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A novel combination of remote sensing products is used to estimate photochemical 

production rates of hydrogen peroxide and superoxide in the global surface ocean. 
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Environmental Impact Statement 

 

A novel method for estimating photochemical production rates in the open ocean using 

remote sensing data is presented for hydrogen peroxide and superoxide. This approach 

provides quantitative information on these two reactive oxygen species, which is 

fundamental to fully understanding their role in changing redox chemistry in surface 

seawater.   
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Blending remote sensing data products to estimate photochemical production of 1 

hydrogen peroxide and superoxide in the surface ocean. 2 

 3 

Leanne C. Powers1 and William L. Miller1* 4 
Department of Marine Sciences, University of Georgia, Athens, GA 30602, USA 

5 
*Corresponding author: bmiller@uga.edu 

6 

 7 
Hydrogen peroxide (H2O2) and its precursor, superoxide (O2

-
), are well-studied 8 

photochemical products that are pivotal in regulating redox transformations of trace 9 

metals and organic matter in the surface ocean.  In attempts to understand the magnitude 10 

of both H2O2 and O2
-
 photoproduction on a global scale, we implemented a model to 11 

calculate photochemical fluxes of these products from remotely sensed ocean color and 12 

modeled solar irradiances.  We generated monthly climatologies for open ocean H2O2 13 

photoproduction rates using an average apparent quantum yield (AQY) spectrum 14 

determined from laboratory irradiations of oligotrophic water collected in the Gulf of 15 

Alaska.  Because the formation of H2O2 depends on secondary thermal reactions 16 

involving O2
-
, we also implemented a temperature correction for the H2O2 AQY using 17 

remotely sensed sea surface temperature and an Arrhenius relationship for H2O2 18 

photoproduction. Daily photoproduction rates of H2O2 ranged from <1 to over 100 nM d
-

19 

1
, amounting to ~30 µM yr

-1
 in highly productive regions.  When production rates were 20 

calculated without the temperature correction, maximum daily rates were underestimated 21 

by 15 – 25%, highlighting the importance of including the temperature modification for 22 

H2O2 in these models.   By making assumptions about the relationship between H2O2 and 23 

O2
-
 photoproduction rates and O2

-
 decay kinetics, we present a method for calculating 24 

midday O2
-
 steady-state concentrations ([O2

-
]ss) in the open ocean.  Estimated [O2

-
]ss 25 

ranged from 0.1 – 5 nM assuming biomolecular dismutation was the only sink for O2
-
, 26 

but were reduced to 0.1 – 290 pM when catalytic pathways were included.  While the 27 
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approach presented here provides the first global scale estimates of marine [O2
-
]ss from 28 

remote sensing, the potential of this model to quantify O2
-
 photoproduction rates and [O2

-
29 

]ss will not be fully realized until the mechanisms controlling O2
- 
photoproduction and 30 

decay are better understood. 31 

 32 

1. INTRODUCTION AND BACKGROUND 33 

In the marine environment, photochemical reactions in surface waters lead to a 34 

number of oxidized products.   The absorption of solar radiation by the chromophoric 35 

fraction of dissolved organic matter (CDOM) initiates reactions with molecular oxygen 36 

that lead to the formation of an array of reactive oxygen species (ROS), including 37 

superoxide (O2
-
), hydroxyl radical (OH�), singlet oxygen (O2

1
), and hydrogen peroxide 38 

(H2O2) (review by Burns et al.
1
).  Of these, O2

-
 is especially interesting in that it acts as 39 

both an oxidant and a reductant, as well serving as the precursor for H2O2, the longest 40 

lived ROS in the photic zone (Kieber et al.
2
, references therein).  Together, O2

-
 and H2O2 41 

(and OH� derived from them) are involved in degradation of organic pollutants and 42 

indirect photobleaching of CDOM,
3-5

 creation of exogenous oxidative stress in aquatic 43 

organisms,
2,6-9

 and alteration of redox cycling of trace metals like Fe, Cu and Mn.
2,10-13

  44 

Consequently, quantitative information on the production, sinks, and concentrations of 45 

O2
-
 and H2O2 in the open ocean is fundamental to fully understanding their role in global 46 

biogeochemical cycles. 47 

The formation of these reactive species in surface seawater begins with the 48 

absorbance of ultraviolet radiation (UVR; 280-400 nm) that elevates ground state CDOM 49 

to an excited state (CDOM*).  Zhang et al.
14

 suggest that CDOM* most likely generates 50 
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reactive intermediates via intramolecular charge transfer that subsequently reduce 51 

molecular oxygen to superoxide (O2
- 
or its conjugate acid HO2). O2

-
 then decays through 52 

disproportionation to produce H2O2 via the following reactions:
15

 53 

HO2 + O2
−
 → HO2

-
 + O2 + OH 

−  
(k1 = 9.7 x 10

7 
M

-1
s

-1
)    (1) 54 

HO2 + HO2 → H2O2 + O2        (k2 = 8.3 x 10
5 

M
-1

s
-1

)    (2) 55 

H+ +O2

−← → HO2
         (Ka = 1.6 x 10

-5 
M

-1
)    (3) 56 

where k1 and k2 are rate constants determined in pure water at 25°C and Ka is the 57 

superoxide acidity constant.
16

  Zafiriou
17

 reported similar superoxide dismutation kinetics 58 

in seawater, determining a pKa of 4.60 ± 0.15, defining the overall second order rate law 59 

for O2
-
 decay by dismutation as 60 

d[O2

- ]

dt
= kdis[O2

- ][HO2 ]≈ 2kD[O2

- ]2
       (4) 61 

where kD for seawater = (5 ± 1) x 10
12

[H
+
], confirming a direct dependence on pH for O2

-
 62 

kinetics that has been verified by subsequent work.
18

  63 

 Laboratory studies have shown that UV-B radiation (280 to 320 nm) is the most 64 

efficient spectral region for production of H2O2 in marine systems, reflected in global 65 

distributions of H2O2 photoproduction rates.
15,19-21

  These rates typically decrease with 66 

increasing latitude, in part due to decreasing UVR flux but also due to temperature 67 

differences between polar and equatorial waters. Because the rate limiting step for the 68 

photochemical formation of H2O2 is a thermal process (Equations 1, 2 and 4), the 69 

efficiency for H2O2 photoproduction typically increases by a factor of 2 for every 10°C 70 

increase in water temperature.
19

  Szymczak and Waite
22

 demonstrated that total H2O2 71 

production under full spectral solar irradiation follows an Arrhenius rate law and 72 

calculated an activation energy (Ea) for the reaction of 37.4 kJ mol
-1

.  Instead of 73 
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determining an Ea from full spectrum irradiations, Miller
23

 demonstrated that wavelength-74 

dependent activation energies could also be calculated from Arrhenius plots for H2O2 75 

photoproduction.  This data can therefore be used to quantify the change in H2O2 76 

production efficiency due to temperature. 77 

 Comparing work done on H2O2 and O2
-
, H2O2 photoproduction has been studied 78 

most extensively, not only due to its biogeochemical reactivity, but also due to its greater 79 

concentration and stability relative to other ROS.
15

  Additionally, the instability of O2
-
 in 80 

aqueous solutions makes analytical standards difficult to maintain, even when metal 81 

chelators are added and alkaline pH is used to slow O2
-
 loss rates.

24
  Consequently, there 82 

are currently no spectral photochemical efficiency data for the formation of O2
-
 in surface 83 

ocean waters, but as the primary photochemical precursor for H2O2 formation in sunlit 84 

waters, it should be possible to infer O2
-
 chemistry from H2O2 data. 85 

 Superoxide, and in turn H2O2 photoproduction rates, are controlled by the rate of 86 

photon absorption (Qa(λ,z); mol(photons) m
-3 

s
-1

) at a given wavelength (λ; m) and depth 87 

(z; m) together with the efficiency of the reaction sequence; in other words, the 88 

probability that absorption of solar radiation will lead to O2
-
 or H2O2 formation.  Qa(λ,z) 89 

is a function of CDOM “concentration”  (defined with a spectral absorption coefficient, 90 

ag ;m
-1

), the solar spectral scalar irradiance (E0(λ,0
-
); mol (photons) m

-2 
s

-1
 nm

-1
), and its 91 

attenuation in the water column (Kd(λ); m
-1

).  This is quantified as 92 

Qa (λ,z) = E0 (λ,0- )e−Kd (λ )zag (λ,z)        (5) 93 

For marine systems, the reaction efficiency is typically quantified spectrally as the 94 

apparent quantum yield (AQY; φ(λ)), defined as the ratio of the number of moles product 95 

produced to the number of moles of photons absorbed by CDOM in the sample.   96 
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 Once Qa(λ,z) is defined, and assuming active photochemical production is confined 97 

to the 290 – 490nm wavelength range, in situ photochemical H2O2 production rates 98 

(PH2O2; mol(H2O2) m
-3 

s
-1

) in sunlit waters can be modeled as follows, 99 

PH2O2
= Qa (λ,z)φ(λ, z)dλ

290

490

∫          (6)  100 

This general approach is appropriate for any scale for which the optical and 101 

photochemical variables can be defined and has been used to describe results ranging 102 

from laboratory irradiations in quartz containers
25

 to global ocean calculations
26

 from 103 

satellite data.  This later development is critical for new examination of the importance of 104 

photochemical reactions over large spatio-temporal scales.  105 

It is well known that the oceans are exhibiting increased temperatures,
27

 salinity 106 

changes,
28

 reductions in pH and changes in the calcium carbonate saturation point.
29

 All 107 

of these affect marine redox kinetics.  In order to assess the effects of widespread oceanic 108 

shifts on O2
-
 and H2O2 cycling, we have employed the methods of Fichot and Miller

26
 to 109 

examine the photochemical formation of these ROS from satellite data on a global scale.  110 

To define the variables discussed above (Ed(λ,z), Kd(λ), ag(λ,z) and φ(λ,z)), this study 111 

combines remotely sensed ocean color and sea surface temperature data with modeled 112 

solar irradiances and laboratory derived H2O2 AQY spectra corrected for temperature to 113 

calculate global H2O2 production rates in the surface ocean. New data for O2
-
 kinetics 114 

from open ocean samples are then used to infer superoxide dynamics underlying the 115 

H2O2 photoproduction rates, providing insight into the global trends in the turnover rates 116 

of these two reactive oxygen species in a warmer and more acidic future ocean. 117 

 118 

 119 
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2. METHODS 120 

2.1 Sample Treatment 121 

Surface seawater samples, taken within the top meter, used for photochemical 122 

experiments in this study were collected from two locations: the Northern Gulf of Mexico 123 

onboard the R/V Pelican in May 2012 and in the Gulf of Alaska onboard the R/V 124 

Melville in August 2013. Samples were 0.2 µm gravity-filtered (Whatman; Polycap-125 

36&75AS) directly from standard Niskin bottles into 1 L acid-cleaned (2 M HCl), ashed 126 

borosilicate glass bottles (Kimax; Gulf of Mexico) or 2 L acid-cleaned, Milli-Q 127 

(Millipore, >18 MΩ) rinsed polycarbonate bottles (Nalgene; Gulf of Alaska). Sample 128 

locations and properties relevant for photochemistry are listed in Table 1. Samples for 129 

H2O2 quantum yield determinations used in this study were stored at 4 °C in the dark for 130 

up to 3 months prior to use.  CDOM absorption spectra are reported to exhibit no 131 

significant changes when stored in this manner for up to 12 months
30,31

 and 132 

photochemical properties were assumed unchanged. Gulf of Alaska samples for 133 

shipboard superoxide irradiations were typically partitioned directly into acid-cleaned, 134 

Milli-Q rinsed, 600 mL jacketed beakers (Ace Glass) maintained at 20 °C with a 135 

recirculating water bath for photochemical experiments, either within hours of collection 136 

or stored on the ship at 4 °C until use, typically 1-2 days.  While all equipment in contact 137 

with seawater samples was acid-cleaned as described above and gloves were used in 138 

handling samples, neither the RV Pelican nor the RV Melville was equipped with special 139 

trace metal processing facilities and consequently, limited trace metal contamination 140 

could be present.  141 

 142 
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2.2 Optical Measurements 143 

 Three separate systems were employed for solution absorbance measurements.  144 

A Perkin Elmer Lamda 40 dual beam spectrophotometer was used for H2O2 standard 145 

determinations and CDOM samples. For superoxide standard determinations, an Ocean 146 

Optics Inc. system composed of a DT-MINI-2-GS light source linked to a USB2000-UV-147 

VIS Miniature Fiber Optic Spectrometer with Premium grade Si fiber optic assemblies 148 

allowed real-time absorbance measurements in a 1 cm cell.  For oligotrophic seawater 149 

used in H2O2 AQY calculations and superoxide irradiations, the USB2000 was replaced 150 

with a MAYA2000-Pro UV-VIS spectrometer (Ocean Optics) and connected to a 151 

LWCC-2100 Type II, 1-meter liquid waveguide capillary flow cell (World Precision 152 

Instruments) to check CDOM measurements on the same samples made using the 153 

Lambda 40.  The LWCC was filled via a peristaltic pump positioned to pull from glass 154 

sample bottles through Teflon tubing.  CDOM and H2O2 baselines were zeroed against 155 

Milli-Q water and pre-irradiated acetone/ethanol for superoxide standards as described 156 

below.  157 

 158 

2.3 Laboratory Determinations of ROS  159 

2.3.1 Hydrogen Peroxide Analysis:  H2O2 was measured using a FeLume 160 

chemiluminescence (CL) system (Waterville Analytical) and modifications to the 161 

methods of King et al.
32

 Briefly, H2O2 in samples will chemiluminesce at alkaline pH 162 

when mixed in a flow injection analytical system with 2 µM 10-methyl-0-(p-163 

formylphenyl)-acridinium carboxylate trifluoromethanesulfonate (AE; provided by Dr. 164 

James J. Kiddle, Western Michigan University).  A syringe was used to flush (≥1 mL) 165 
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and fill a 195 µL Teflon sample loop (VICI 10-port valve) that was subsequently moved 166 

with carrier to mix with the AE reagent and then transported to a spiral flow cell located 167 

in front of a photomultiplier tube (PMT) where it is mixed with 0.1 M carbonate buffer to 168 

initiate CL (Hamamatsu HC135 PMT, 900 V, 400 ms integration). This system requires 169 

50 seconds for each H2O2 measurement and a limit of detection of 350 pM for open 170 

ocean seawater is reported by King et al.
32

  Instead of adding an acid wash loop to the 171 

injection valve to prevent interference of precipitated MgOH2 at high pH,
32

 we decreased 172 

the carbonate buffer pH to 10.4 and used 0.2 M HCl as the carrier, which also helped 173 

decrease background CL.  A 2 mM H2O2  stock solution was prepared from 30% H2O2 174 

(J.T. Baker) and checked weekly using its absorbance at 240 nm and a molar absorptivity 175 

for H2O2 of 38.1 M
-1 

cm
-1

.
33

  Standards were prepared in aged seawater checked for low 176 

H2O2  against the same seawater with added catalase (20 µL of 100 units L
-1

 in 20 mL 177 

seawater: C100 Sigma-Aldrich).  Under these conditions, the H2O2 detection limit, 178 

defined as three times the standard deviation of the blank, was 2.2 nM.  179 

2.3.2 Superoxide Analysis:  Superoxide was also measured using the FeLume system 180 

employing the chemiluminescent reaction between O2
-
 and a methyl Cypridina luciferin 181 

analogue (2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo[1,2-a]pyrazin-3(7H)-one; 182 

MCLA; TCI America), following the methods of Rose et al.
34

 and Garg et al.
35

  In this 183 

case, no sample loop was used and both the seawater sample and chemiluminescent 184 

reagent were continuously delivered directly to the flow cell with a peristaltic pump 185 

(Rainin, 15 RPM). The PMT was operated at 1200V with an 800 ms integration time.  186 

The chemiluminescent reagent contained 2.45 µM MCLA in 0.5 M sodium acetate/50 187 

µM diethylenetriaminepentaacetic acid (DTPA) solution, adjusted to pH 6 with 188 
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concentrated HCl.  The conjugate base of MCLA (MCLA
−
; pKa = 7.64 ± 0.03) also 189 

reacts with molecular oxygen to chemiluminesce,
36

 giving an increased background 190 

signal due to the MCLA
−
/O2 reaction at basic pH.  While acidic pH increases the reaction 191 

rate for MCLA with O2
-
,
37

 it also increases the rate of uncatalyzed superoxide 192 

dismutation by about an order of magnitude for every unit decrease in pH.  To prevent 193 

changes in signal due to changes in reaction temperature,
24

 all seawater samples were 194 

brought to room temperature before each experiment. The enzyme superoxide dismutase 195 

(SOD; 200 U L
-1

 based on the manufacturer’s assay; S5395-15KU Sigma) was added at 196 

the end of irradiation experiments (see Section 2.4.2) to observe the subsequent signal 197 

reduction to near pre-irradiation background levels.  A stock solution of ~1.5 x 10
6
 U L

-1
 198 

SOD was prepared in Milli-Q and stored at 4 °C in the dark when not in use.    199 

2.3.3  Superoxide System Calibration and Standards:  Because of its instability in 200 

aqueous solutions, all methods that produce superoxide standards in µM concentrations 201 

are subject to their own analytical issues.
24

  To calibrate the MCLA reaction in the 202 

FeLume system for each freshly prepared MCLA reagent, superoxide standards were 203 

generated via UV photolysis of acetone in an ethanol solution following modifications to 204 

the methods of McDowell et al.
38
 and Ong.

39
 A solution of 41 mM acetone, 6 M ethanol, 205 

30 µM DTPA in 0.1 M borate buffer (pH = 12.5) was irradiated in a 1 cm quartz cell with 206 

a Hg lamp (Pen-Ray) for ≤30 seconds. The concentration of superoxide was monitored in 207 

real time using the absorbance at 240 nm and a O2
-
 extinction coefficient (ε) of 2183 M

 -1
 208 

cm
 -1

 corrected for the absorbance of H2O2 at 240 nm as described by Bielski
40

 as follows 209 

εO2- CORRECTED = εO2- - 0.5εH2O2 M
-1

 cm
 -1

 = 2183 at pH 12.5    (7) 210 

It has been noted that DTPA breaks down in UV light and increases absorbance that can 211 
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interfere with O2
- 
determination

24
, but given the very short irradiation time required to 212 

generate O2
-
 in our standard method, it is not likely that DTPA photolysis contributed 213 

significantly to the absorbance reading. When the superoxide reached about 100 µM, an 214 

aliquot was withdrawn and spiked into seawater samples containing 30 µM DTPA to 215 

eliminate metal catalyzed O2
-
 decay.

18,41
 Concentrations for O2

-
 standards ranged from 5 - 216 

50 nM ([O2
-
]0) and were monitored by the FeLume for ~10 minutes.  In un-amended, 217 

filtered seawater, O2
-
 decay can be described with the following equation  218 

−d[O2

- ]

dt
= 2kD[O2

- ]2 + kM[M]X∑ [O2

- ] + kpseudo[O2

- ]     (8) 219 

where kD is the is the pH and temperature dependent dismutation rate constant (derived 220 

from equation 4), kM is the rate constant for the reaction of superoxide with metal species 221 

(Mx), and kpseudo is the rate constant for the reaction of O2
-
 with other sinks.

42
  If all 222 

pseudo-first order decay terms are summed, or metal sink terms are eliminated with the 223 

chelator DTPA, then Equation 8 reduces to 224 

−d[O2

- ]

dt
= 2kD[O2

- ]2 +  kpseudo[O2

- ]                       (9) 225 

Integrating Equation 9 and assuming that the FeLume signal (S, corrected for background 226 

chemiluminescence) is directly proportional to O2
-
 concentration (S = C [O2

-
])

18,43,44
, S is 227 

modeled as a function of time (t) with the following equation
18,35

  228 

S =
kpseudoS0

kpseudoe
kpseudot + kD[O2

- ]0 (e
kpseudot −1)

       (10) 229 

where S0 is the FeLume signal at time zero and [O2
-
]0

 
is the spiked superoxide 230 

concentration. FeLume data was fit to Equation 10 with a non-linear regression of S vs. t 231 

using the curve fitting toolbox in MATLAB ®.  The second order dismutation rate 232 
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constant, kD, was calculated for each seawater sample using Equation 4
17

 and pH values 233 

determined using a Ross Ultra, glass combination pH electrotrode (Thermo Scientific) 234 

calibrated with NBS standard buffers.  Although calibrating seawater pH with Tris 235 

buffers of a similar composition to seawater (i.e. of a similar ionic strength) is 236 

recommended,
45

 primary standards were used here for direct compatibility with the 237 

procedures of Zafiriou.
17

  The pseudo-first order rate constant for catalyzed O2
-
 decay 238 

(kpseudo) and S0 at the time of the spike were used as fitting parameters.  The model fit 239 

observed O2
-
 decay (r

2
 > 0.94 for all decay curves, n = 9) giving a kpseudo of 15 ± 2 x 10

-3
 240 

s
-1

, in good agreement with the kpseudo of 6.6 x 10
-3

 s
-1

 for superoxide decay in non-241 

irradiated solutions containing 1 mg L
-1

 Suwannee River fulvic acid (SRFA)
35

 and the 242 

korg of 9.3 – 15.6 x 10
-3

 s
-1

 determined in tropical Atlantic water from 10 m.
43 

A linear 243 

regression of S0 vs [O2
-
]0 gave a C value of 3.05 x 10

4
 counts nM

-1
 (r

2
 = 0.90, n = 9) 244 

which was used in subsequent O2
- 
concentration determinations. 245 

 246 

2.4 Photochemical Irradiations 247 

2.4.1 Apparent Quantum Yield Experiments for H2O2: Photochemical experiments for 248 

H2O2 φ(λ) determinations were performed using a Suntest CPS solar simulator equipped 249 

with a 1.5 kW xenon lamp (Atlas), as detailed in Johannessen and Miller.
30

  Each 250 

seawater sample was brought to room temperature and partitioned into 15 gas-tight 10 cm 251 

cylindrical quartz spectrophotometric cells, filled and sealed with no headspace using 252 

caps fitted with Teflon faced, butyl rubber septa.  The absorbance in each cell was 253 

measured from 250 – 800 nm both prior to and post irradiation and Milli-Q water was 254 

used as the absorbance blank. Raw absorbance spectra were corrected for scattering, the 255 
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difference in refractive index between salt water and the pure water blank, and instrument 256 

drift by fitting individual spectra to the equation:  257 

A = Fe
-Sλ

 + O            (11) 258 

over the 680 – 800 nm range for CDOM measured in 10 cm spectrophotometer cells and 259 

over the 700-750 nm range for CDOM measured in 1 m pathlength LWCC
46 

using the 260 

MATLAB ® nonlinear curve fitting routine nlinfit, where A (unitless) is absorbance, F is 261 

a fitting coefficient, S is the spectral slope coefficient, and O is the offset.
47

  The offset 262 

was subtracted from the absorbance spectra, and any differences in absorbance spectra 263 

measured using the LWCC and the Lambda 40 were attributed to differences in the 264 

baseline offset.  Because salt solutions have a higher refractive index than the freshwater 265 

on which instruments are blanked, seawater should show an apparent negative 266 

absorbance at certain wavelengths, an effect that can be exacerbated in the long 267 

pathlength LWCC.
46,48,49

  This refractive index effect can be corrected by preparing 268 

blanks with a similar refractive index to the samples
48

 or by employing an empirical 269 

salinity correction.
49

 Our absorbance spectra determined using both instruments were 270 

comparable in the  UV (<350 nm) to the extent that no significant alterations to our final 271 

apparent quantum yield calculation could be detected given the overall uncertainty of the 272 

multispectral AQY method.  Corrected absorbance spectra were converted to Napierian 273 

absorption coefficient (ag(λ) (m
-1

)) with the equation:  274 

ag(λ) =
ln(10)A

L
            (12) 275 

over the 280 – 700 nm range, where L (m) is the pathlength of the spectrophotometric 276 

cell. Irradiations typically lasted 3 to 12 hours, and CDOM absorption spectra measured 277 

before and after irradiation were averaged for each cell for calculation but did not change 278 
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significantly.  279 

Spectrophotometric cells were placed vertically in a black water-cooled aluminum 280 

irradiation block below the solar simulator, which maintained the cells at 20 °C and 281 

allowed no transfer of light between cells.  Each cell was aligned under a variety of 282 

evenly spaced Schott long-band-pass cutoff filters (280, 295, 305, 320, 380, 425, and 480 283 

nm).  Since the irradiation block holds 15 cells, the setup included duplicate cutoff filters 284 

and a dark.  The spectral downwelling irradiance entering each cell, E0(λ) (mol(photons) 285 

m
-2

 s
-1

 nm
-1

), was quantified at 1 nm intervals with a UV-Vis portable spectroradiometer 286 

(OL756, Optronic Laboratories) fitted with a quartz fiber optic cable and integrating 287 

sphere, previously calibrated with a NIST standard lamp (OL 83A & OL220 lamp, 288 

Optronic Laboratories).  Photons absorption rate by CDOM, Qa(λ) (mol(photons) s
-1

 nm
-

289 

1
), in each sample was calculated following the recommendations of Hu et al.

50
, 290 

correcting for self-shading via the equation:    291 

Qa (λ) = E0 (λ)S(1− e
−a

g
(λ )L

)t          (13) 292 

where S (m
2
) is the surface area of the irradiated cell and t (s) is irradiation time.  293 

 The H2O2 production rate is equal to the product of the H2O2 φ(λ) and Qa(λ): 294 

d[H2O2 ]

dt
=φ(λ)Qa (λ)        (14) 295 

allowing for the determination of φ(λ).  The spectral quantum yield for each sample is 296 

modeled from the H2O2 production rate and Qa(λ) with the following equation: 297 

φ(λ) = e−(m1+m2 (λ−290))
         (15) 298 

The fitting parameters (m values above) were again determined using the MATLAB ® 299 

nonlinear curve fitting routine, nlinfit (Table 1A).  300 
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2.4.2 Photochemical Superoxide Kinetic Experiments:  All photochemical superoxide 301 

experiments were carried out on fresh 0.2 µm filtered surface seawater collected in the 302 

Gulf of Alaska aboard the R/V Mellville.  Samples were irradiated under the solar 303 

simulator in acid-cleaned and Milli-Q rinsed 600 mL jacketed beakers (Ace Glass) 304 

covered with quartz glass.  Two crossed glass rods and a Teflon stir bar ensured turbulent 305 

mixing and all samples were maintained at 20 °C with a recirculating water bath.  O2
-
 306 

concentrations were monitored with MCLA chemiluminescence both during and post 307 

irradiation to observe O2
-
 steady-state concentrations ([O2

-
]ss) and decay kinetics 308 

respectively.  Typically, samples were irradiated about 30 minutes, to ensure [O2
-
]ss had 309 

been reached.  Post irradiation, FeLume signal, and thus O2
-
 decay, were again described 310 

by Equations 9 and 10, effectively combining metal sinks and all other first order sinks 311 

into the kpseudo term.   312 

 313 

2.5 Model for Photochemical Rate Estimates from Satellite Data 314 

 Our general methods for estimating the photochemical production rate of H2O2 in 315 

the surface ocean from remotely sensed satellite data very closely follow the approach of 316 

Fichot and Miller
26

 for global estimates for CO photoproduction.  For full details 317 

regarding application, assumptions, and error analysis for retrieval of UV attenuation data 318 

from SeaWiFS imagery using the original SeaUV algorithms and implementation of this 319 

optical data for photochemical calculations on global scales, the reader is referred to the 320 

original publications.
26,51

  We implemented the “practical” model (section 2.1.2, equation 321 

(4), Fichot and Miller
26

) with the published assumptions that the 290-490 nm spectral 322 

range captures photochemical activity, that upwelling scalar irradiance can be ignored, 323 
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and that the attenuation of downwelling scalar irradiance can be described by Kd(λ).  This 324 

approach was used to determine total H2O2 photoproduction rates (PH2O2; mol(H2O2) m
-3

 325 

d
-1

) with the equation: 326 

PH2O2
≈ E0d (λ,0− )e−Kd (λ ,z)ag (λ,z)φ(λ,z)dλ

290

490

∫        
(16) 327 

Knowledge of φ(λ), ag(λ), and the in situ light field obtained from the downwelling scalar 328 

irradiance just below the surface (E0d(λ,0
-
)) and the average Kd(λ) for the depth range in 329 

question, allows the photochemical production rate to be calculated for any depth (z; m) 330 

or depth interval (Equation 16).  331 

2.5.1 Retrieving Optical Parameters for Global Photochemical Model: Fichot et al.
51

 332 

published a set of algorithms (SeaUV/SeaUVC) for retrieving Kd(λ) from SeaWiFS 333 

normalized water-leaving radiance (nLw(λ)) with an estimated overall accuracy of ±15-334 

20% based on comparison to Hydrolight-modeled and in situ Kd(λ) measurements. Fichot 335 

and Miller
26

 subsequently used the SeaUV model retrievals of Kd(λ) with ag(λ) data to 336 

estimate global, depth-resolved photochemical fluxes of CO as a demonstration of the 337 

model’s application.  Briefly, our implementation of this approach is outlined as follows.  338 

 The SeaUV algorithms were used to retrieve Kd(λ) at 320, 340, 380, 412, 443 339 

and 490 nm from the last 7 years of SeaWiFS monthly data (2003 –2010) and binned to 340 

create monthly average climatologies for the global ocean with a spatial resolution of 40 341 

x 40 cos(latitude) and a grid size of 500 x 1000 pixels.  Spectrally resolved Kd(λ) (320 – 342 

490 nm) was determined with a cubic interpolation and extended into the UVB (290 – 343 

320) with a spectral slope coefficient determined between Kd(320) and Kd(340).  Full 344 

ag(λ) spectra were calculated assuming a ag(320)/Kd(320) ratio of 0.68 and a spectral 345 

slope coefficient, Sag, of 0.0194
26

 with the following equation: 346 
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ag (λ) = ag (320)e
(−Sag

(λ−320))
        (17) 347 

 To supply E0d(λ, 0
-
) for the photochemical model, we started with modeled 348 

global clear-sky downwelling irradiance reaching the earth’s surface from 280 to 700 nm 349 

at 1 nm intervals using the System for Transfer of Atmospheric Radiation (STAR).
52

    350 

Model inputs included monthly average total ozone concentrations from the Total Ozone 351 

Mapping Spectrometer (TOMS) and oceanic values for aerosol, humidity, etc. as 352 

described in Fichot and Miller
26

 and a cloud correction for solar irradiance at the sea 353 

surface was obtained using monthly averaged TOMS UV reflectivities from 1996 to 354 

2003.  The final product from this model is a 7-year climatology for cloud-corrected, 355 

daily-integrated, downwelling scalar irradiance, E0d

Day (λ,0− ), at the sea surface for the 356 

15
th

 of each month.  By combining STAR-modeled E0d

Day (λ,0− )with Kd(λ) retrieved with 357 

SeaUV and ag(λ) estimates, and assuming the these optical properties do not vary over the 358 

temporal and spatial scales of the calculation, we mapped monthly climatologies for 359 

average daily photon absorption rates and used them in subsequent photochemical 360 

calculations (e.g. Equation 16).  361 

2.5.2 Retrieving Temperature for Global Photochemical Model: There is clear evidence 362 

that a significant portion of observed natural variability in H2O2 photoproduction is 363 

temperature dependent.
19

  This is expected given the secondary thermal reactions 364 

(Equations 1 - 4) that control H2O2 formation following primary photochemical CDOM 365 

reactions with oxygen.  Activation energies (Ea), determined by Kieber et al.
19

 using an 366 

Arrhenius plot are similar between 295 and 370 nm, giving an average value of 21.8 kJ 367 

mol
-1

.  Therefore, to better implement our global photochemical production model, H2O2 368 

spectral φ(λ) values determined at 20°C (Section 2.4.1) were corrected for temperature-369 
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dependence with the equation:         370 

ln
φλ ,T

φλ ,298

=
21.8

R

1

298
−

1

T







          (18) 371 

where φλ,T is the wavelength-temperature-dependent AQY, φλ,298 is the AQY at 298 K, R 372 

is the universal gas constant (8.3145 x 10
-3

 kJ K
-1

 mol
-1

), and T is temperature (K).
19

  For 373 

more accurate global mapping of photochemical H2O2 production, Level 3 global 374 

monthly-binned daytime SST data from MODIS Aqua, with a spatial resolution of 4.63 375 

km, were averaged from 2003 to 2010 to create monthly climatologies for the global 376 

ocean and fit to a grid size of 500 x 1000 pixels to match the modeled solar irradiances 377 

and the outputs from the SeaUV model (Kd(λ) and ag(λ)).  The matched T value retrieved 378 

at each pixel was then used in Equation (18) to modify the entire H2O2 φ(λ) spectra for 379 

use in H2O2 photoproduction rates (Equation 16).  Daytime SST products are susceptible 380 

to contamination from reflected sunlight but are still considered accurate to ± 0.4 °C.
53

  381 

Limitations inherent in using an average activation energy are discussed in Section 3.2 382 

below. 383 

 384 

3.  RESULTS and DISCUSSION 385 

3.1 H2O2 Apparent Quantum Yield Spectra 386 

 Given that the optical components of the practical model (Equation 16) are 387 

derived from SeaUV and STAR as described in the preceding sections, this leaves our 388 

selection of H2O2 AQY (φ(λ)) as a critical, yet somewhat subjective choice that 389 

contributes significant control over photoproduction estimates.  Here we have based our 390 

selection on an evaluation of our laboratory irradiation results performed on both clear, 391 
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oceanic and dark, coastal surface samples (Table 1A) in comparison with reported 392 

spectral AQY for H2O2 available in the literature. 393 

 Our laboratory determined H2O2 AQY spectra decreased by about an order of 394 

magnitude over UV wavelengths, ranging from 1.41 – 10.0 x 10
-4

 at 290 nm to 0.15 – 395 

1.34 x 10
-4

 at 400 nm (Table 1A, Figure 1).  These are in reasonable agreement with 396 

AQY data determined for the Antarctic at 0 °C (7.4 x 10
-4

 at 290 nm to 0.1 x 10
-4

 at 400 397 

nm
21

), for marine (coastal and open ocean) stations at 25 °C (3.56 – 10.4 x 10
-4

 at 290 nm 398 

to 0.17 – 0.97 x 10
-4

 at 400 nm
19

), and coastal sites at 30 °C (4.7 x 10
-4

 at 290 nm
15

).  399 

Yocis et al.
21

 and Kieber et al.
19

 compared apparent quantum yield data for H2O2 400 

photoproduction from a variety of freshwater and marine samples and found that the φ(λ) 401 

was quite similar for all regions studied.  Yocis et al.
21

 additionally determined H2O2 402 

quantum yield spectra at 20°C in Antarctic samples, which increased the φ(λ) for H2O2 403 

by about a factor of 3 (22 x 10
-4

 at 290 nm) over the same samples at 0 °C.  These AQY 404 

spectra are comparable to H2O2 quantum yield data determined in VH Pond and 405 

Newman’s Lake, FL (6.6 and 15 x 10
-4

 at 300 nm
54

), in the Orinoco River outflow (8.95 406 

– 13.6 x 10
-4

 at 300 nm
55

), and in 1:5 diluted Shark River water (6.9 x 10
-4

 at 300 nm
20

).  407 

The AQY spectra we determined for our clearest open ocean samples (GOM4, GOA1, 408 

and GOA2, Table 1A) in this study, however, are generally lower than those determined 409 

in freshwater systems (Figure 1).  O’Sullivan et al.
15

 observed a similar result, reporting 410 

H2O2 quantum yield values at the lower range of those determined for the Orinoco River 411 

outflow by Moore et al.
55

  In fact, the AQY spectra determined in our open ocean water 412 

samples agree best with those determined for the oligotrophic Antarctic
21,23

 and for 413 

Station ALOHA,
23

 suggesting that there may be differences in the efficiency for H2O2 414 
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photoproduction between terrigenous and marine CDOM sources (Figure 1).  415 

 Some progress has been made in understanding the mechanisms involved in the 416 

photoproduction of H2O2 from CDOM.  O’Sullivan et al.
15

 observed a linear correlation 417 

between H2O2 production and CDOM photobleaching and Dalrymple et al.
56

 found a 418 

strong correlation between the H2O2 AQY and the E2/E3 ratio (CDOM absorbance at 254 419 

nm divided by that at 365 nm), a property correlated to DOM molecular weight.
57

 420 

Through a detailed mechanistic investigation of photochemical H2O2 production from 421 

humic substances and CDOM, Zhang et al.
14

 concluded that charge transfer states, 422 

aromatic ketones and aldehydes, 
1
O2, and excited triplet states of quinones do not 423 

contribute significantly to H2O2 production.  More work is needed to determine whether 424 

these relationships hold true in samples primarily containing marine DOM.   In marine 425 

samples, and in the open ocean in particular, H2O2 AQY spectra are generally very 426 

similar and their variability is controlled mainly by differences in temperature.
19,21

  427 

 To best reflect the oligotrophic waters that dominate the global ocean, we 428 

determined a pooled quantum yield spectrum, calculated by fitting Equation 15 to all 429 

H2O2 production data (n = 26) measured for irradiation experiments done in the Gulf of 430 

Alaska (Samples GOA1 and GOA2), resulting in the following equation 431 

φ(λ)pooled = e−(8.201+0.0238(λ−290))
        (19) 432 

This result was used as input for subsequent global photochemical calculations (Equation 433 

16).  Although GOM4 is also an open ocean sample, data from this irradiation were 434 

excluded from the pooled AQY fit because of its poor agreement between measured 435 

H2O2 production and that predicted from its individual AQY spectrum (r
2
 = 0.75).   The 436 

pooled quantum yield values determined here are about 2 times lower than the Kieber et 437 
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al.
19

 average AQY value at 290 nm (adjusted to 20°C as described in Section 2.5.2; 438 

Figure 1) and 1.4 times lower than the average AQY value at 400 nm, determined for a 439 

variety of marine waters (coastal through open ocean). Because the H2O2 quantum yield 440 

spectrum used in our model is at the lower end of published AQY spectra (Figure 1), we 441 

consider our estimates of PH2O2 determined in Section 3.2 below to be minimum rates for 442 

the open ocean. 443 

 444 

3.2 Global Photochemical H2O2 Flux Estimates  445 

 With the additional temperature modification for the pooled H2O2 AQY 446 

spectrum, global distributions of surface ocean PH2O2 were calculated for each month at a 447 

depth of 1 m and were converted to nM d
-1

 from mol(H2O2) m
-3

 d
-1

 to compare to 448 

literature values (Table 2).  Open ocean production rates ranged from <1 to over 100 nM 449 

d
-1

, with a yearly global average of ~45 nM d
-1

.   Spatial and temporal variability in PH2O2 450 

is shown in Figure 2B using the months of January, April, July, and October as examples. 451 

Considering the potential errors associated with retrieving seawater optical properties 452 

from satellite data, Fichot and Miller
26

 demonstrated that the SeaUV 
51 

algorithm provides 453 

a relatively good approximation of UV-visible photon absorption rates in the open ocean.  454 

However, as noted in Fichot and Miller,
26

 the use of a single quantum yield spectrum 455 

does not have the capacity to capture the underlying processes controlling the known 456 

variability in AQY spectra (Figure 1), limiting the complete understanding of the 457 

magnitude and distributions of H2O2 photoproduction rates in surface seawater.  458 

Therefore, spatial and temporal distributions of calculated photoproduction rates only 459 

track with sea surface temperature and solar irradiation absorption rates.   460 
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 Perhaps surprisingly, H2O2 photoproduction rates determined from our global 7-461 

year climatologies are in reasonable agreement with discrete H2O2 production 462 

measurements.  In a free floating drifter study, Kieber et al.
19

 measured gross PH2O2 of 72 463 

nM d
-1

 for an oligotrophic station in the northwest Atlantic in the summer.  To compare, 464 

PH2O2 was 63 nM d
-1

 at 40N 70W on our July map.  Yocis et al.
21

 measured gross PH2O2 465 

rates of 2.5 – 3.5 nM h
-1

 in Antarctic waters in the summer.  Assuming a 12 h 466 

deployment, these rates are on the order of 25 – 37 nM d
-1

, similar to the 32.5 nM d
-1

 467 

estimated at 55S 55W on our December map.  Figure 3 shows daily H2O2 468 

photoproduction rates averaged for the year are highest in equatorial regions and lowest 469 

at the poles (range: 0.07 - 93.2; average: 40.4; median; 39.5 nM d
-1

).  When summed over 470 

the entire year, this amounts to an average of about 8 µM yr
-1

 and near 30 µM yr
-1

 in 471 

productive regions. The reader is reminded however, that these data are calculated from 472 

7-year average global climatologies and the comparisons made here are meant to show 473 

the applicability of our model, and by no means represent an attempt at validation with 474 

measured in situ H2O2 photoproduction rates.  475 

 Although the use of a single AQY spectrum has known limitations, it does 476 

allow for a direct assessment of the temperature dependence on photochemical H2O2 477 

production rates.  If the pooled H2O2 AQY spectrum (Equation 19) is not adjusted for 478 

temperature (Figure 2A), production rates are underestimated in equatorial regions and 479 

overestimated in polar regions when compared to production rates calculated with 480 

temperature modified AQY spectra (Equation 18, Figure 2B), thereby underestimating 481 

average global monthly photoproduction rates by ~3 – 9%.  The difference is even more 482 

striking in monthly maximum production rates, which are underestimated by ~15 – 25% 483 
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when not accounting for the temperature dependence on the H2O2 AQY spectrum.  484 

Estimates of PH2O2 determined at 40N 70W in July drop from 63 nM d
-1

 to 59 nM d
-1

 and 485 

at 55S 55W in December increase from 32.5 nM d
-1

 to 49.1 nM d
-1

, creating greater 486 

deviations from in situ rates discussed above.
19,21

  487 

 While the studies cited in Section 3.1 above have improved our understanding 488 

of mechanisms involved in H2O2 production from the photoexcitation of CDOM, the fact 489 

that H2O2 production is a result of a thermal reaction is greatly ignored.  Kieber et al.
19

 490 

represents the first attempt at simultaneously understanding the temperature and 491 

wavelength dependence of H2O2 photochemistry.  The Ea determined by Kieber et al.
19

 492 

ranges from 8.3 to 52.7 kJ mol
-1

, with the largest difference in Ea between 290 and 400 493 

nm (average Ea values increased from 16.6 to 31.9 kJ mol
-1

).  Further investigation into 494 

the apparent variability in Ea with excitation wavelength will improve estimates of H2O2 495 

photoproduction rates, which is pressing when considering rising sea surface 496 

temperatures in the ocean.  Results from Kieber et al.
19

 demonstrated that a 10 °C 497 

increase in seawater increased H2O2 AQY spectra by a factor of about 1.8 on average.  In 498 

order to predict the effect of a warmer future ocean, we applied a uniform 5 °C increase 499 

to our monthly SST climatologies.  When these “future” SST maps were used to modify 500 

the pooled H2O2 AQY spectrum, H2O2 photoproduction rates increased by 16% on 501 

average (Figure 2C). This does not necessarily mean that in situ H2O2 will change in the 502 

same regard, especially if the rates of H2O2 decay increase as well in a warmer ocean.  503 

Steingenberger and Croot
58

 found a negative correlation between H2O2 concentration and 504 

SST, attributing the effect to higher enzymatic sink strength for H2O2 at higher 505 

temperatures.  In a future scenario where PH2O2 increases by 16%, biological decay will 506 
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most certainly increase as well.  Although it is unclear how biology will respond to an 507 

increased PH2O2, it is clear that organisms will have to adjust the metabolic energy 508 

required to counter the increased rate of H2O2 photoproduction.  509 

 510 

3.3  Global Superoxide Steady-State Estimates 511 

 While AQY spectra determined here and implemented in our model are for 512 

H2O2, in reality, thermal reactions involving superoxide control its formation.  Although 513 

it is vitally important to quantify superoxide distributions and photoproduction rates on a 514 

global scale in order to understand its role in biogeochemical cycles, determining O2
-
 515 

photoproduction rates from that for H2O2 is not a simple task.  Presently, the extension of 516 

our photochemical H2O2 production model to include estimates of global O2
-
 517 

photoproduction rates and [O2
-
]ss in the surface ocean remains highly speculative, 518 

primarily due to incomplete understanding of the mechanisms regulating O2
-
 formation 519 

and decay. The following sections, therefore, outline the approach taken and justifications 520 

for the choices we made to best estimate spatial and seasonal distributions of superoxide 521 

dynamics in the open ocean. 522 

3.3.1 Global Photochemical Superoxide Steady-State Estimates assuming Dismutation 523 

as the Dominant Sink: At steady-state, superoxide production and loss terms must 524 

balance. As a simplified first approach, we estimated open ocean [O2
-
]ss assuming 525 

biomolecular dismutation is the only sink for O2
-
.  There is evidence that H2O2 526 

production in natural waters can be explained primarily by O2
-
 dismutation.

35,59
  527 

Therefore, in making this assumption, Equation 9 reduces to: 528 

−d[O2

- ]

dt
= 2kD[O2

- ]2
         (20) 529 
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The stociometry of superoxide dismutation (Equation 1 or 2) predicts 0.5H2O2 per O2
-
, 530 

implying that  531 

P
O2

- = 2PH2O2
          (21) 532 

and [O2
-
]ss can be estimated on a global scale with Equation 22 below    533 

 [O2

- ]ss =
P

O2
−

2kD











0.5

=
PH2O2

kD








0.5

       (22) 534 

Since superoxide exists as either HO2 or O2
-
, the overall dismutation rate constant (kD) 535 

was calculated at an average oceanic pH of 8.2 from the rate constants for reactions 1 and 536 

2
16 

and the Ka for HO2 (4.6 ± 0.15 in seawater
17

).  Therefore, the overall dismutation rate 537 

constant for superoxide decay can be expressed as: 538 

kD =
k2[H

+ ]2 + k1Ka[H
+ ]

(Ka + [H+ ])2
         (23) 539 

Rate constants calculated using this method are in good agreement with those calculated 540 

by Zafiriou
17

 for superoxide dismutation in seawater.  Second order O2
-
 decay is highly 541 

pH dependent and a decrease of just 0.4 pH units, from 8.2 to 7.8, increases kD from 2.43 542 

to 6.11 x 10
4 

M
-1

 s
-1 .  We also adjusted kD for changes in temperature assuming that the 543 

average Ea determined by Kieber et al.
19

 for H2O2 AQY spectra could also be applied to 544 

kD (Equation 18). 545 

 Using temperature and pH modified kD in conjunction with our global models of 546 

PH2O2 only allows for calculation of daily-integrated [O2
-
]ss values.  These integrated 547 

values are misleading however because [O2
-
]ss changes dramatically with the intensity of 548 

the sun throughout the day.  It is therefore more appropriate to calculate steady-state 549 

concentrations at a certain time of day.  We chose to examine midday [O2
-
]ss because 550 
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superoxide concentrations should be highest at solar noon.  We modeled daily-integrated 551 

H2O2 photoproduction as a sine curve with the equation: 552 

PH2O2
(daily-integrated) = A sin(2π ft)

0

tend

∫ dt       (24) 553 

where A = PH2O2(at midday) = πPH2O2(daily-integrated)/(2tend),  f = 1/(2tend), t is the time 554 

of day and tend is the length of day.  For our global climatologies, tend was calculated as a 555 

function of latitude for the 15
th

 of each month.  Solving for midday H2O2 and O2
-
 556 

production rates yields the following modification to Equation 22: 557 

[O2

- ]ss(midday) =
πPH2O2

(daily-integrated)

2tendkD








0.5

      (25) 558 

 Global distributions of midday [O2
-
]ss were modeled for the 15

th
 of each month 559 

using a SST-modified kD at a pH of 8.2, showing October as an example in Figure 4.  In 560 

general, [O2
-
]ss values are highest in equatorial regions and lowest in the poles ranging 561 

from ~0.1 – 5 nM, with a yearly average of about 2.6 nM.  In order to examine changes 562 

in [O2
-
]ss in a future ocean that is not only warmer but also more acidic, midday [O2

-
]ss 563 

concentrations were recalculated with an increased SST and a decreased pH.  kD and φ(λ) 564 

were again modified with Equation 18, but increasing SST by 5 °C did not change the 565 

[O2
-
]ss determined with our model because, having no other direct data to consider, we 566 

assumed both the rates of superoxide photoproduction and it’s loss can be adjusted using 567 

the same activation energy.  However, when the pH was decreased the resulting [O2
-
]ss 568 

concentrations at pH 7.8 were ~55% lower than those calculated at pH 8.2 (Figure 4). 569 

3.3.2 Investigating Superoxide Decay via Pathways other than Dismutation: The 570 

steady-state O2
-
 concentrations modeled by assuming that dismutation is the dominant 571 

sink are higher than those reported for the surface equatorial Pacific (~220 pM)
60

 and the 572 
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Gulf of Alaska (~ 550 pM)
41

 even though neither fully reflect the photochemical source, 573 

having been removed from UV light prior to measurements.  Other estimates that use 574 

dismutation alone have also overestimated [O2
-
]ss by about 7 – 8 nM.

17,61
  This most 575 

likely results from ignoring additional sinks of superoxide.  To this point, some 576 

observations have successfully modeled superoxide decay via a pseudo-first order rate 577 

law, and not the second order fit required by dismutation.
18,62

  To determine the best 578 

approach for our calculations, we irradiated surface seawater in the Gulf of Alaska until a 579 

[O2
-
]ss was measured, shut off the lamp, and measured the subsequent O2

-
 signal post-580 

irradiation. The resulting O2
-
 decay was modeled according to Equation 10, as described 581 

in Section 2.3.3.  The pseudo-first order rate constants determined from our irradiation 582 

experiments ranged from 1.7 to 4.6 x 10
-3

 s
-1

 (Table 1B), in good agreement with pseudo-583 

first order rate constants for O2
-
 decay determined in the Equatorial Pacific in the 584 

presence of DTPA (<10
-4

 to 9.7 x 10
-3

 s
-1

)
60

 and the Southern Ocean (6 ± 1 x 10
-3

 s
-1

).
18

  585 

These results are consistent with the probability that a large portion of O2
-
 in oligotrophic 586 

waters decays via pathways other than dismutation.  587 

 Given the fact that O2
-
 can act as both an oxidant and a reductant, the potential 588 

decay mechanisms in seawater are complex.  Figure 5 presents a compilation of generic 589 

superoxide decay pathways, showing the modeling approach of describing the non-590 

dismutation pathways using a single rate constant, kpseudo.  If catalytic O2
-
 decay is 591 

irreversible, then the amount of H2O2 generated per O2
-
 should be between 0 and 1, and in 592 

fact the ratio has been calculated in coastal seawater to be around 0.6 – 0.75 H2O2 per  593 

O2
-
.
63

  On the other hand, a catalytic redox cycle, (i.e. the dashed lines connecting paths 594 

(2) and (3) in Figure 5), would produce 0.5 H2O2 per O2
-
 consumed, and maintain the 2:1 595 
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stoichiometric ratio between PO2-  and PH2O2 typical of dismutation.  This catalytic cycling 596 

is consistent with results reported for coastal seawater
42

 and 1 mg L
-1 

SRFA solutions,
35

  597 

but it is unclear whether or not this is a valid assumption for the open ocean.   Recently, 598 

Wuttig et al.
64

 found H2O2 production rates that were about half the O2
-
 production rates 599 

generated by a thermal superoxide source
24

 in open ocean seawater. However, 600 

considering other possible reactions that occur between superoxide and excited state 601 

CDOM in situ, it has not been determined whether this ratio is true of H2O2 produced 602 

photochemically.  Furthermore, Micinski et al.
59

 suggested that O2
-
 dismutation accounts 603 

for nearly all photochemical H2O2 production based on measured O2
-
 production rates in 604 

the eastern Caribbean.  However, there was large variability in PO2- (0.1 – 6 nM min
-1

 605 

spring; 0.2 – 8 nM min
-1

 fall) and PH2O2 measured during the same field campaigns (0.39 606 

± 0.19 nM min
-1

 spring, 2.23 ± 1.5 nM min
-1

 fall)
55

 suggesting that for the open ocean, it 607 

is possible that the stoichiometric relationship between PH2O2 and PO2- may not simply be 608 

described using a factor of two.   609 

 For this reason, we compared H2O2 produced in irradiated filtered seawater with 610 

and without additions of the enzyme superoxide dismutase (SOD) to help clarify existing 611 

pathways in our open ocean model.  Since SOD catalyzes O2
-
 disproportionation at a rate 612 

>10
9
 M

-1
 s

-1
,
64

 when present, essentially all superoxide proceeds through the dismutation 613 

path (1) to H2O2. Following the recommendations of Garg et al.,
35

 SOD at 200 U L
-1

 was 614 

added to open ocean surface seawater samples from the Gulf of Alaska (GoA1&2 Table 615 

1).  These samples were irradiated side by side in the solar simulator in 600 mL jacketed 616 

beakers at 20 °C with quartz lids for up to 3 hours.  For these samples, H2O2 617 

photoproduction in the presence of SOD was indistinguishable from that produced in its 618 
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absence (Figure 6).  Shaked et al.
62

 also observed that SOD had no effect on H2O2 619 

photoproduction in the Gulf of Aqaba.  Additionally, based on O2
-
 steady-state 620 

measurements during irradiation experiments and modeled pseudo-first order O2
-
 decay 621 

constants in the dark, Shaked et al.
62

 also calculated PO2- ranging from 3 – 25 pM s
-1

 and 622 

PH2O2 ranging from 4 – 10 pM s
-1

.  Their results suggest that the PO2-:PH2O2 of 2:1 is a 623 

reasonable estimate in seawater, but the authors note that a 1:1 ratio cannot be ruled out.   624 

 A direct approach to establishing this stoichiometric relationship is to monitor 625 

both PH2O2 and PO2- at the same time in the same sample.  Rusak et al.
66

 have done this 626 

during irradiations of unfiltered water collected east of New Zealand, reporting PH2O2 and 627 

PO2- to be 28 pM min
-1

 and 76 pM min
-1

, respectively, giving a PO2-:PH2O2 of 2.7:1 628 

possibly due to H2O2 loss in unfiltered water.  However, during 20 minute irradiations of 629 

filtered seawater, Rusak et al.
66

 also saw PO2- decrease while PH2O2 increased, an 630 

ambiguous result that points out the current poorly constrained relationship between 631 

PH2O2 and PO2.  Based on our laboratory results and with limited research into the ratio of 632 

PH2O2 to PO2- , it seems that in clear, open ocean surface waters, an oxidative pathway (2) 633 

for O2
-
 is negligible , and depending on the relative strengths of reductive catalysis (3) 634 

and dismutation (1), the PO2-:PH2O2 is somewhere between 1 and 2.  It is also apparent 635 

that until significantly more information on the photo-efficiency of O2
-
 production 636 

becomes available, estimates of PO2- based on hydrogen peroxide production will remain 637 

ill-defined. 638 

3.3.3 Global Photochemical Superoxide Steady-State Estimates Including Additional 639 

Sinks for Superoxide: In addition to our work in the Gulf of Alaska, there are only a few 640 

studies on superoxide decay kinetics in the open ocean.
18,41,43,60

  In these studies, DTPA 641 
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was used to examine decay kinetics in seawater
18,43,60

 but all use different chelator 642 

concentrations and pre-equilibration times, making the selection of a literature value for 643 

use in superoxide decay models in the open ocean difficult.  Because biomolecular 644 

dismutation kinetics for superoxide are well defined as a function of temperature and 645 

pH
16,17

 we included the additional term for combined catalytic decay, kpseudo (Equation 9), 646 

in our model to improve estimates of [O2
-
]ss in the surface ocean. For our open ocean 647 

model, we chose an average kpseudo value of 2.6 ± 1.4 x 10
-3

 s
-1

, determined from 648 

irradiation experiments done at sea on freshly collected surface seawater from the Gulf of 649 

Alaska as described in Section 2.4.2 (Table 1B).  Using this average value for kpseudo is an 650 

oversimplification of the complexity inherent in O2
-
 dynamics in the open ocean because 651 

it does not include metal rate constants and therefore the effects of seawater pH and ionic 652 

strength on metal oxidation are lost. However, until we better understand the specific 653 

mechanisms involved in a variety of oceanic environments and can make reasonable 654 

estimates of trace metals, it remains a defendable choice for this initial attempt to model 655 

[O2
-
]ss in the surface ocean from space. 656 

 Because a little bit of mystery remains in defining a universal relationship 657 

between PH2O2 and PO2-, our subsequent estimates are still made assuming that superoxide 658 

photoproduction rates are twice that of hydrogen peroxide photoproduction rates.  659 

Superoxide decay can be modeled by solving Equation 9, and [O2
-
]ss can be estimated at 660 

midday as  661 

[O2

- ]ss(midday) =
−kpseudo + kpseudo

2 + 8π kDPH2O2
(daily-integrated) tend( )





0.5

4kD    (28)

 662 

Page 31 of 49 Environmental Science: Processes & Impacts

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t



Further, even though the temperature dependence of kpseudo is not known, for our 663 

steady-state estimates, we assumed the same temperature correction to kpseudo that we 664 

applied to kD and φ(λ) (Equation 18).  Additionally, because the effect of pH on kpseudo 665 

was not determined here, we could not adjust kpseudo for a change in pH.  Despite these 666 

limitations, this model attempts to involve all the known superoxide decay kinetics for a 667 

more realistic estimate of [O2
-
]ss, and results in concentrations reduced by a factor of 668 

about 20 (Figure 4).  In addition to over an order of magnitude drop in concentration,  669 

[O2
-
]ss becomes less variable when compared to both modeled month-to-month average 670 

values and maximum midday concentrations.  This implies that globally, kpseudo is the 671 

dominant sink term for O2.  To check this line of reasoning, we recalculated [O2
-
]ss at 672 

midday using kD climatologies determined at pH 7.8.  Instead of reducing [O2
-
]ss by 55%, 673 

the inclusion of kpseudo  reduced [O2
-
]ss by only ~0.5%.  These observations again stress 674 

that uncatalyzed dismutation is not the major pathway for superoxide in the open ocean.  675 

 

676 

3.4 Considerations for Future Remote Sensing Estimates Relating H2O2 & O2
-
  677 

 Presently, using our modeled PH2O2 to estimate [O2
-
]ss in the surface ocean is 678 

speculative due to insufficient knowledge of the specific mechanisms and kinetic 679 

pathways that regulate O2
-
 formation and decay.  However, this modeling exercise has 680 

identified several necessary assumptions and correction terms that will be required to 681 

more accurately estimate superoxide dynamics from data on H2O2.  One key issue when 682 

addressing global ROS distributions is the assumption that PO2- is twice that of PH2O2, and 683 

this needs to be verified for oligotrophic water systems.  While measuring PH2O2 and PO2- 684 

simultaneously is useful, current reports are for only a few locations and do not reflect the 685 
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diversity that exists in a variety of marine waters.  The best way to model PO2- in 686 

seawater would involve direct measurements of the AQY spectra for O2
-
 in representative 687 

water types.  Until we understand and constrain the photo-efficiency for O2
-
 production, 688 

we cannot accurately predict PO2- on a global scale.   689 

 As confirmed here and elsewhere, biomolecular dismutation is not the major 690 

sink for superoxide in the open ocean.
18,41,60

  Therefore, the multiple first-order pathways 691 

for superoxide decay need to be accurately incorporated into the overall kinetic model.  A 692 

compilation of O2
-
 data from open ocean environments and a standardization of sample 693 

treatments for use in models will help immensely in this regard. For example, pseudo-694 

first order decay rate constants have been determined in a variety of marine waters by 695 

adding known quantities of a superoxide standard to seawater (either as KO2 or a 696 

photochemical standard) and monitoring the subsequent chemiluminescence signal.
18,43,66

  697 

In these studies, however, spiked superoxide ranged from about 50 to 100 nM, well 698 

higher than in situ concentrations.  While some studies suggest that this is not a 699 

problem,
24

 with elevated O2
-
 levels, and given the typically low nM reactant 700 

concentrations involved in open ocean ROS reactions, it is possible that measured decay 701 

rates may be altered.  Perhaps indicating a dependence of decay pathway distribution on 702 

initial O2
-
, the kpseudo values we determined for 25 – 42 nM spikes of the photochemical 703 

standard into Gulf of Alaska samples were about 4 – 10 times higher than kpseudo values 704 

determined post-irradiation, typically starting at [O2
-
]ss ≈ 2 nM (unpublished data).  705 

Therefore, it may be difficult to equate pseudo-first order decay kinetics determined from 706 

superoxide spikes to those appropriate for naturally occurring conditions.  Unfortunately, 707 

there have only been a few shipboard studies measuring the decay of O2
-
 concentrations 708 
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that are representative of the open ocean.
41,66

  Without conclusive data on superoxide 709 

decay kinetics at ambient superoxide concentrations, it has been hard to figure out the 710 

best decay terms for use in [O2
-
]ss estimates based on remotely derived estimates of PH2O2.  711 

 When attempting to understand the overall magnitude of superoxide decay as it 712 

relates to hydrogen peroxide formation, it is also essential to know the specific sink terms 713 

that control O2
-
 decay.  The observed pseudo-first order decay rate constants determined 714 

here represent the sum of all first order reaction rates.  To accurately describe O2
-
 decay 715 

in the open ocean, we now understand that not only is the magnitude of kpseudo likely to 716 

change according to what drives O2
-
 decay in different marine environments, but the 717 

stoichiometry of H2O2 production could change as well.  Researchers have made a great 718 

deal of progress in recognizing the reactivity of superoxide with metals and organic 719 

matter.  However, the rates for specific sink terms that control superoxide in seawater 720 

remain elusive.  Heller and Croot
18

 spiked ~50 nM of O2
-
 standard into unamended 721 

seawater, as well as samples with added Cu, Fe or DTPA.  Shaked et al.
62

 performed a 722 

very similar experiment with sub- to low-nM concentrations of O2
-
.  By observing O2

-
 723 

decay in all of these treatments, both groups found Cu to be a major sink for O2
-
 in both 724 

the Southern Ocean and the Gulf of Aqaba.  Recently, Wuttig et al.
 13

 performed a similar 725 

experiment in the eastern tropical North Atlantic, but also included additions of Mn to 726 

seawater, finding that Mn and organics were the primary sinks for O2
-
 in that region.  727 

Further mechanistic studies like this will increase our confidence when predicting 728 

O2
-
 chemistry from modeled or observed photochemical H2O2 production.   729 

 730 

4. CONCLUSIONS 731 
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 Algorithms that derive in situ UV optical properties from remote sensing products 732 

are attractive in that they allow expanded spatial and temporal coverage when evaluating 733 

the role of photochemical reactions in the global ocean.  To that end, we have expanded 734 

the methods of Fichot and Miller
26

 for estimating photochemical rates from ocean color 735 

data to include MODIS SST data, and have presented what we feel is a more accurate 736 

calculation of H2O2 photoproduction rates in the surface ocean.  By blending maps for 737 

UV optics and temperature, an improvement over the previous use of a single AQY 738 

spectrum for the entire global ocean has been achieved.  In the case of H2O2, the known 739 

temperature dependence for peroxide photochemical efficiency, as defined with 740 

published activation energies,
19,23

 can provide not only an improvement in estimated 741 

H2O2 photoproduction rates as shown here, but also a general approach for addressing 742 

any photochemical rate that has a definable temperature dependence.  As is the case for 743 

all marine photochemical models using a photochemical efficiency approach, the 744 

accuracy with which peroxide production estimates can be made from optical data is 745 

primarily constrained by limited availability of H2O2 AQY spectral data and the ability to 746 

match observed variations in the surface ocean with proper AQY spectra.  Improved 747 

confidence in this model to calculate global distributions of H2O2, O2
-
, or any other 748 

photochemical product, will require well-defined, improved knowledge of the 749 

mechanisms regulating the system of interest.   750 

To push our model approach towards estimation of surface ocean H2O2 751 

concentrations, additional H2O2 sources, like rain and biological production, together 752 

with both abiotic (i.e. chemical reactions and mixing) and biological H2O2 sinks must be 753 

accurately described and incorporated. On the source side, oceanic microwave-based 754 
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precipitation maps are available,
67,68

 but the changing relation between rain rate and 755 

peroxide concentration over the ocean is not well constrained.  Both production and 756 

consumption rates due to organisms depend on biological variability with additional sinks 757 

arising from chemical reactants (ex. Fe, Cu, organic antioxidants, etc.).
69,70

  The detailed 758 

data required to modify and inform peroxide concentration models, especially in open 759 

ocean systems, are not currently fully retrievable from remote sensing and, the 760 

quantitative approaches to embed the temperature dependence for each are yet to be 761 

determined.  With new comprehensive data on rates and mechanism, a concentration 762 

model for H2O2 in the surface ocean based on remotely sensed data may be attainable. 763 

The method presented here to estimate O2
-
 concentrations from H2O2 764 

photoproduction rates is considerably more challenging than simply altering the H2O2 765 

AQY spectra as a function of temperature.  It actually represents a more general attempt 766 

to use remote sensing data together with direct knowledge of chemical reaction 767 

mechanisms to modify biogeochemical estimates related to photochemistry.  We believe 768 

this is a promising direction for future work based on more than simple correlations.  Our 769 

calculations rely heavily on the relationship between H2O2 and O2
-
 photoproduction rates 770 

and the O2
-
 decay kinetics in the open ocean.  At present, much about the processes that 771 

control the fate of O2
-
 are not completely understood.  After new work quantifies the 772 

photo-efficiency for O2
-
 production and better defines the magnitude and partitioning of 773 

various sinks for superoxide, our estimates of superoxide steady-state values will be 774 

much better constrained.  Because pseudo-first order O2
-
 decay is almost certainly 775 

affected by both temperature and pH (in the same way as biomolecular dismutation), new 776 

data on the effects of these variables on O2
-
 decay reactions should put things a bit more 777 
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in focus.  With this fundamental chemical information and clever use of multiple data 778 

products generated from remotely sensed data (S, pH, mixed layer depth, precipitation, 779 

etc.), it should be possible to quantify O2
-
 concentrations with more accuracy on a global 780 

scale under current and future oceanic conditions. Although well beyond the scope of the 781 

present study, as more data on oceanic redox cycling becomes available, this approach 782 

can be used to make reasonable global estimates for the lifetimes of various important 783 

redox active elements like Fe, Cu and Mn, using their chemical reaction rates with ROS 784 

in the surface ocean.  785 
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Figures and Tables 1019 

 1020 
Table 1. Sample characteristics and φ(λ) fitting parameters (m values with 95% 1021 

confidence intervals) for laboratory H2O2 φ(λ) determined at 20 °C for seawater samples 1022 

from the Gulf of Mexico and the Gulf of Alaska (A). The r
2
 is for the correlation between 1023 

measured H2O2 production and that calculated from the φ(λ) for all quartz cells in a given 1024 

exposure. Sample characteristics and kpseudo (s
-1

 with 95% confidence intervals) 1025 

determined from non-linear curve fitting of shipboard superoxide decay curves (B).  1026 

 1027 
(A) 

Station Latitude 

(N) 

Longitude 

(W) 

S 

(PSU) 

ag(320) 

(m
-1

) 

m1 m2 r
2 

GoM1 28.97 89.11 26.5 2.82  7.23 ± 

1.15 

0.025 ± 

0.017 

0.91 

GoM2 28.90 89.44 n.d. 6.64 6.88 ± 

0.54 

0.019 ± 

0.007 

0.98 

GoM3 28.70 89.50 n.d. 3.57  8.87 ± 
0.51 

0.020 ± 
0.008 

0.98 

GoM4 27.92 90.37 36.4 0.090 7.12 ± 

1.41 

0.025 ± 

0.022 

0.75 

GoA1 53.00 152.00 34.5 0.279  8.23 ± 

0.48 

0.024 ± 

0.011 

0.96 

GoA2 50.00 145.00 32.4 0.162  7.90 ± 

1.02 

0.027 ± 

0.025 

0.84 

GoA 

Pooled 

- - - - 8.201 ± 

0.47 

0.0238 ± 

0.011 

0.92 

 
(B) 

       

Station Latitude 
(N) 

Longitude 
(W) 

S 
(PSU) 

ag(320) 
(m

-1
) 

pHNBS kpseudo        
(x 10

-3
 s

-1
) 

r
2
 

GoA2 50.00 145.00 32.4 0.162  8.08 4.59 ± 0.08  0.96 

GoA3 49.28 134.67 32.4 0.138 8.07 2.02 ± 0.03 0.91 
GoA4 54.60 141.41 32.5 0.222 8.05 1.95 ± 0.02 0.94 

GoA5 56.47 141.24 32.4 0.428 8.17 1.71 ± 0.04 0.89 
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 1029 
Figure 1. Apparent quantum yield spectra (φ(λ)) for H2O2 photoproduction at 20 °C for 1030 

our Gulf of Mexico (solid line) and the Gulf of Alaska (dashed line) experiments (this 1031 

study). The red dotted line is the pooled AQY spectrum for both Gulf of Alaska stations. 1032 

Select AQY data from other studies are also shown: Kieber et al.
19

 average seawater 1033 

AQY spectrum adjusted to 20 °C (solid red line), Miller
23

 Antarctic at 15 °C (open 1034 

circle), Miller
23

 Station ALOHA at 15 °C (closed circle), Cooper et al.
54

 VH Pond, 1035 

Florida (*), Moore et al.
55

 Orinoco River outflow (+) and Andrews et al.
20

 1:5 Shark 1036 

River water (open squares). 1037 

 1038 

 1039 

 1040 

Table 2.  Average, maximum and minimum H2O2 production rates (nM d
-1

) for the 1041 

global ocean at 1 m depth for each month. 1042 
 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Avg 48.7 47.1 44.6 42.3 43.2 42.9 42.4 41.6 43.5 46.6 48.3 48.5 

Max 96.0 92.3 93.9 93.2 99.6 102.1 105.6 100.6 100.6 97.1 98.8 99.2 
Min 0.06 0.06 0.06 0.12 0.05 0.09 0.11 0 0.06 0.05 0.03 0.08 
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 1044 
Figure 2. H2O2 photoproduction rates (nM d

-1
) at 1 m depth for January (left) and April 1045 

(right).  Areas in white are where SeaWiFS ocean color is not available.  3 different 1046 

quantum yields for H2O2 were used to create these climatologies: (A) The single pooled 1047 

AQY spectrum not modified for temperature variation, (B) the AQY spectrum adjusted 1048 

for temperature using current MODIS SST climatologies and (C) the AQY spectrum was 1049 

adjusted for temperature with SST 5 °C higher than current MODIS climatologies.  1050 
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 1051 
Figure 2 (continued). H2O2 photoproduction rates (nM d

-1
) at 1 m depth for July (left) 1052 

and October (right).  All other as presented above.  1053 

 1054 
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 1056 
 1057 

Figure 3. H2O2 photoproduction rates (nM d
-1

) at 1 m for the entire year, calculated by 1058 

averaging monthly climatologies created using temperature-modified AQY spectra. 1059 

Areas in white are where SeaWiFS ocean color is not available.   1060 

1061 
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 1062 

 1063 

 1064 
Figure 4. [O2

-
]ss (nM or pM) determined at 1 m for October: (Top) with O2

-
 assumed to 1065 

decay solely through dismutation at pH = 8.2, (Middle) with O2
-
 assumed to decay solely 1066 

through dismutation at pH = 7.8, (Bottom) with additional sinks added to dismutation at 1067 

pH = 8.2 in order to more completely describe O2
-
 decay. 1068 

 1069 
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 1070 
 1071 

Figure 5. Possible mechanistic pathways for H2O2 production by O2
-
. Aox and Ared are 1072 

oxidized and reduced forms respectively of an unidentified reactant, A. Dashed lines 1073 

represent the possible catalytic cycling of a single redox catalyst participating in both the 1074 

oxidation and reduction of O2
-
.   1075 
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 1083 

Figure 6. [H2O2] (nM) produced during short (<3 h) irradiations of low CDOM seawater 1084 

plotted against [H2O2] produced in the presence of 200 U L
-1

 SOD.  The solid line 1085 

represents the linear regression between [H2O2] produced during both treatments (m = 1086 

1.01, r
2
 = 0.85) and the dashed lines are the 95% confidence interval.  1087 
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