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Abstract

Oceanic emissions of iodine destroy ozone, modify oxidative capacity, and can form new particles in the troposphere. However, the impact of iodine in the stratosphere is highly uncertain due to the lack of previous quantitative measurements. Here we report the first quantitative measurements of iodine monoxide radicals and particulate iodine (Iy,part) from aircraft in the stratosphere. These measurements support 0.77±0.10 parts per trillion by volume (pptv) total inorganic iodine (Iy) is injected to the stratosphere. These high Iy amounts are indicative of active iodine recycling on ice in the upper troposphere (UT), support the upper end of recent Iy estimates (0 - 0.8 pptv) by the World Meteorological Organization, and are incompatible with zero stratospheric iodine injection. Gas-phase iodine (Iy,gas) in the UT (0.67±0.09 pptv) converts to Iy,part sharply near the tropopause. In the stratosphere, Iy,gas remains detectable (0.06±0.03 pptv) indicating persistent Iy,part recycling back to Iy,gas as a result of active multiphase chemistry. At the observed levels, iodine is responsible for 32% of the halogen induced ozone loss (bromine 40%, chlorine 28%), due primarily to previously unconsidered heterogeneous chemistry. Anthropogenic (pollution) ozone has increased iodine emissions since pre-industrial times (ca. factor of 3 since 1950) and could be partly responsible for the continued decrease of ozone in the lower stratosphere. Increasing iodine emissions have implications for ozone radiative forcing and possibly new particle formation near the tropopause.

Significance Statement
Aircraft measurements in the lower stratosphere indicate iodine is efficient at destroying ozone in both the gas and particulate phases. Elevated iodine in the UTLS is the result of efficient heterogeneous/multiphase reactions that extend the lifetime of iodine by lessening the susceptibility for washout. Our measurements provide guidance for future laboratory experiments, field observations, and model development efforts. Marine emissions of iodine have increased due to increasing surface ozone in recent decades. Global models that simulate the recovery of the ozone layer do not currently consider iodine chemistry. We show that this human-induced increasing iodine source from oceans propagates to the UTLS, and posit a possible link between surface air quality, stratospheric ozone loss and radiative forcing in the UTLS. 
\body

Main Text

Introduction
Iodine participates in catalytic reaction cycles that destroy tropospheric ozone (1–5), and can form new particles (6, 7) which modify clouds and Earth albedo. Iodine is widespread throughout the troposphere (3, 8), where it contributes up to 30% to the ozone destruction in the marine boundary layer (MBL) and upper troposphere (UT; (4, 9)), reduces the tropospheric ozone burden by 9% (4, 5), modifies oxidative capacity (via OH radicals), and leads to a net lengthening of the methane lifetime (10). The tropospheric ozone radiative forcing (RFTO3 = 0.43 W m-2) is reduced by 0.087 W m-2 due to anthropogenic halogen feedbacks. This change in RFTO3 due to bromine and iodine (11) is particularly large in the UT (12) and is larger than the overall stratospheric ozone radiative forcing (0.05 W m-2) (13). In the stratosphere, iodine’s role is much more uncertain due to the lack of quantitative measurements (14, 15). 

Previous measurements provide low upper limits, of < 0.1 pptv, for iodine monoxide radicals (IO) in the stratosphere from twilight measurements on the ground (16) and from balloons (17–19). Recently, IO has been detected for the first time in the daytime tropical transition layer (TTL) over the Eastern Pacific Ocean (EPO) (8), implying 0.25 – 0.70 pptv total gas-phase iodine (Iy =  I + IO + OIO + HI + HOI + INO + INO2 + IONO2 + 2 × I2 + ICl + IBr + 2 × I2O2 + 2 × I2O3 + 2 × I2O4), which could be responsible for up to 30% ozone loss in the tropical lower stratosphere (LS) (20). These Iy amounts are expected to include 0.15 – 0.45 pptv IO in the daytime stratosphere, which is well above the upper limits measured at twilight (16–19). Daytime IO (Solar Zenith Angle, SZA < 70°) is about 50% higher and less variable than IO at twilight (for given Iy,gas; Figure S1), owing to the faster photolysis of reservoir species during the day. However, despite these advantages, no systematic attempt has as yet been undertaken to detect daytime IO in the stratosphere. Iodine has also been detected in particles near the tropopause (21, 22). However, quantitative measurements of particulate iodine (Iy,part) have not yet been reported. Due to a lack of quantitative evidence, the amounts of iodine injected into the stratosphere are highly uncertain (0 – 0.8 pptv Iy (15)). Indeed, iodine could be irrelevant in the stratosphere, or a major contributor to stratospheric ozone destruction. 

Iodine in the UTLS 

Figure 1 illustrates the global presence of iodine found during our recent aircraft measurements in the UTLS. IO was measured by the University of Colorado Airborne Multi-AXis-Differential Optical Absorption Spectroscopy (CU AMAX-DOAS) instrument during the TORERO (8) and CONTRAST (23) aircraft campaigns (SI Appendix; Tables S1). The unique-specific IO fingerprint absorption at blue wavelengths is shown as spectral proof of IO detection over the Western Pacific Ocean (WPO) in the UT (Fig. 1A
, 0.09±0.03 pptv), and LS (Fig. 1B, 0.05±0.03 pptv). The retrieved IO mixing ratio in the UT is consistent with previous observations in the TTL over the EPO (8, 24). In the LS, daytime IO remains detectable, but is found to be 3 to 9 times lower than expected if Iy,gas were conserved from the TTL (8, 20); consistent with the previously measured upper limits at twilight (16–19). Iy,part was measured by the CU High-Resolution Time-of-Flight Aerosol Mass Spectrometer (CU HR-AMS) during the ATom-1 and -2 missions (25). In contrast to IO, Iy,part signals increase from the UT into the LS. Ours are the first quantitative measurements of IO and Iy,par​t in the LS.

The observed decrease in gas-phase iodine in the LS is even more pronounced once the partitioning among inorganic species is considered. This is illustrated in Fig. 2 for a case study from one CONTRAST flight that crossed the subtropical jet-stream from the tropical UT into the mid-latitude LS of the northern hemisphere (26). Limb measurements taken near local solar noon are particularly sensitive to IO near aircraft altitude (SI Appendix; Tables S2 and S3, and Figs. S2 and S3). The observed IO slightly decreases across the subtropical jet in the LS. However, upon entering the stratospheric overworld (potential temperature, θ > 380 K), 
IO persists at a stratospheric mixing ratio of 0.06±0.03 pptv even in ~10 year old stratospheric air. The lower panels in Fig. 2 illustrate the partitioning of Iy,gas in the chemical box-model based on known chemistry, and how it changes from the UT into the LS during daytime. In the UT, Iy,gas is mostly atomic I (74%) (27), with minor contributions from IO (19%), and HOI (7%), while IO in the LS reflects ~60% of Iy,gas. This change in Iy, gas partitioning is responsible for an even sharper decrease in Iy,gas than in IO from the tropical UT into the mid-latitude LS. Interestingly, we find an excellent correlation between Iy,gas and the H2O/O3 stratospheric proxy (Iy,gas = (0.67 ± 0.04) pptv  - (0.63 ± 0.04) pptv × exp ( - (9.3 ± 1.8) × (H2O/O3) ); p < 0.1%; SI Appendix see Fig. S4). In contrast to the observations, global model predictions based on tropospheric measurements suggest that Iy is essentially independent of altitude across the tropopause (Fig. 3), suggesting that the iodine budget in the UTLS is not closed if considering only gas-phase species. 
Particulate iodide and reactive ozone uptake

The increase in Iy,part from the UT to the LS can be attributed entirely to iodate (IO3-), as is evidenced from aerosol mass spectra recorded in the UT (Fig. 1C) and LS (Fig. 1D). Iy,part is detected by the CU HR-AMS in the form of three major (positive) ions (SI Appendix; Figs. S5 and S6, Table S4): I+ is a major signal from both particle iodide (I-) and IO3-; the oxidation states can be distinguished, with HI+ indicating I-, and I2+ indicating IO3- (SI Appendix; Fig. S7, Table S5). Small but significant HI+ signals indicate persistent I- in both the UT and LS, while I2+ indicates a marked increase in IO3- in the LS. At mid-latitudes, Iy,gas and Iy,part have opposite exponential dependences on H2O/O3 (see Fig. S4; Eqs. 2 and 3 both p < 0.01% in SI Appendix). We assume based on CAM-Chem that Iy is conserved across the tropopause (see Fig. 3b; Eqs. 4 and 5 in SI Appendix); testing of this assumption is possible using existing technology on research aircraft, and will require simultaneous measurements of Iy,gas and Iy,part across the tropopause in the future. Interestingly, the particulate iodide (I-) mass concentration remains rather constant across the tropopause (SI Appendix).  The result is a decreasing I-/Iy,part ratio in the LS (see Table 1), due to a shift in iodine partitioning towards IO3-.

Halogen induced ozone destruction in the LS does not currently consider reactive ozone uptake due to heterogeneous reactions (14, 15). However, the reaction of ozone with particulate I- proceeds at a rate that is over a million times faster than for other halides (28–30).  We use the atmospheric conditions measured during CONTRAST to examine the relevance of 0.09 pptv of I- in the UTLS in terms of the reactive uptake coefficient, (O3+iodide (SI Appendix). No extrapolation of Iy,part data across the tropopause enters our analysis, which is entirely based on I- measurements in the LS. Table 1 and Fig. S8 show that (O3+iodide varies by about a factor of 2 between the UT and LS, and support a value for (O3+iodide of 7.0×10-6 in the LS (SI Appendix), suggesting reactive uptake is an important ozone loss mechanism that should not be ignored. 
Iodine injection to the stratosphere
Our measurements suggest a total of 0.77±0.10 pptv total Iy (87% gas, 13% particle in the UT) are injected into the stratosphere (SI Appendix). Figure 3a compares IO measurements from both TORERO and CONTRAST with the CAM-Chem model (20) which treats only gas-phase iodine. For comparison of the two datasets with the model, gas-phase iodine partitioning has been normalized to the observed zonal ozone climatology here (orange diamonds). As can be seen, the 0.23 pptv IO in the UT are only compatible with the simulation that includes iodine recycling on ice surfaces in the model. In absence of ice-recycling, iodine washout is more efficient and leads to lower Iy in the UT that is incompatible with the IO observations. This evidence for ice-recycling further corroborates active multiphase Iy chemistry. 
Furthermore, the decreasing but significant daytime IO in the LS is 8.4 times smaller than the IO expected from the ice-recycling case in CAM-Chem, and 2.6 times smaller than the non-recycling case. The model overestimates Iy,gas by similar factors in Figure 3b. Most notably, the observed Iy vertical profile can only be reproduced if multi-phase iodine partitioning is considered (i.e., assuming total Iy is conserved across the tropopause and that Iy,gas and Iy,part follows the stratospheric H2O/O3 correlation provided in the SI Appendix).
 The ice-recycling case that well approximates Iy in the UT is thus only compatible with the Iy,gas observations in the LS if phase-partitioning of iodine to particles is considered.  
Efficiency of iodine and other halogens at destroying ozone

The persistence of Iy,gas, signified by IO, and of I- in particles is indicative of active chemical recycling of iodine between the gas- and particle-phases in both the UT and LS. The heterogeneous I- + O3 reaction is known to recycle I- to Iy,gas (30, 31). Moreover, condensed-phase iodine undergoes well-established chemical oscillation reactions (e.g., the Dushman (32) reaction, and the Bray-Liebhafsky (33) mechanism) that comproportionate I- and IO3- to I2 which can volatilize. However, the persistence of Iy,gas in aged stratospheric air suggests that chemical oscillator reactions aid iodine recycling from atmospheric particles, and sustain ozone destruction in both phases into the stratospheric overworld.

The efficiency at which Iy,gas and Iy,part destroy odd-oxygen is calculated as the rate of odd-oxygen destruction divided by the Iy,gas and Iy,part concentration in Table 2 (SI Appendix). This first order loss rate is roughly constant for Iy,gas (~1.9×10-3 s-1), but increases for Iy,part in the LS due to an increased frequency of ozone collisions with particles (Fig. S8 and Table 2). We conclude that on a per atom basis, Iy,gas is 2 to 7 times more efficient at destroying ozone in the UTLS than Iy,part. However, given the shift in iodine partitioning towards Iy,part, heterogeneous reactions dominate iodine related ozone loss in the LS. 

Iodine has previously been estimated to have 600 times the ozone destruction potential of chlorine in the LS (14).  For comparison of ozone destruction we use the relative efficiencies (I,part and (I,gas (SI Appendix) to scale the iodine induced ozone destruction in CAM-Chem, and compare it with that from other halogens and reaction cycles. Cly and Bry are more abundant than Iy in the UTLS, but their impact on ozone is not correspondingly higher; reflecting the greater efficiency of iodine (Table 2). Previous estimates of Iy efficiency did not consider Iy,part, which has a lower efficiency than Iy,gas at ozone destruction. The overall mean iodine efficiency respect to chlorine increases in the LS (both phases), but remains slightly lower than previous estimates (UT: ~220; LS: ~470). We still conclude that iodine in both phases is more efficient on a per atom basis at destroying ozone in the LS than bromine (factor 6-15) and chlorine (factor 400-1000).

Figure 3c shows the iodine contribution to ozone loss in the UTLS. While the iodine contribution peaks in the UT, it persists in the LS, where iodine is responsible for an equivalent amount of ozone loss as chlorine and bromine. Overall halogens are responsible for 22% loss in the LS (iodine: 7.0%; 
bromine: 8.8%; chlorine: 6.3%), second only to HOx (68%), with minor contributions from NOx (7%) and Ox (3%). The percent numbers in Table 2 refer to fractions of the halogen contribution here. Both Iy,gas and  Iy,part make significant contributions in the LS; with potential to increase in the future. 

Recent field observations and uncertainties

While the most recent WMO Ozone assessment (15) has considered the likelihood of greater Iy injection into the stratosphere, the potential impact of injected Iy on stratospheric ozone was last quantitatively assessed more than a decade ago (34). The impact of 0.1 pptv Iy (the upper limit for total iodine at the time) is consistent with the 2.2% of ozone loss from 0.11 pptv Iy,gas in the LS. The 0.67 ppt Iy,part are found to be responsible for an additional 4.9% ozone loss. 
Incidentally, the total impact from iodine (7%) is close to a prior estimate based on upper limits that neglects the temperature dependence of kinetics (34).  
Recent analysis of trends in 30 years of ozone profile measurements reveal a continued decrease in the LS, and emphasize the lack of an anticipated recovery of LS ozone under the Montreal Protocol. Ball et al. (2018) have concluded that "the reasons for the continued reduction of lower stratospheric ozone are not clear; models do not reproduce these trends, and thus the causes now urgently need to be established."(35). It is noteworthy that most climate models currently do not include iodine chemistry. In our simulations, excluding iodine chemistry results in an increase in the ozone column of 2.61 DU (2.2%) in the mid-latitude LS (147 – 32 hPa; ~13 – 24 km), and smaller changes higher in the stratosphere (<0.3 DU). This effect of iodine is in principle of a similar magnitude as the gap between observed and predicted ozone trends in the LS at mid-latitudes. For iodine to contribute to a decreasing ozone trend iodine emissions would need to increase over time, which is supported by recent ice-core (36, 37) and tree-ring (38) records.
The above estimates of iodine impacts on the ozone column assume all iodine behaves as gas-phase iodine. Notably, there are significant uncertainties in the efficiency of multiphase chemistry at destroying ozone. Our calculations of (O3+iodide in Table 1 rely on existing laboratory measurements of the O3 + I- reaction rate constant (28) near room temperature. In particular, the temperature dependence of the reaction rate constant has been measured between 275K - 293K, and estimates of its value in the UTLS rely on an activation energy (Ea = 73 ± 29 kJ mol-1) that is known to within 40% (28). Further, the temperature dependence of ozone solubility has been measured in aqueous solutions above 273 K (39), and extrapolation to colder temperatures is compensated by Setschenow salting-effects in sulfuric acid (40, 41); both effects have similar magnitudes (~ 2 orders of magnitude), but opposite signs. It is currently unclear whether the impact of colder temperatures increases or decreases (O3+iodide over the values given in Table 1. 
Future laboratory measurements are needed of the temperature dependent reaction rate coefficient of I- + O3, the ozone solubility in sulfuric acid aerosol, and the drivers of redox equilibria that couple I- (oxidation state, OS = -1), HOI (OS = +1) and IO3- (OS = +5). The reduction of IO3- is well studied (32, 42, 43), but its mechanism remains elusive (44). The sensitivity of the iodine redox chemistry is highly sensitive to small amounts of water in highly concentrated sulfuric acid (45), and is generally consistent with the observed trends. The efficiencies of multiphase chemical reactions of iodine could increase or decrease the estimates of the impact iodine has on the ozone column and trends in the LS. There is currently no global or climate model that represents condensed phase iodine chemistry in part due to these uncertainties. In order to constrain a larger portion of Iy injected to the stratosphere, future field observations are needed that simultaneously measure Iy,gas and Iy,part across the tropopause. 

Iodine in the Anthropocene

A potential climate relevance arises from the fact that anthropogenic pollution ozone in the troposphere has increased the global iodine source by roughly a factor of 3 since 1950 (36–38). Deposition of ozone at the ocean surface reacts with I- at the ocean surface, and results in the emission of HOI and I2 to the atmosphere. This inorganic iodine source dominates the global iodine budget (4, 5), and is deemed to have partially buffered increases in tropospheric ozone relative to preindustrial levels (46). We have conducted sensitivity studies using CAM-Chem (see Methods) that show the inorganic iodine source dominates over organic sources (e.g., CH3I) in determining the Iy burden in the UT in the present day (Fig. 4). Notably, if we turn off
 the iodine chemistry in CAM-Chem, the change in ozone in the LS due to iodine (2.6 DU) is 4-5 times larger than that of changing VSLS-bromine and VSLS-chlorine emissions combined over 20 years (47), but occurs over longer time scales. Inorganic iodine sources are expected to increase further in the future as a result of these tropospheric ozone pollution feedbacks. The impact of iodine on LS ozone is expected to increase as a result. The continuation of monitoring the ozone trends in the LS, supplemented by iodine observations is needed to better attribute the cause of the persistent decline of ozone in the LS indicated by recent field observations (35).
Moreover, iodic acid (HIO3) and higher iodine oxides (i.e., IxOy) are stabilized at the cold temperatures near the tropopause (48) and may contribute to particle nucleation and growth (7). The dominance of IO3- as part of Iy,part in the LS (see Fig. 1D) supports a potential role of iodine in the formation/growth of new particles near the tropopause. Furthermore, increasing stratospheric water vapor (49) is increasing ozone destruction in the LS via enhanced chlorine recycling (50); the response of multiphase iodine chemistry is expected to be similarly enhanced as dilution of sulfate increases ozone solubility. We hypothesize that this could invigorate ozone loss in the UTLS by releasing iodine from particles. Finally, iodine destroys ozone at those altitudes where RFTO3 is particularly sensitive to changes in ozone (51), and ozone circulation feedbacks affect climate sensitivities (52).  These diverse and complex climate feedbacks due to anthropogenically enhanced iodine in the UTLS/tropopause warrant further investigation. 

Materials and Methods
The iodine measurements were collected during four aircraft campaigns: 1) the Tropical Ocean tRoposphere Exchange of Reactive halogen species and Oxygenated VOC (TORERO) field campaign (8), 2) the CONvective TRansport of Active Species in the Tropics (CONTRAST) field campaign (23), 3) the Atmospheric Tomography Mission-1 (Atom-1), and 4) ATom-2 (25). The ratio H2O/O3 was used as a consistent classification metric of air as tropospheric or stratospheric applicable across latitude, season, and field campaign (see SI Appendix). 
IO was measured by the CU AMAX-DOAS instrument (3, 8, 26) aboard the NSF/NCAR GV aircraft during TORERO and CONTRAST. TORERO conducted 17 research flights (RFs) over the EPO. The aircraft was based out of Antofagasta, Chile and San Jose, Costa Rica, and flights were conducted in January and February 2012. CONTRAST conducted 17 RFs over the WPO. The aircraft was based out of Guam, and flights were conducted in January and February 2014. Iy,gas for CONTRAST and TORERO was inferred from IO measurements using a chemical box model developed at the University of Colorado Boulder, (9, 26), with extended iodine chemistry (4) including photolysis frequencies measured by HARP (53).
Iy,part was measured by the CU HR-AMS (54, 55), deployed aboard the NASA DC-8 for all four ATom missions. The DC-8 aircraft achieved substantial global coverage by flying four circuits over the Pacific and Atlantic oceans in different seasons. ATom-1 flights were conducted in July and August 2016, and ATom-2 flights in January and February 2017, with frequent, unbiased profiling (0-12.5km) of the tropical, mid-latitude, and polar atmosphere (67°S – 80°N). 
CAM-Chem (version 4) (56) was used to estimate ozone loss rates and the iodine (Iy) budget. Sensitivity studies were conducted examining the effect of excluding: organic sources of iodine and inorganic sources of iodine. Model cases examining the recycling of iodine to the gas phase on different atmospheric surfaces are the same as in ref. (20). CAM-Chem only represents gas-phase iodine chemistry, and the heterogeneous conversion among Iy,gas species. It does not track Iy,part or treat chemical reactions in particles. The phase partitioning of iodine is instead based on empirical exponential fits of Iy,gas and Iy,part inferred from observations against H2O/O3 (Fig. S4 and Eqs. 2, 4, and 5 in SI Appendix). The ozone destruction by Iy,part is calculated as ozone reactive uptake (O3+Iodide; Eq. 7 in the SI Appendix) in the CU Boulder chemical box model, constrained by measured aerosol surface area and chemical and meteorological parameters. The box model is also used to determine the relative efficiencies of Iy,gas and Iy,part at destroying ozone (Fig. S8 and Eq. 8 in the SI Appendix). To compare the odd-oxygen destruction from iodine with other reaction cycles (HOx, halogens, NOx, Ox) the CAM-Chem gas-phase ozone destruction rate by iodine is adjusted for total Iy injection, phase partitioning, and the mass weighted ozone destruction efficiencies of Iy,gas and Iy,part as calculated from the box model, and is described further in the SI Appendix.
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Figure 1. Overview of iodine measurements in the UTLS. Top Panel: The CU AMAX-DOAS aboard the NSF/NCAR GV measured IO during TORERO (Jan-Feb 2012) and CONTRAST (Jan-Feb 2014); the CU HR-AMS measured Iy,part during ATom-1 (Jul-Aug 2016) and -2 (Jan-Feb 2017). Lower values of the H2O/O3 ratio indicate stratospheric air (blue), while higher values (red) are tropospheric; (yellow) intermediate air. Panels A-D refer to locations of measurements on the map. A and B: Spectral proof of IO absorption, showing the scaled IO reference spectrum (red, blue), overlaying the residual noise (grey = unsmoothed; black = single pass triangular smoothing to help guide the eye; fit results are indistinguishable for the grey and black lines). C and D: Mass spectral proof of iodine measurements (black) and fitted ion signals (red, blue) in particles; the vertical bars show the ion exact mass. Increasing HI+ relative to I+ is indicative of iodide, and I2+ is indicative of iodate, I+ is the dominant HR-AMS ion signal for both oxidation states. 
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Figure 2. Gas
-phase iodine during CONTRAST RF15 from the tropical UT into the NH mid-latitude LS. The top bar is color coded by the H2O/O3 ratio as in Figure 1. The top two panels show meteorological and chemical indicators across the subtropical jet. Middle panel: IO mixing ratios measured by the CU AMAX-DOAS every 30 seconds (grey), and five-minute average IO (black). Lower two panels: Iy,gas (red) is inferred from IO using the IO/Iy,gas ratio (black line) using a box model. The H2O/O3 ratio (blue) follows the trend in Iy,gas. The speciation of Iy,gas is shown in the lowermost panel.
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Figure 3. The iodine budget and odd-oxygen destruction in the UTLS at mid-latitudes. Symbols indicate measured data, while all lines and shading are calculations. (a) Comparison of IO, measurements (blue) are adjusted to match chemical partitioning for the zonal ozone climatology (orange). Dashed lines (short and long dashes) are CAM-Chem simulations excluding or including recycling of iodine on ice as indicated (20), the solid line is based on a constant Iy of 0.77 pptv and Iy,gas determined by an empirical fit against H2O/O3  with shading indicating uncertainty in the fit (see SI Appendix Eq. 2 for details) (b): In orange, total Iy. Dashed lines indicate the same CAM-Chem model cases as in panel a, the solid line is the assumed constant Iy in reasonable agreement with the ice-recycling case. Iy,gas (blue) based on an empirical against H2O/O3  (see SI Appendix Eq. 2 for details) dominates in the troposphere, and decreases rapidly around the tropopause; Iy,part (green) is taken as Iy,part = 0.77 pptv - Iy,gas (see SI Appendix Eq. 5 for details). Markers indicate the measured medians from the indicated mission and hemisphere, error bars indicate the interquartile range. Markers are plotted based on the H2O/O3 ratio in the zonal climatology, or at the aircraft ceiling altitude (12.5 km for the DC-8 and 15.5 km for the GV), whichever is lower. (c) Odd-oxygen destruction by halogen families computed with the CU box-model (see SI Appendix); the contribution of each family has been added in the following order: chlorine (Cly, black); bromine (Bry, red); gas-phase iodine (Iy,gas, blue) and particulate iodine (Iy,part, green). The dashed grey line is indicative of the location of the tropopause in ATom data.  
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Figure 4. Contribution of organic (CH3I) and inorganic iodine (I2 + HOI) emissions to the Iy burden of the CAM-Chem model within the Tropics (20ºN - 20ºS). Left: Iy from a simulation including both organic and inorganic emissions of iodine (orange); a simulation including only emissions of CH3I (blue); and a simulation including only inorganic iodine emissions (red). Right: percentage contribution of CH3I (blue) and inorganic emissions (red) to the total iodine burden.

Table 1. Reactive uptake due to the O3 + iodide reaction at Northern Hemisphere mid-latitudes.

	Altitudea (km)
	H2O/O3
	Iy,gas (pptv)
	Iy,part (pptv)
	I- (pptv)b
	I-/Iy,part (%)b
	[I-] (mmol/kg)c
	(O3+iodide c,d (×10-6)

	14.7-17.7
	20-4
	0.08
	0.70
	0.09 (0.05, 0.13)
	13 (7, 19)
	14. (3.4, 41)
	7.0 (1.9, 15.)

	12.8-14.7 
	100-20
	0.25
	0.52
	0.09 (0.05, 0.13)
	17 (10, 25)
	7.3 (2.2, 15.)
	4.0 (0.9, 8.7)

	10.6-12.8
	1000-100
	0.56
	0.21
	0.09 (0.05, 0.13)
	44 (24,63)
	59 (5.1, 190)
	17. (2.3, 40.)


Unless otherwise noted reported values are arithmetic means.
a This altitude range corresponds to the CAM-Chem zonal climatology range of H2O/O3 ratios. 
b The values reported in parentheses for the I- mixing ratio and fraction of Iy,part reflect the uncertainty in the determination of the mean, see SI Appendix for details. 

c Values reported in parentheses reflect uncertainty in I- as well as atmospheric variability. Low values in parentheses are the lowest value obtained for any five-minute average during CONTRAST assuming the smaller amounts of I-, high values are the highest value obtained for any five-minute average assuming the larger amounts of I-. 
d (O3+iodide is the reactive uptake coefficient for ozone reactions with particulate iodine. For conditions in the UTLS (O3+iodide is equal to the bulk reaction resistance Γb, see SI Appendix for details. Uncertainties in input parameters can lead to systematic changes in the value of (O3+iodide by many orders of magnitude, this is not reflected here. 
Table 2: Comparison of iodine, bromine, and chlorine efficiencies at destroying ozone in the UTLS

	Lower Stratosphere

	Halogen
	Xy (pptv)a
	dOx/dt (×103 molec cm3 s-1)a,b
	(X,ac (s-1)
	(X,a/(Cl d
	% Ox destructione 

	Chlorine
	325.5
	2.26
	1.98×10-6
	1
	28

	Bromine
	6.35
	3.17
	1.35×10-4
	69.8
	40

	Iodine

-gas

-particle
	0.77
0.11

0.67
	2.52
0.78

1.74
	8.8×10-4

1.9×10-3

7.2×10-4
	470
980

390
	32
10.

22

	Upper Troposphere

	Halogen
	Xy (pptv)
	dOx/dt (×103 molec cm3 s-1)
	(X,a (s-1)
	(X,a/(Cl
	% Ox destruction 

	Chlorine
	94.2
	3.19
	6.02×10-6
	1
	23

	Bromine
	2.77
	3.76
	2.21×10-4
	38.5
	27

	Iodine

-gas

-particle
	0.77
0.50

0.28
	6.88
6.34

0.55
	1.3×10-3

1.9×10-3

3.2×10-4
	220

340

59
	50
46

4.0


Reported values are computed for the average of the mid-latitude zonal means (20° - 60° latitude for both hemispheres). 
a Mixing ratios of chlorine and bromine are taken directly from CAM-Chem. Values for iodine are based on Eq. 2 and 5 of the SI Appendix.
b The ozone destruction rates are taken from CAM-Chem. The ozone destruction of Iy,part is adjusted based on the relative efficiency compared to Iy,gas (see Eq. 8 of the SI Appendix). 
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, is the efficiency to destroy ozone per Xa atom (X = Cl, Br, I; subscript “a” = “gas” or “particle”). 

d (X,a/(Cl is the efficiency relative to chlorine.

e The fraction of halogen induced ozone destruction.

�Please revise since Fig. 1A is LS and Fig. 1B is UT


�Although it might not be really relevant, If you look carefully at Fig. 2a (theta axis), then theta > 380 occurs only on the second half of the “blue climb” region. 


What about using Theta > 370 here?


�We believe that a sentence like this will help to make the point clear that the shaded orange, blue and green lines in Fig. 3 do not represent CAM-Chem results.


�See below


�2.2 + 4.9 = 7.1 … above you mention 7.0








�Do you mean “on” ?


�Note that you have lost the x axis Local Hour  values on the scale !!!
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