2 km was used, while the aerosol extinction above 2 km was set
327to zero. The following sections discuss TCAP results in context with the available literature about
328elevated aerosol layers (Section 3.3), CFos found with previous MAX-DOAS measurements (Section
3293.4). Finally, Section 3.5 summarizes the need for future research and gives an Outlook.

330



3313.1 Comparison of measured and simulated O, dSCDs

332

333Fig. 6 shows the comparison of simulated and measured O, dSCDs for different EAs (3°-A; 6°-B;
33410°-C; and 20°-D) at 477 nm. The data shown here represent both AAs, and both days. The four EAs
335were chosen to represent a range of low and high angles that are sensitive to the air masses probed by
336the HSRL-2. The different aerosol scenarios used during simulations are represented using the same
337color scheme as that of Fig. 5. Note that for clarity the axis scale is different for each EA. The light blue
338shaded area for the low EAs (< 10°) shows the values obtained on 17 July — high AOD. This clear split
339in the O, dSCDs is caused by the significant differences in the aerosol extinction magnitude on both
340days. However, the magnitude of the O, dSCDs for the EA of 20° (D) is less influenced by changes in
341A0D and profile shapes. A similar effect was also observed by Clémer et al. [°]. They identified that
342high elevation angles (> 15°) are rather insensitive to small AOD changes (< 0.15, 360 nm) when using
343exponentially decreasing profiles with SH from 0.25 to 0.75 km. It is apparent from this figure that the
344simulated O, dSCDs assuming aerosol extinction located in the BL are consistently lower than the
345measurements. The correlation under such conditions is always below the 1:1 line, or even below the
346x0.8 line. In particular, the exponential decrease with a SH = 0.5 km shows the largest differences. On
347the other hand, the O, dSCDs are overestimated if the aerosol extinction is assumed to be only aloft
348(red circles), in particular in the low EAs. The comparison improves significantly and consistently for
349all EAs if the simulations are performed using the extinction profiles retrieved with the HSRL-2 (filled
350blue circles). In this case, the measured O4 dSCDs are close to the 1:1 line for all EAs. A similar figure
351for 360 nm (with similar findings) can be found in the supporting information (Fig. S2).

352

353 The overall comparison between simulated and modeled O, dSCDs at both wavelengths, all EAs, both
354AAs, and both days is shown in Fig. 7. The O, dSCDs located in the lower left corner are from 17 July
3552012 (high AOD); higher O4 dSCDs correspond to low EAs on 22 July 2012 (low AOD, see Sect. 2.2).
356The overall qualitative evaluation confirms that the simulated O, dSCDs are underestimated if the
357assumption is made that aerosol extinction is located only in the BL; and the comparison improves if
358the extinction profiles retrieved with the HSRL-2 are used. We have noticed an AA dependency. In
359general, the southerly viewing angle contains smaller O, dSCDs that are closer to the 1:1 line if using
360the HSRL-2. On the other hand, the simulated northerly view yields slightly higher simulated O,
361dSCDs. This may be explained by the fact that we use average extinction profiles from the HSRL-2,
362and the instantaneous air mass measured by the 2-D-MAX-DOAS may be slightly different. However,
363the 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



364using the HSRL-2 measurements. For aerosol homogeneous conditions in the marine BL, Volkamer et
365al. [°] showed that comparison of measured and simulated O, SCD agreed within 1 + 2% in the lower
366400 m close to the surface when the aerosol extinction aloft is characterized by independent

367measurements under similar air masses.
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369
370Figure 6: Comparison of O, dSCDs measured and simulated at 477 nm for the elevation angles of (A)
3713°%, (B) 6°, (C) 10°, and (D) 20°. Note that the x-axis scales are different for each elevation angle. The
372light blue shaded oval represents values from 17 July, which are easily identified for low elevation
373angles (< 10°). For the elevation angle of 20° there is not an apparent split in the O, dSCDs for the
374different days (the light blue shaded oval is not shown). The O, dSCD error bars in the measurements
375represent the 4% described in Section 2.1.



376

377A linear regression analysis was used to assess the effect of aerosol extinction profiles quantitatively for
378the different EAs. The different sets of simulated O4 dSCDs were compared to the measurements with a
379two folded goal: (1) to identify a typical bias with the assumed extinction profiles and (2) to create a
380proxy for the CFos based on statistical analysis. To achieve the first goal the linear regression was
381calculated in the form y = mx + b where y is the simulated and x is the measured O, dSCDs; m is the
382slope and b the intercept in molec’’cm°. The results of the linear correlation analysis using this
383approach are presented in Table 3. This Table shows the results among different EAs, for all EAs, and
384for the two wavelengths. Interestingly, the slope increases as the EA increases in all cases when the
385aerosol is assumed to be in the BL. This behavior is observed consistently at both wavelengths. In
386general, the offset (bias) is negative and higher than the O, dSCD error. These results suggest that the
387low EAs are highly sensitive towards aerosol layers aloft. This particular pattern is not observed if
388either the extinction profiles of the HSRL-2 or the aerosol assumed extinction aloft is used to initialize
389the RTM. Table 4 also shows the overall slopes and intercepts if data from all EAs are fitted
390simultaneously. Interestingly, the slope is smaller than unity when assuming aerosol extinction profiles
391in the BL. The overall correlation coefficients (R?) improve significantly (0.98) by using the HSRL-2
392extinction profiles with a slope close to unity. In general, the correlations decrease by assuming the
393extinction to be in the lower part of the atmosphere. This general approach to evaluate slopes and
394intercepts may potentially help future studies to better constrain elevated aerosol layers.
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397Figure 7: Comparison of O, dSCDs measured and simulated at (A) 360 nm and (B) 477 nm. The
398correlation plot includes all the EAs with the extinction profiles shapes assumed and measured (Fig. 4.)
399

400Table 3: Results from the linear correlation analysis of the simulated and measured O, dSCDs using the
401EAs of 3% 6°, 10°, 20° and the aerosol extinction profiles from Fig. 3. The analysis is performed using

402the linear model y = mx + b, where m is the slope and b the intercept.

Intercept

Slope R’
Profile shape EA () x10* molec*cm-°
(360/477 nm) (360/477 nm)
(360/477)
3 0.77+0.05/0.78+0.06 -0.76+0.15/-1.02+0.27 0.92/0.90
Exp decrease 6 1.10+0.07/1.03+0.08 -1.34+0.20/-1.35%£0.34 0.92/0.88
(SH = 0.5 km) 10 1.27+0.07/1.19+0.09 -1.42+0.18/-1.28+0.28 0.93/0.89
20 1.26+0.10/1.48+0.12 -0.73+0.18/-0.9840.20 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
3 0.80+0.04/0.81+0.04 -0.34+0.12/-0.09+0.22 0.95/0.94
Exp decrease 6 0.95+0.05/0.90+0.06 -0.56+0.16/-0.17£0.27 0.93/0.90
(SH = 1.5 km) 10 1.00+0.06/0.97+0.07 -0.57+0.15/-0.20+0.23 0.93/0.90
20 1.03+0.09/1.22+0.11 -0.34+0.17/-0.39+0.20 0.83/0.83
3,6, 10, 20 0.7040.03/0.75£0.02 0.14+0.07/0.39+0.08 0.88/0.93
3 0.79+0.03/0.75£0.04 -0.14+0.11/0.10+0.20 0.95/0.94
Box 6 0.93+0.05/0.90+0.07 -0.46+0.14/-0.33£0.28 0.94/0.89
(2 km) 10 1.05+0.06/1.02+0.08 -0.61+0.15/-0.47+0.25 0.93/0.89
20 1.10+0.09/1.30+0.11 -0.38+0.17/-0.60£0.19 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
3 0.24+0.02/0.38+0.02 3.21+0.05/4.76+0.11 0.90/0.94
6 0.39+0.02/0.48+0.03 2.174£0.06/2.81+£0.13 0.94/0.92
Aloft (2.8 km)
10 0.52+0.03/0.57+0.05 1.3540.09/1.65+0.14 0.92/0.88
20 0.73+0.09/0.92+0.11 0.45+00.16/0.31+0.19 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
3 1.00+0.04/0.92+0.03 -0.16£0.12/0.66+0.12 0.97/0/97
6 0.96+0.04/0.88+0.05 -0.06+0.12/0.58+0.21 0.96/0.93
HSRL-2 10 0.94+0.04/0.87+0.06 -0.01+0.12/0.48+0.19 0.95/0.91
20 0.89+0.09/1.07+0.11 0.10+0.16/-0.01+0.19 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
403

404The quantitative estimation of the CFos was calculated by forcing the intercept to zero, i.e., linear



405model of y = mx + 0 where the slope represents the proxy for the CFos. Results of this analysis are
406shown in Table 4. In general, the correlation using all EAs reveal that CFo4 between 0.65 - 0.85 are
407needed when the assumed extinction is located in the BL. One interesting finding is that for these
408conditions at lower EA a lower CFo, is needed. This is contrary to findings by Irie et al. ['®] where they
409show lower CFo, values at higher EAs and with the empirical form of 1 — EA/60. However, Irie et al.
410[**] pointed out that uplifted aerosol layers were not observed using ground-based Lidar. Interestingly,
411they found good agreement between near-surface extinction values with independent measurements
412without correction factor, although higher residuals at high EAs (> 20°). This is consistent with the way
413that aerosol layers above significantly impact the O, dSCDs measured with low EAs. This strong EA
414dependency in the CFo4 is not found if the RTM is constrained by the HSRL-2 extinction profiles.

415

4160ur results indicate that knowledge about the extinction profiles in the BL and aloft are important in
417order to draw conclusions about the simulation of O4 dSCDs. Assuming the aerosol extinction to be
418purely in the BL in combination with the application of the CFo4 would yield good agreement with
419independent co-located AOD observation. However, the real aerosol extinction profiles would be
420different. On the other hand, if the CFo. is not applied the AOD would be underestimated by up to 60 %
421(depending on the CFos, i.e., depending on the aerosol profile shape). Furthermore, if the goal is to
422retrieve aerosol extinction in the near-surface layer using “corrected” O, dSCDs this would yield an
423overestimation of the aerosol extinction coefficients created by the misplacement of aerosols. In fact,
424Z7ieger et al. ['] compared the near-surface aerosol extinction coefficients retrieved by MAX-DOAS
425with in-situ measurements and found systematically higher MAX-DOAS values. As mentioned in that
426study, the presence of aerosols at higher altitudes might result in an overestimation of the lowest
427extinction values. This is also clear in the assumed extinction profiles from Fig. 5 where all the
428assumed extinction profiles have the same AOD but higher aerosol extinction coefficients close to the
429surface, in particular using the exponentially decreasing profiles. These findings are in agreement with
430independent airborne MAX-DOAS observations, where it has been shown that agreement between
431measured and simulated O, SCD is within 1 + 2% error in the BL when aerosols aloft are well

432characterized independently [°].

433
434Table 4: Same as Table 3 but forcing the intercept to zero, i.e., linear model of y =mx +0.
Slope (CF04) R2
Profile shape EA ()
(360/477 nm) (360/477 nm)

Exp decrease 3 0.54+0.01/0.58+0.02 0.45/0.51




6 0.65+0.020/0.72+0.02 0.33/0.43
(SH = 0.5 km) 10 0.74+0.02/0.80+0.02 0.32/0.40
20 0.85+0.11/0.92+0.02 0.39/0.35
3, 6, 10, 20 0.65+0.01/0.68+0.02 0.80/0.97
3 0.70+0.01/0.80+0.01 0.71/0.90
Exp decrease 6 0.76+0.01/0.86%0.01 0.60/0.82
(SH = 1.5 km) 10 0.80+0.01/0.91+0.01 0.58/0.79
20 0.84+0.01/1.00+0.02 0.55/0.56
3, 6, 10, 20 0.75+0.01/0.85+0.01 1.02/1.19
3 0.74+0.01/0.77+0.01 0.85/0.99
Box 6 0.78+0.010.83+0.02 0.67/0.74
(2 km) 10 0.82+0.01/0.87+0.01 0.57/0.65
20 0.89+0.01/0.97+0.02 0.55/0.48
3, 6, 10, 20 0.78+0.01/0.82+0.01 1.11/1.17
3 1.24+0.04/1.29+0.06 24.80/11.16
6 1.10+£0.04/1.13£0.03 7.75/5.25
Aloft (2.8 km)
10 1.02+0.03/1.08+0.02 3.58/3.17
20 0.98+0.01/1.09+0.01 1.35/1.09
3, 6, 10, 20 1.12+0.02/1.05£0.01 0.85/1.06
3 0.95+0.01/1.05+0.01 0.97/1.25
6 0.94+0.01/1.02+0.01 0.93/1.24
HSRL-2
10 0.93+0.01/1.02+0.01 0.91/1.24
20 0.95+0.01/1.07+0.01 0.92/0.81
3, 6, 10, 20 0.94+0.01/1.04+0.01 0.92/1.06

435

4363.2 Effect of elevated aerosol layers on O, dSCDs

437

438Figure 8 shows the comparison of O4 dSCDs (measured and simulated at 477 nm) for EAs of (A) 3°,
439(B) 6°, (C) 10°, and (D) 20° using both the HSRL-2 aerosol extinction below 2 km (‘BL only’, red
44(0circles) and the aerosol extinction up to ~ 7 km (‘HSRL-2’, blue circles). Filled circles represent the
441north and open circles the south AA. It is interesting to note that the lowest EAs (3° and 6°) show
442among the largest systematic differences. The predicted O, dSCDs are systematically higher when
443aerosols aloft are ignored. Virtually no effect of the elevated aerosol layers is only observed at EA of
44410°. At EAs of 20° the elevated layers have the reverse effect compared to the low EAs, i.e., predicted

4450, dSCDs are either unchanged, or systematically lower when aerosols aloft are ignored. This is



446consistent with the primary effect of elevated aerosol layers being visible in the lower EAs, as shown
447by the linear correlation analysis in Section 3.1. An AA dependency is also captured in Fig. 8, which is
448shown as time series in Figure S3 in the supplement. The comparison of the simulations reveals
449differences in the lower EAs at different AA, which is not seen in the higher EAs. Significantly smaller
450differences are observed for the view to the North if elevated layers are accounted for.

451
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453Figure 8: Comparison of O, dSCDs measured and simulated at 477 nm for the EAs of (A) 3°, (B) 6°,
454(C) 10°, and (D) 20°. Red circles are assuming only HSRL-2 aerosol extinction below 2 and blue
455circles HSRL-2 aerosol extinction up to ~7 km. The north AA are solids while open circles represent

456the south AA.

457



458The results of the linear regression analysis between the simulated ("BL only’) and measured O,
459dSCDs are presented in Table 5. The EA analysis is performed using the approach presented in Section
4603.1. Columns 2 to 4 show the results of the linear model y = mx + b, while column 5 shows the CFo4
461obtained with the statistical model of y = mx + 0. In comparison with Tables 3 (HSRL-2 case) the slope
462and intercept are not significant different at 360 and 477 nm, indicating maximal sensitivity to aerosols
463in the boundary layer. However, the CFo, is significantly different for the EA of 3° and 6°, especially at
464477 nm. In this case, the CFo, is larger than 5 % when the aerosols aloft are not taken into account.
4650verall, these results confirm that ground based observations of O4 dSCDs are suitable to identify
466elevated aerosol layer and that the sensitivity is enhanced in the visible wavelengths.

467

468Table 5: Results from the linear correlation analysis of the simulated and measured O, dSCDs using the
469EAs of 3°, 6°, 10°, 20°, aerosol extinction profiles from ‘BL only’, and north and south AAs. The

470analysis is performed using the linear model y = mx + b (columns 2 to 4) and y = mx + 0 (column 5).

Intercept (Cros, slope)
Slope R®
EA (%) x10* molec*cm-° (360/477 nm)
(360/477 nm) (360/477 nm)
(360/477)

3 1.02+0.04/1.00+0.04 -0.2940.12/0.54+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 0.124+0.11/0.64+0.15 0.95/0.93 0.954£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 0.0940.01/0.10£0.10 0.90/0.94 0.94+0.01/1.06+0.01

471
472



4733.3 Literature context: frequency of occurrence of elevated aerosol layers

474

475The elevated aerosol layers identified in this work are not unique of the two presented case studies.
476Berg et al. [*'] examined in more detail the contribution of layers aloft to AOD during TCAP using six
477research flights carried out with HSRL-2. They found that elevated layers (from 2.64 km to the top of
478the HSRL-2 ~ 7 km) represented as much as 40% of the total AOD in the continental column. On the
479other hand, in the maritime column all of the AOD was associated with aerosol below 2.64 km.
480Furthermore, the occurrence of elevated aerosol layers was examined over the TCAP area using four
481years data from the Cloud-Aerosol Lidar and Infrared Pathfinder satellite (CALIPSO). In this long time
482series analysis more than 60 % of the aerosol layer tops observed between 2 and 5 km are associated
483with layers aloft during the month of July. The importance of such layers was also noted by Goldstein
484et al. [**] in the Southeast of the U.S. They infer that much of the secondary organic aerosol must occur
485above the surface layer to explain the AOD in summer months. Recent studies using long time series
486from CALIPSO have shown that elevated layers are more frequent than expected [**].

487

488The Intergovernmental Panel on Climate Change (IPCC) Working Group I of the Fifth Assessment
489Report summarizes the climatology of aerosol extinction vertical profiles globally, highlighting the
490importance of aerosol layers above 1 to 2 km [*]. They show that the average latitudinal vertical cross
491sections of the 532 nm aerosol extinction vertical profiles from CALIPSO during 2010 extended up to 4
492km for the longitudinal bands of 20° W to 40° E and 60 to 120° E, especially for northerly latitudes (~ 0
493to 50° N). Winker et al. [*] used six year data set from CALIPSO to characterize the global
4943-dimensional distribution of tropospheric aerosols, and present evidence that elevated aerosol layers
495(including the free troposphere) are important, and may be low-biased in the CALIPSO data. They
496compare HSRL extinction profiles co-located with CALIPSO overpasses in the eastern Caribbean, the
497Southeast US, and the mid-Atlantic region, and show that profiles obtained from CALIPSO are
498significantly lower (by about 0.002 km™) above 4 km altitude than the HSRL [*].

499

500All past MAX-DOAS studies that applied the CFo. (see Table 1) were conducted at northerly latitudes
501(between 35.0 to 52.0° N) and easterly longitudinal bands (between 4° to 117° E), where AOD is
502enhanced, and elevated aerosol layers are frequent [**]. According with the zonal mean distribution of
503aerosol extinction profiles obtained by Winker et al. [*°] about 63% and 90% of the AOD extend
504roughly to about 1.5 and 3.0 km, respectively at north latitudes, i.e., a significant fraction of AOD is
505located above 1.5 km (~ 37% on average). During TCAP as much as 40% of AOD was located above 3



506km. To the best of our knowledge elevated aerosol layers were not accounted for in the a-priori aerosol
507profiles used by previous MAX-DOAS studies that found a need for CFo..

508

5093.4 Factors influencing the CFo, in MAX-DOAS

510

511In order to investigate the different factors that contribute to the CFo4, O4 SCDs were simulated using
512McArtim for four cases that differ in the assumptions about the temperature, pressure and aerosol
513profile. The assumptions for each of the four cases are listed in Table 6. All O, SCDs were simulated at
514477 nm using the geometry of the EA scan performed with the 2-D-MAX-DOAS during TCAP. The
515simulations were carried out for conditions on 17 July (high AOD case study) and 22 July (low AOD
516case study), and the results are shown in Figure 9. Cases 1 and 2 represent the atmospheric conditions
517as characterized by the radiosondes, while cases 3 and 4 assume the temperature and pressure profile of
518the U.S standard atmosphere. Figure S4 shows the comparison of the temperature and O4 concentration
519profiles using the measured and U.S standard atmospheric conditions for 17 July 2012. Below 13 km
520the measured temperature is 10-12 K larger than that of the U.S standard atmosphere. As a
521consequence, the O, concentration is 15 — 18% higher at a given altitude in the U.S standard
522atmosphere. Several previous MAX-DOAS studies assumed the U.S standard atmosphere directly
523and/or use ambient local surface conditions to adjust the U.S standard atmosphere profiles to represent
524the O, profile in the RTM [>**%], Cases 1 and 3 use the measured HSRL-2 aerosol profile, while cases
5252 and 4 use the same AOD confined to the lower atmosphere (exponential decreasing profile with a SH
5260f 0.5 km, see Fig. 5). We can assume case 1 approximates well the measured O, dSCDs, because we
527have shown in Section 3.1 that under known aerosol distributions and air density profiles there is no
528need for CFos and O4 can be predicted with little error (< 0.1 %) if the temperature and pressure
529profiles are known [*]. Figure 9 compares case 2 (red), case 3 (blue), and case 4 (green) relative to case
5301.

531

532Table 6: Atmospheric and aerosol conditions used in four case sensitivity tests to simulate O, 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)

533Figure 9 shows three sets of analysis each for the 17 July (AOD ~ 0.35, top row) and 22 July (AOD <



5340.10, bottom row): 1) O4 SCDs in the zenith view (9A and 9D); 2) O4 SCDs in the off-axis EAs (9B and
5359E); and 3) O4 dSCDs using the zenith reference spectrum of the same EA scan sequence. Surprisingly,
536the assumption about the aerosol distribution (case 2) does only have a very minor effect on the O,
537SCD, which increases by 4 % for both case study days. On the other hand, if the U.S standard
538atmosphere is used (case 3) the O4 SCDs is overestimated by ~ 18 and 13 % on 17 and 22 July,
539respectively. This corresponds to an O, SCD offset (overestimate) of up to 0.1 x10* molec? cm™. The
540axis scales of Fig. 9B and 9E are different on both case study days due to the difference in AOD.
541Interestingly, while points systematically fall above the 1:1 line in panels A and D (case 2), they fall
542systematically below the 1:1 line in panels B and E, and C and F. Similarly, the O, SCDs in the zenith
543view are higher for case 4 than for case 3, but lower for the off-axis angles. We conclude that
544independent of the assumptions about temperature and pressure conditions, a too low distribution of
545aerosols introduces a small but noticeable high bias in the zenith simulated O, SCDs, which translates
546in a small low-bias in the O, dSCDs for the off-axis EAs. This bias leads to 0.95 < CFos < 1 for all
547cases and EAs. We conclude that the bias of the aerosol profile on the zenith view is small compared to
548the assumptions about vertical distributions of 1) aerosols and 2) air density, which have a major
549influence on the interpretation of the off-axis EAs.

550

551If the aerosol is confined to the BL (case 2) CFo, is needed at all EAs, especially at high AOD (see
552Table 4). Interestingly, using the U.S standard atmosphere increases the simulated O, SCDs for no good
553reason. This leads to a partial compensation of the bias created by the erroneous aerosol profile, and a
554smaller apparent deviation from the 1:1 line for both case study days, and at all EAs (but zenith). The
555assumption about the aerosol being confined in the BL (case 2) yields a negative bias that is
556significantly larger than the bias caused by the assumptions about air density (case 3). Recent studies
557that have used actual measurements of temperature, pressure and humidity profiles in the RTM did not
558find a need for CFos [*"]. If RTM simulations use the U.S standard atmosphere, the bias in the
559predicted O, dSCDs depends on the relative difference of the local temperature and pressure conditions
560at the time of measurement to the conditions in the U.S standard atmosphere, which is often not known
561for studies in Table 1. This complicates an assessment of the causes for CFos in past MAX-DOAS
562studies. However, it is clear from Figure 9 that the effect of misrepresenting the aerosol profile is
563especially important for EA < 20°. Notably, cases 3 and 4 also yield O, SCDs above the 1:1 line, but
564only for EAs > 20°. We conclude that for EA < 20° the negative bias from assuming aerosols to be

565confined to the BL is more important than the assumption about the atmospheric air density profile.
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567Figure 9: Comparisons of the simulation of O, SCDs (A,B,D,E) and O, dSCDs (C,F) for case 2 (red),
568case 3 (blue), and case 4 (green) relative to case 1 (see Table 6) on (top row) 17 July and (bottom row)
56922 July 2012. Different symbols mark different EAs: (circle) 90, (diamond) 45, (triangle down) 20,
570(star) 10, (plus) 6, (triangle) 3, and (square) 1 EA.

571

5723.5 Outlook

573

574Ground based MAX-DOAS measurements of O, are mostly sensitive to aerosol in the boundary layer.
575However, the results of this study indicate that such measurements are disturbed in presence of aerosol
576layers aloft. As a consequence, even O, dSCDs measured in the lower EA contain bias due to elevated
577aerosol layers, which has potential to translate into bias of partial AOD that is attributed to the BL
578based on O, dSCDs alone. Elevated aerosol layers were identified primarily with the visible
579wavelengths. In order to ovoid bias in the simulation of O, dSCDs we recommend the use of actual
580temperature and pressure vertical profiles in the RTM [*94%4],

581

582Under known atmospheric conditions of temperature and pressure we propose that the pattern of
583EA-dependent O, dSCD offsets can be systematically exploited to help characterize aerosol extinction
584aloft with ground-based MAX-DOAS, and possibly better characterize these elevated layers. An initial
585step may be to use total AOD from external sources, e.g., from measurements of the Raman Scattering
586Probability with the same instrument [*°] or independent direct-sun observations (e.g, AERONET) and

587perform the linear correlation analysis as presented in this work. Friess et al. [*] had developed a



588non-linear inversion based on synthetic spectra and found that O, dSCDs are sensitive to aerosol layers
589located about ~3 km altitude. They had suggested that the information content is enhanced when the
590non-linear retrieval inversion uses O, dSCDs measured at different wavelengths simultaneously. Our
591results support such sensitivity, which exists at any single O4 band but mostly at visible wavelengths.
592The simultaneous use of wavelength dependent O, dSCD offsets, optimized viewing geometries, and
593external constraints to AOD is promising to maximize information to characterize layers aloft. The
59%4retrieval of aerosol extinction profiles and partial AODs in the boundary layer and free troposphere,
595especially elevated aerosol layers, deserves further investigation. The TCAP dataset provides a unique
596opportunity to apply, further develop and test state-of-the-art retrievals of elevated aerosol layers. The
597data of the two case studies described here is available for collaborative studies upon request from the
598authors.

599

600Finally, to develop a complete picture about the need for CF4 with ground-based MAX-DOAS, a study
601in the absence of elevated aerosol layers, that has aerosols confined to the BL and benefits from
602collocated independent quantitative measurements of highly vertically resolved and multispectral
603aerosol extinction profiles and atmospheric conditions remains desirable.

604

6054. Summary and conclusions

606

607We have presented a detailed study of the simulation of O, dSCDs under conditions when the aerosol
608extinction profiles are well-known. We conclude the following:

609 e Excellent agreement is found between measurements and simulation of O, dSCDs using

610 independently measured, highly vertically-resolved aerosol extinction profiles. A linear
611 correlation has slope close to unity, no significant offset, and R* > 0.98. In particular, no
612 evidence for CFo, is found at 360 and 477 nm, under conditions of high and low AOD.

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

614 aerosol layers. Although maximum sensitivity is achieved close to the surface we show that
615 even for low AOD (near molecular scattering dominant conditions), ground-based O, dSCD
616 measurements, mainly at 477 nm and low EAs, show sensitivity to such elevated aerosol layers.
617 When elevated aerosol layers are present and total AOD is used in the boundary layer to
618 constrain O, simulations a slope that is consistently smaller than unity (0.53 — 0.75), and an

619 offset that is greater than the O, dSCD errors of 1.80x10* molec*’cm® for the 360 nm and



620 1.45x10* molec?’/cm’® for the 477 are found. A proxy for the CFo. is estimated, and the range of
621 CFo4 is found to be consistent with values that have been reported in recent MAX-DOAS
622 studies.

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

624 for all EAs if AOD is high and aerosol distributions are confined to near the surface. The same
625 effect is found when the AOD is small (AOD < 0.1 at 477 nm), however only for EA < 10°. If
626 the EA-dependent bias (intercept in Table 3) is ignored, this manifests as a systematic EA
627 dependence of CFos that is most pronounced in the lowest EAs, and equivalent to an
628 overestimation of near-surface extinction.

629 e We propose that the pattern of EA-dependent O, dSCD offsets can be systematically exploited

630 in combination with external constraints to AOD to better characterize these elevated layers
631 with ground-based MAX-DOAS.

632 e The aerosol layers aloft identified in this work were not a peculiarity of the two case studies we
633 have selected to investigate, but were frequently observed in a period of four years in the Cape
634 Cod bay area [*']. Future studies might need to consider the impact of such layers on the
635 scattering of sunlight as seen by ground-based passive remote sensing instruments.

636

637There is now consistent evidence from MAX-DOAS, DS-DOAS and AMAX-DOAS
638measurements[*'”] that suggests CFo, are small or not needed if there is enough information about
639aerosols. A recent study has shown that there is no fundamental limitation on using O4 dSCDs to
640constrain aerosol extinction profiles from aircraft[’]. O, simulations need to take into account the
641possibility of elevated aerosol layers. Unless they are accounted for, elevated aerosol layers can result
642in the overestimation of extinction coefficients near the surface. The retrieval of aerosol profiles by
643MAX-DOAS is not limited to O4 and is particularly promising if O, is combined with other
644parameters that constrain AOD, such as the Raman scattering probability['**°]. The implication of
645elevated aerosol layers for the interpretation of other trace gases deserves further investigation.
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897Figure S1: Aerosol extinction (532 nm) curtain plots on 17 (A) and 22 (B) July 2012. Both plots are
898shown on the same scale to contrast the difference in extinction on both days. The yellow vertical lines

899represent the average time during the overpasses above the TCAP ground site.
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904Figure S2: Comparison of O, dSCDs measured and simulated at 360 nm for the elevation angles of 3°
905(A), 6° (B), 10° (C), and 20° (D). Note that the magnitude of the axis are different for each elevation
906angle. The light blue shaded oval represents values from 17 July, which are easily identified for low
907elevation angles (< = 10°). For the elevation angle of 20° there is not an apparent split in the O, dSCDs
908for the different days. The O4 dSCD error bars in the measurements represent the 7 % described in
909Section 2.1

910

911

912

913

914

915



mE_ 507 A | = o] | 180 mg 5o B - 180
NB 4,54 | =0= BL Ng 4.5+
g ] - g 3 %
3| 3 3
3 , / 5§ % 3
3 & 8 s
2 3
S 25 -0 S 25+ } i I I -0
e - 180 w= 3.0 - 180
§ § D
o o \
3 z 2 % g
£ 3 E 3
o g o E
< 5 Y5 =
8 ® g o
2 3
h - - g -
o = T T T T L o T T T T S
2:30 PM 3:00 PM 3:30 PM 4:00 PM 2:30 PM 3:00 PM 3:30 PM 4:00 PM
711712012 71712012
916 uTC uTC

917Figure S3. Time series of O, dSCDs measured on 17 July 2012 during the HSRL-2 overpass, and
918simulated using the aerosol extinction from HSRL-2 below 2 km and removing aerosol aloft at 477 nm
919for the EAs of (A) 3° (B) 6°, (C) 10°, and (D) 20°. The gray line indicates the viewing angle (0 =
920north; 180 = south).
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923Figure S4. Comparison of the temperature (dotted line) and O4 concentration profiles (continuous line)
924using the co-located radiosonde measurements (red) and U.S standard atmosphere (blue). The example
925shown is from 17 July 2012. If the U.S standard atmosphere is used the O4 concentration profile is

9260verestimated, hence the O, dSCDs are overestimated.



