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Environmental significance statement

Dissolved organic carbon (DOC), found in all waters on Earth, is converted to CO2, a greenhouse 
gas, upon exposure to sunlight in surface waters. Greenhouse gas emissions from arctic surface 
waters are important components of the global carbon cycle now and in the future as the Arctic 
warms and permafrost soils thaw. Arctic permafrost thaw will expose a substantial amount of 
dissolved organic carbon (DOC) to sunlight. Currently, sunlight-driven conversion of DOC to 
CO2 accounts for about one third of the CO2 released from Alaskan arctic surface waters.
However, how this may change in the future is not well known due to knowledge gaps on the 
underlying hydrologic controls on sunlight-driven (photochemical) conversion of DOC to CO2. 
Our study is the first attempt to quantify the effect of vertical water-column mixing on rates of 
DOC photochemical conversion to CO2. We present and develop both conceptual and numerical 
models to assess the importance of vertical mixing on rates of DOC photochemical conversion to 
CO2 in arctic freshwaters. Our results show the importance of vertical mixing as a control on 
rates of DOC photochemical conversion to CO2 when there are many sunlight-absorbing 
suspended sediment in the water column. Our study validates well-mixed assumptions used in 
prior work for most but not all arctic streams and rivers. We assess the features of arctic waters 
where mixing should be considered (e.g., glacial-fed rivers or thermokarst lakes containing high 
loads of suspended sediment). These results improve our understanding and estimation of 
sunlight-driven CO2 emissions from freshwaters, which is needed to predict how the arctic 
carbon cycle will respond to climate change.
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Abstract
Photomineralization, the transformation of dissolved organic carbon (DOC) to CO2 by 

sunlight, is an important source of CO2 in arctic surface waters. However, quantifying the role of 
photomineralization in inland waters is limited by understanding of hydrologic controls on this 
process. To bridge this gap, this study evaluates mixing limitations, i.e., whether and by how 
much vertical mixing limits the depth-integrated photomineralization rate, in freshwater systems. 
We developed a conceptual model to qualitatively assess mixing limitations across the range of 
light attenuation and hydrologic conditions observed in freshwaters. For the common case of 
exponential light attenuation over depth, we developed a mathematical model to quantify mixing 
limitation, and used this model to assess a range of arctic freshwater systems. The results 
demonstrate that mixing limitations are important when there is significant light attenuation by 
suspended sediment (SS), which is the case in some arctic, boreal and temperate waters. Mixing 
limitation is pronounced when light attenuation over depth is strong and when the 
photomineralization rate at the water surface exceeds the vertical mixing rate. Arctic streams and 
rivers have strong vertical mixing relative to surface photomineralization, such that model results 
demonstrate no mixing limitation regardless of how much SS is present. Our analysis indicates 
that well-mixed assumptions used in prior work are valid in many, but not all, arctic surface 
waters. The effects of mixing limitations in reducing the photomineralization rate must be 
considered in arctic lakes with high SS concentrations.
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1. Introduction
Inland waters process substantial amounts of dissolved organic carbon (DOC)1, such that 

CO2 is supersaturated in inland waters with respect to the atmosphere2, 3. From arctic inland 
waters, 32-40 Tg year-1 of DOC is exported to the oceans while 40-84 Tg year-1 of C is released 
as CO2 to the atmosphere4-7. CO2 evasion from inland waters of the Arctic account for up to 40% 
of net CO2 exchange between land and air1, 5.  CO2 production in inland waters is typically 
attributed to biological respiration of DOC8, but in inland waters of the Arctic, permafrost DOC 
is very photoreactive9-12 such that photochemical processing of DOC is substantial9, 13-16. 
Photomineralization, the complete oxidation of DOC to CO2 by sunlight, currently contributes 
one third of the CO2 emitted from arctic inland waters13.  

Photomineralization is one of several photochemical reactions initiated by the absorption 
of ultraviolet (UV) light by chromophoric dissolved organic matter (CDOM).  As CDOM 
absorbs UV light, it is broken down (i.e., photobleaching) and some CDOM is completely 
oxidized to CO2 (photomineralization). Photomineralization rates are controlled by the photon 
flux from sunlight, the absorption of photons by CDOM, and the photo-lability (also known as 
apparent quantum yield) of CDOM to photomineralization13. Within a waterbody, the amount of 
CO2 produced by photomineralization is also controlled by CDOM residence time, which defines 
total light exposure of CDOM in the waterbody14. Photomineralization rates will be light-limited 
when sunlight is insufficient under high CDOM amounts and short residence times, and substrate 
(CDOM) limited when sunlight is in excess under low CDOM amounts and long residence 
times14. The rate-limiting process can shift over time.

Light-attenuating constituents control how photon flux changes with depth in the water 
column, thereby controlling the integrated rate of photomineralization over the water column, 
which we refer to here as the depth-integrated photomineralization rate. CDOM is the dominant 
constituent that attenuates UV and visible light in most arctic waters9, 13, 17, but suspended 
sediment (SS) also contributes considerably to light attenuation in some arctic and temperate 
waters, depending on the properties of the watershed over the ice-free summer season13, 18, 19. 
Attenuation of UV light by water is often negligible due to the high UV attenuation by CDOM in 
arctic waters20, 21.  In general, light attenuating SS consists of phytoplankton and non-algal SS21. 
Due to the nutrient-poor environment, phytoplankton in arctic lakes generally has a negligible 
impact on light attenuation22, 23. Non-algal SS in arctic waters are primarily organic particles 
from permafrost erosion and inorganic glacial flour, and can strongly influence light attenuation, 
especially photosynthetically available radiation (PAR) in some arctic waters (e.g., the 
Mackenzie River and many lakes in the Mackenzie Delta20, 24). During spring thaw, glacial flour 
can cause substantial light attenuation in some rivers and lakes that receive high loads from 
glacial meltwater25, 26. 

Photomineralization is also controlled by hydrologic processes that redistribute CDOM 
within the water column. Hydrologic controls on the depth-integrated photomineralization rate 
have received little conceptual and experimental characterization27, 28. The depth-integrated 
photomineralization rate depends on the vertical distribution of light and CDOM. Because light 
intensity decreases through the water column, photomineralization will deplete CDOM in the 
upper part of the water column when there is no resupply of CDOM to this region27, 29, 30.  
Therefore, resupply of CDOM from the lower part of the water column to the sunlit surface 
water by vertical hydrodynamic mixing should increase CDOM loss.  Vertical mixing has been 
found to increase the rate of CDOM photomineralization in mesocosms28. Vertical 
hydrodynamic mixing in inland waters generally ranges over several orders of magnitude31-33. 
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Current estimates of photomineralization rates have assumed that CDOM is well-mixed 
throughout the water column9, 14, 34, 35 or that photomineralization only occurs in specific layers 
within the water column36. Given that the effect of vertical mixing has been shown to influence 
other light-dependent surface processes (e.g., primary production in the ocean27, 37), there is a 
clear need to evaluate the effect of vertical mixing on depth-integrated photomineralization in 
freshwaters. 

The objective of this study is to model mixing limitations on photomineralization in 
freshwater systems, i.e., whether and by how much vertical mixing limits the depth-integrated 
photomineralization rate. This work includes both conceptual and quantitative models. The 
conceptual model considers the factors that control mixing limitations on photomineralization. 
We also quantify the extent to which vertical mixing limits photomineralization for cases where 
the light profile can be approximated as exponential. For this case, we present a reactive-
transport model that integrates vertical hydrodynamic mixing with an existing 
photomineralization model. This quantitative model provides a rigorous and consistent way to 
delineate factors that control the extent of mixing limitation on photomineralization for a range 
of waterbodies, and to identify system conditions under which the well-mixed assumption is not 
appropriate for estimation of photomineralization rates. Finally, we use this model to assess 
mixing limitations in arctic rivers, streams, and lakes.

2. Methods
2.1 Conceptual model

To answer the question whether and by how much vertical mixing affects 
photomineralization throughout the water column, we categorize waterbodies based on 
composition and the overall structure of light attenuating constituents, i.e., whether CDOM is the 
only light attenuating constituent, and whether the light attenuating constituents are generally 
homogeneous in the water column. Based on understanding of the effects of each factor on the 
depth-integrated photomineralization rate, we infer the potential for mixing-induced limitation 
on photomineralization for each of the four categories (Figure 1A). This model provides a 
conceptual framework to cover the conditions needed to evaluate mixing limitations. 

When CDOM is the only light-attenuating constituent, CDOM can be either 
homogeneously distributed or nonuniformly distributed in the water column. In the former case 
(upper left quadrant in Figure 1A), light decays exponentially with depth38. Homogeneous 
CDOM structure implies that CDOM is well-mixed in the water column, hence yielding no 
mixing limitation. When CDOM is nonuniformly distributed in the water column (upper right 
quadrant in Figure 1A), light attenuation varies with depth following the distribution of CDOM, 
and hence cannot be generalized as exponential38. Because no other constituent attenuates light 
in these cases, the total photomineralization rate over the water column depends on the total 
amount of light attenuated over the water column, which depends on the total amount of CDOM 
present in the water column. In this case, the concentration distribution of CDOM only affects 
where the light is absorbed, not the total amount of light absorbed throughout the water column. 
Therefore, vertical mixing does not affect photomineralization in these systems. 
Photomineralization behavior for this case is described in more details in the Supporting 
Information (Section SI-1). Because CDOM is the dominant light-attenuating constituent in most 
arctic waters9, 13, the well-mixed assumption is valid for most arctic systems.

When CDOM and SS both attenuate light, their vertical distribution controls the decay of 
light over depth. SS in the well-lit surface of the water column can attenuate light independently 
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of CDOM, such that light attenuation over depth does not necessarily follow the distribution of 
CDOM. In this case, SS influences the amount and spectrum of sunlight available to 
photomineralize CDOM.  Therefore, in poorly-mixed systems with significant SS, attenuation of 
light by SS shelters CDOM from photomineralization. The sheltered CDOM not only receives 
less light, but may also receive lower-energy photons (longer wavelengths), which are less 
photo-reactive. This sheltering of CDOM results in less photomineralization over the water 
column compared to the well-mixed scenario. 

When the vertical distribution of light-attenuating constituents (SS and CDOM) is 
relatively homogeneous in the water column, the light profile can be approximated as an 
exponential decrease with depth38 (lower left quadrant in Figure 1A). This case is quantitatively 
analyzed here (in Section 2.3). Because both CDOM and SS attenuate light, light attenuation 
constituents can be homogeneous with depth even when the CDOM and SS concentration 
distributions are not. For example, a water column with less CDOM near the surface can still 
have uniform light attenuation and therefore an exponential vertical profile of light, as long as SS 
is higher in the surface water (Figure 1B). The scenario where CDOM is poorly mixed and 
shaded by SS, yet the light profile is still approximately exponential, can be found in some arctic 
streams and ponds where fine SS is introduced into the waters by glacier meltwater and 
permafrost erosion9, 21, 25, 39, 40. 

When SS and CDOM are stratified in the water column (lower right quadrant in Figure 
1A), the light profile will not be exponential38. In this case, CDOM can be sheltered from light in 
a way similar to the lower-left quadrant, although this scenario is much more complex due to the 
highly non-uniform distributions of CDOM and SS in the water column, and correspondingly 
complex light profile. Mixing limitation is thus also possible in this quadrant, but quantitative 
analysis of this case is beyond the scope of the current study.

2.2 Field data
We use field data in combination with a reactive-transport model to quantify mixing 

limitations in waterbodies that exhibit exponential light attenuation over depth, corresponding to 
the lower-left quadrant of Figure 1A. The model is first applied to the Kuparuk River, Alaska, as 
a proof-of-concept because of the extensive data available in this system (Table S1). The model 
is then generalized to assess mixing limitations in other arctic waters using photochemical and 
hydrological parameters from prior studies (Table S1). Parameters needed for the photochemical 
modeling, such as CDOM concentrations, were compiled from 20 studies, of which the largest 
dataset includes measurements from 70 lakes and 73 rivers in the North Slope of Alaska13.

The Kuparuk River has been the focus of research on aquatic carbon cycling and river 
hydrology for the past ~30 years as part of the NSF Arctic Long Term Ecological Research 
(LTER) program. The Kuparuk River originates in the northern hills of the Brooks Range and 
flows about 320 km northward to the Arctic Ocean (Figure S1). The river flows from mid-May 
to October41. Up to 80% of the annual discharge is spring snowmelt, and peak discharge can 
occur during large storm events in the summer42. The rivers in this and other watersheds on the 
North Slope of Alaska are open-canopy with 24-hour sunlight in summer, and typically have 
shallow flows and the larger rivers have gravel-to-boulder beds 43, 44. The Kuparuk watershed is 
underlain by continuous permafrost 250 to 600 m in depth45, 46. Light attenuation in the Kuparuk 
River results primarily from absorption by CDOM13, and UV light has been previously shown to 
decay exponentially with depth in the water column13. This corresponds to the upper left 
quadrant in Figure 1A, where no mixing limitation is expected.

Page 5 of 25 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

Photochemistry data were collected from the Kuparuk River basin over the summers of 
2011-201313. This dataset includes wavelength ( ) specific spectra of hourly photon flux at the 𝜆
water surface (Qλ-dso), the apparent quantum yield describing the photo-lability of CDOM to 
photomineralization (Φλ) with 95% confidence intervals, the light attenuation coefficient of 
CDOM (aCDOMλ) with 95% confidence intervals, and empirical parameters  and  that 𝛼𝜆 𝜀𝜆
relate DOC concentration to the light attenuation coefficient of CDOM. The light attenuation 
coefficient describes the amount of CDOM, which is strongly, positively correlated to DOC 
concentration but cannot be quantified on a per C basis. DOC concentrations ranged from 0.39 – 
0.57 mol C m-3 (Cory et al. 2014, Table S1). River discharge and river channel geometry were 
measured during flow seasons in 2013-2015 at 8 gauging stations along the main-stem 
Kuparuk47 (Figure S1). In the three-year record, river discharge (Q) ranged between 0.08 m3 s-1 
at baseflow in the upper Kuparuk to 126.4 m3 s-1 during peak flow in the lower Kuparuk. Water 
column depth (H) ranged from ~0.1 to 3 m, at least 10 times smaller than river widths (W) 
(Figure S2). Water surface slope (S) was estimated using a 5 m DEM 48. The broad ranges of 
photochemistry and hydrology conditions in the Kuparuk River basin are summarized in Figure 
S2. Notation used in this study is summarized in Table S3.

Because there is less data from other arctic waters compared to the Kuparuk River, we 
grouped arctic waters into rivers (stream order > 3), streams (stream order ≤ 3, including chutes 
of beaded streams), beaded streams (pools, excluding chutes), and lakes. For these groups we 
compiled ranges of DOC concentration (  0.028-18 mol m-3 in streams and rivers, 0.12-3.1 𝐶 =
mol m-3 in beaded streams, and 0.008-2.7 mol m-3 in lakes), photo-lability of CDOM (  𝛷300 =
4×10-4-0.08 in rivers, 5×10-4-0.04 in streams, 0.003-0.04 m-1 in beaded streams, and 4×10-4-0.08 
in lakes), the light attenuation coefficient of CDOM (  3.6-103 m-1 in rivers, 4.6-𝑎𝐶𝐷𝑂𝑀300 =
334 m-1 in streams, 33-359 m-1 in beaded streams, and 4.3-79 m-1 in lakes), and water column 
depth (  0.14-15.5 m in rivers, 0.015-2.1 m in streams, 0.12-3 m in beaded streams, and 0.08-𝐻 =
43 m in lakes) from 40 studies and datasets (Table S1). We used the same photon flux spectra 
reaching the water surface for all arctic waters in this study given that all waters were in the same 
region of the Alaskan Arctic near the Kuparuk River. Of the arctic streams, rivers, and lakes 
where spectra of photochemical parameters were available from a dataset of 70 lakes and 73 
streams and rivers13, the average depth at which 99% of the UV light is attenuated (known as the 
Z1%) was 0.1 m in stream and rivers and 0.2 m in lakes at 300 nm, or 0.4 m in streams and rivers 
and 1.4 m in lakes at 412 nm. Compared to the relatively shallow water column of these systems 
(mean depths < 1 m for stream and rivers, ~2 m for lakes)13, on average UV light at 300 nm 
penetrates about 20% of the water column, while longer wavelength UV light at 412 nm can 
reach the bottom of the water column. In addition, for arctic streams, rivers, and beaded streams, 
we compiled ranges of water surface slope (  5×10-5-0.03 in rivers, 1.7×10-4-0.1 in streams, 𝑆 =
and 3×10-4-0.009 in beaded streams) and flow discharge (  0.7-128769 m3 s-1 in rivers, 0.005-𝑄 =
52 m3 s-1 in streams, and 0.000024-1.73 m3 s-1 in beaded streams); for arctic lakes, we compiled 
ranges of Secchi depth (  0.3-11.2 m), based on which the average epilimnion depth of arctic 𝑆𝑑 =
lakes was estimated (4.3 m). Data compilation are detailed in the Supporting Information 
(Section SI-2). Sources and ranges of these compiled data are summarized in Table S1 and S2, 
respectively. Arctic waters have low electrical conductivity, are weakly buffered (low carbonate 
alkalinity), and are supersaturated with CO2 with respect to atmospheric pressures7. As a result, 
we assume that CO2 produced by photomineralization exchanges readily with the atmosphere.

SS can account for up to 50% of light attenuation in glacial-fed rivers, thermokarst, or 
other SS-rich lakes9, 13, 24, 49. Thus we assumed that the total light attenuation coefficient ranges 
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between 1-2 times the measured  for each type of arctic systems (Table S2). However, 𝑎𝐶𝐷𝑂𝑀𝜆
this assumption does not consider the different attenuation spectra of SS compared to CDOM. SS 
attenuates more light in the visible (PAR) region than in the UV, in contrast to CDOM, which 
attenuates more UV than visible light50.  We also did not consider light scattering by SS, which 
increases the effective pathlength for photons during downward propagation51, 52. Our 
characterization of SS attenuation thus overestimates the sheltering effect of SS, so that the 
mixing limitations predicted by our model represent maximum estimates.

2.3 Quantitative model
To assess the effect of vertical hydrodynamic mixing on depth-integrated 

photomineralization rate, we use a dispersion-reaction model that extends the existing 
photomineralization model with vertical dispersion. Field observations indicated that lateral 
(bank to bank) gradients of DOC concentration were small, so we assume no lateral transport of 
DOC in this model. We assume steady, uniform flow, and therefore solve for the vertical 
distribution of DOC concentration in the water column (with change in DOC concentration 
based on its relationship to CDOM as described below): 

 (1)
         , ,

, dK y y
dso

C y t C y t
D y aCDOM y t Q e

t y y


  


 


  
     


with no-flux boundary conditions

 (2a) 
0

,
0y

C y t
y 






 (2b) ,
0y H

C y t
y 





where  is DOC concentration, t is time, y is the vertical position that is 0 at water surface 𝐶(𝑦,𝑡)
and positive in the downward direction, and  is the vertical dispersion coefficient that 𝐷(𝑦)
dictates vertical mixing and sets the rate of resupply of CDOM from bottom waters to the 
surface. Additional factors that influence the distribution of CDOM over depth, such as thermal 
stratification in arctic beaded streams and lakes53-55, are not considered here. The 
photomineralization rate is the product of Φλ, , Qdso-λ, and the attenuation of photon 𝑎𝐶𝐷𝑂𝑀𝜆(𝑦,𝑡)
flux governed by the total light attenuation coefficient  over depth13. Photo-lability of 𝐾𝑑𝜆(𝑦)
CDOM (Φλ) may decrease over time due to depletion of reactive moieties, but how photo-lability 
changes over time and downstream distance is unknown13, so we assume that photo-lability stays 
constant over depth and over time. Other factors such as temperature, pH, iron, and nitrate may 
also influence photo-lability of CDOM and thus photomineralization rates14, 56-58, but these 
factors are not considered in this study. We track changes of DOC concentration in this model 

following the empirical relationship  derived from 
0

0 0
C if C

aCDOM
if C

   


 

   
 

  
   

measurements of  and  from 70 arctic lakes and 73 arctic streams and rivers13. It 𝑎𝐶𝐷𝑂𝑀𝜆 𝐶
should be noted that this relationship may change over time due to the fact that high solar 
exposure causes loss of CDOM absorbance without a decrease in DOC (photobleaching)16, 59. As 
CDOM is photobleached, rates of UV light attenuation by CDOM and thus rates of DOC 
photomineralization will decrease over time. However, the effect of faster loss of CDOM than 
DOC is expected to have a relatively small effect on quantification of DOC photomineralization 
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in arctic freshwaters where DOC photomineralization is often light-limited14 and where the 
majority of DOC (> 50%) is chromophoric13. Thus, over the relatively short time scales (i.e., 
daily rates) of DOC photomineralization considered in the present study, there is not enough UV 
exposure to bleach away enough CDOM to substantially slow rates of photomineralization. For 
the scope of this study, we assume that the relationship between  and  stays constant 𝑎𝐶𝐷𝑂𝑀𝜆 𝐶
over time. Note that  is negative, so positive attenuation at zero  would never occur. The goal 𝛼𝜆 𝐶
is to solve for the depth-integrated photomineralization rate ( ), defined as the first order reaction 𝑟
rate of the depth-averaged DOC concentration ( )〈𝐶(𝑦,𝑡)〉

(3)   
,

,
d C y t

r C y t
dt



In order to compare the effect of mixing on photomineralization in freshwaters that 
exhibit exponential light attenuation over depth, we group the dimensional parameters in (1) 
using non-dimensionalization, a theoretical tool commonly used to reduce the number of 
dimensional parameters in a model into a smaller and more manageable set of dimensionless 
parameters60. (1) becomes 

 (4)
       * *

* * * * * * *
* * * *

* * *

, ,
,p y

C y t D y C y t
d e C y t

t y D y






     
    


with no-flux boundary conditions

(5a)
 * * *

** 0

,
0

y

C y t
y 






(5b)
 * * *

** 1

,
0

y

C y t
y 





where superscript * indicates dimensionless variables,  is the depth-averaged vertical 〈𝐷〉
dispersion coefficient, and  and  are wavelength-specific dimensionless parameters defined 𝑑 ∗

𝜆 𝑝 ∗
𝜆

by  and . Each dimensionless parameter  
 

* *2
*

* *

,

, dso

aCDOM y tHd Q
D C y t


     * *

dp K y H 

represents the relative strength of competing processes.  For example, a higher dimensionless 
dispersion coefficient  indicates greater loss rate of CDOM by photomineralization at the 𝑑 ∗

𝜆
water surface relative to the resupply rate of CDOM by vertical dispersion to the water surface. 
A greater dimensionless light decay coefficient, , indicates greater attenuation of light with 𝑝 ∗

𝜆
depth in the water column. Non-dimensionalization of these different processes and systems can 
be compared in a self-consistent framework61. The steps of non-dimensionalization are detailed 
in the Supporting Information (section SI-3).

We further assume that light profile over depth can be generalized as exponential, which 
corresponds to the left quadrants of Figure 1A. Exponential light profile means that total light 
attenuation coefficient is constant over depth at each wavelength: , so that  is 𝐾𝑑𝜆(𝑦 ∗ ) = 𝐾𝑑𝜆 𝑝 ∗

𝜆

constant over depth at each wavelength. Given that  is approximately constant,  is 
𝑎𝐶𝐷𝑂𝑀𝜆(𝑦 ∗ ,𝑡 ∗ )

𝐶(𝑦 ∗ ,𝑡 ∗ ) 𝑑 ∗
𝜆

also constant at each wavelength. We then eliminate the wavelength dependency of  and  𝑑 ∗
𝜆 𝑝 ∗

𝜆
by fitting the reaction term exponentially with dimensionless vertical position ( ). (4) becomes𝑦 ∗
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 (6)
       * *

* * * * * * *
* * * *

* * *

, ,
,p y

C y t D y C y t
d e C y t

t y D y


     
    

where  represents a dimensionless first-order reaction rate coefficient at the water surface, and 𝑑 ∗

 represents a dimensionless decay coefficient of reaction with depth. Specifically,  is the 𝑝 ∗ 𝑑 ∗

ratio of the photomineralization rate at the water surface to the vertical mixing rate, which is a 
form of dimensionless Damkohler number62, 63. Because this Damkohler number is evaluated at 
the water surface ( ), we refer to  as the surface Damkohler number. The magnitude of 𝑦 ∗ = 0 𝑑 ∗

 reflects the surface loss of CDOM by photomineralization relative to resupply of CDOM by 𝑑 ∗

vertical mixing to the water surface, and thus provides information about how CDOM resupply 
limits the depth-integrated photomineralization rate when SS is present to shelter CDOM from 
light (lower left quadrant). Dimensionless coefficient  depends on the ratio of the actual water 𝑝 ∗

column depth to a characteristic attenuation depth, which represents the ensemble photon 
attenuation over all wavelengths from the water surface to bed sediments. We therefore refer to 

 as the dimensionless light attenuation. The magnitude of  indicates the extent of UV 𝑝 ∗ 𝑝 ∗

attenuation through the water column by SS and CDOM, and thus provides information on how 
light penetration limits the depth-integrated photomineralization rate when SS is present to 
shelter CDOM from light (lower left quadrant).

Equations (5)-(6) do not have a steady-state solution, due to the ongoing disappearance of 
DOC mass by photomineralization. However, after sufficiently long time (or equivalently, 
sufficiently long downstream distance), the depth-integrated photomineralization rate is relaxed 
from the initial distribution of DOC, such that depth-integrated photomineralization rate can be 
well-approximated by a first-order rate constant64. This is known as the asymptotic behavior. At 
the asymptotic regime, the dimensionless depth-averaged DOC concentration decays at a first-
order rate constant over time64

 (7)
   

* * *
* * * *

*

,
,

d C y t
r C y t

dt


Equation (7) is the dimensionless equivalent of (3), where  is the dimensionless depth-𝑟 ∗

integrated photomineralization rate. The depth-integrated photomineralization rate under 
asymptotic regime represents the depth-integrated loss rate of DOC under the vertical 
distribution of DOC that is established over time. We employ the moment method64, 65, detailed 
in the Supporting Information (section SI-4), that solves for  and vertical distribution of DOC 𝑟 ∗

from (5)-(6) defined by  and .𝑑 ∗ 𝑝 ∗

Note that  and the depth average of the first-order reaction term  in (6) are 𝑟 ∗ 𝑑 ∗ 𝑒 ― 𝑝 ∗ 𝑦 ∗

only the same under well-mixed conditions, because dimensionless DOC concentration is 
dependent on the dimensionless vertical position. In contrast, assuming a priori that the water 
column is well mixed, i.e., , yields𝐶 ∗ (𝑦 ∗ ,𝑡 ∗ ) = 〈𝐶 ∗ (𝑦 ∗ ,𝑡 ∗ )〉

 (8)*
*

*
* (1 )p

wm
dr e
p

 

 is the maximum possible rate for , because there is no sheltering of CDOM from light in *
wmr 𝑟 ∗

this case. To quantify the extent by which vertical mixing limits the depth-integrated 
photomineralization rate, we define reaction efficiency ( react ) as the ratio of the depth-integrated 
photomineralization rate without and with the well-mixed assumption66, 67:
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  (9)
*

*react
wm

r
r

 

The reaction efficiency ranges from 0 to 1. We categorize react  > 0.9 to indicate no substantial 
limitation, react  < 0.5 to indicate substantial limitation, and 0.5 < react  < 0.9 to indicate partial 
limitation on the depth-integrated photomineralization rate. Each combination of  and  𝑑 ∗ 𝑝 ∗

defines a  and , and hence defines a . Note that results of react  < 1 apply only for the 𝑟 ∗ 𝑟 ∗
𝑤𝑚 𝜂𝑟𝑒𝑎𝑐𝑡

lower left quadrant when SS is present to shelter CDOM from light and thus influence loss of 
CDOM from photomineralization.

2.4 Evaluating the well-mixed assumption in arctic waters
First, we plot the reaction efficiency as a function of all possible combinations of surface 

Damkohler number ( ) and dimensionless light attenuation ( ). Each possible combination of 𝑑 ∗ 𝑝 ∗

 and  corresponds to a unique point in the plot. We call the 2-dimensional space defined by 𝑑 ∗ 𝑝 ∗

 and  coordinates as the phase space of . The phase space of  reflects how well 𝑑 ∗ 𝑝 ∗ 𝜂𝑟𝑒𝑎𝑐𝑡 𝜂𝑟𝑒𝑎𝑐𝑡
the well-mixed assumption estimates the depth-integrated photomineralization rate under 
different mixing and light attenuation conditions. From (6),  defines different scaling of  

𝐷(𝑦 ∗ )
〈𝐷〉 𝑑 ∗

for different types of arctic systems (Figure S5). For comparison, we rescale  for different 𝑑 ∗

types of arctic systems to have the same magnitude of  at  and  as the 𝜂𝑟𝑒𝑎𝑐𝑡 𝑑 ∗ = 10 𝑝 ∗ = 10
streams and rivers type, so that  and  pairs from different system types are directly 𝑑 ∗ 𝑝 ∗

comparable. Vertical dispersion profiles ( ) for different types of arctic systems are 𝐷(𝑦 ∗ )
detailed in the Supporting Information (Section SI-5). 

Second, we estimate  and  values for each type of arctic water, and then plot the  𝑑 ∗ 𝑝 ∗ 𝑑 ∗

and  combinations onto the phase space. For the Kuparuk River, the measured  𝑝 ∗ 𝑎𝐶𝐷𝑂𝑀𝜆
approximates the total light attenuation coefficient ( ) over depth well13. To estimate  𝐾𝑑𝜆(𝑦) 𝑑 ∗

and  values for other arctic systems, we estimate  and  from DOC concentration and 𝑝 ∗ 𝑑 ∗
𝜆 𝑝 ∗

𝜆

 data (Table S1), approximate the fraction  in  as constant over depth, 𝑎𝐶𝐷𝑂𝑀𝜆
𝑎𝐶𝐷𝑂𝑀𝜆(𝑦 ∗ ,𝑡 ∗ )

𝐶(𝑦 ∗ ,𝑡 ∗ ) 𝑑 ∗
𝜆

and then fit the reaction term in (4) to the exponential form in (6). 
Finally, we estimate the percentage of arctic waters that are partially limited and 

substantially limited by vertical mixing. We assume that each photochemical and hydrological 
parameter has log-uniform distribution, which is a commonly used assumption when the 
underlying distributions of input parameters are unknown and input parameters have wide ranges 
of values68-70. The percentage of mixing-limited waters will serve as a rough estimate, dependent 
on the log-uniform assumption. For each water, we calculate the ratio of depth-integrated light 
attenuation by CDOM and the depth-integrated light attenuation by all constituents, 

, which we call the depth-integrated attenuation ratio.  is 
∫𝐻

𝑦 = 0
∑

𝜆𝑎𝐶𝐷𝑂𝑀𝜆(𝑦)𝑒
― 𝐾𝑑𝜆𝑦

𝑑𝑦

∫𝐻
𝑦 = 0

∑
𝜆𝐾𝑑𝜆𝑒

― 𝐾𝑑𝜆𝑦
𝑑𝑦

𝑎𝐶𝐷𝑂𝑀𝜆(𝑦)

estimated from the vertical distribution of DOC concentration at asymptotic regime (SI-4) and 
the empirical scaling between DOC concentration and 14, assuming that measured 𝑎𝐶𝐷𝑂𝑀𝜆

 corresponds to the mean value of  over depth.𝑎𝐶𝐷𝑂𝑀𝜆 𝑎𝐶𝐷𝑂𝑀𝜆

3. Results
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3.1 Factors controlling the extent of mixing limitation
Figure 2 shows the reaction efficiency ( ) as a function of surface Damkohler number react

(d*) and dimensionless light attenuation (p*) when light decays exponentially with depth. We 
verified the theoretical expectation of no mixing limitation when CDOM is the only light-
attenuating constituent (Supporting Information Section SI-1), so the following results focus on 
two cases (1) when both CDOM and SS attenuate light, i.e., attenuation ratio < 1 and (2) a proof 
of concept result for Kuparuk River where the model results should confirm no mixing limitation 
due to lack of SS and rapid mixing in the river.

For the first case, when the surface Damkohler number d* is smaller than 1, the resupply 
rate of CDOM is greater than the photomineralization rate of CDOM at the water surface, so the 
depth-integrated photomineralization rate is not limited by mixing (Figure 2). When the surface 
Damkohler number is higher than 1, slower resupply of CDOM results in steeper gradients of 
CDOM with depth, which enhances the sheltering of CDOM from light at depth by SS in the 
surface. As the surface Damkohler number increases, the depth-integrated photomineralization 
rate is increasingly limited by the slow resupply of CDOM (Figure 2A). The reaction efficiency 
decreases monotonically with surface Damkohler number at any level of dimensionless light 
attenuation (Figure 2B and Figure 3A), suggesting that larger surface Damkohler number reflects 
higher mixing limitation. 

Low values of dimensionless light attenuation (p* << 10-1) reflect low attenuation of UV 
light by CDOM and SS over depth. Abundant light reaching deeper water indicates that the 
depth-integrated photomineralization rate is not limited by UV light at depth, but is limited by 
the amount and photo-lability of CDOM14 (Figure 2A). Low light attenuation means little 
sheltering of CDOM from light, such that reaction efficiency is close to 100% (Figure 2B and 
Figure 3B). Mixing limitation is therefore minimal when dimensionless light attenuation is very 
low. As dimensionless light attenuation increases, stronger sheltering of CDOM from light by SS 
indicates that the depth-integrated photomineralization rate is increasingly limited by UV light 
availability at depth (Figure 2A).  The reaction efficiency decreases substantially with 
dimensionless light attenuation (Figure 2B and Figure 3B), indicating higher mixing limitation. 
As dimensionless light attenuation continues to increase (p* > ~101), strong light attenuation 
starts to diminish UV light immediately below the water surface, leaving almost the entire water 
column dark. This leads to little photomineralization in almost the entire water column, which 
means that CDOM distribution becomes more uniform as dimensionless light attenuation 
continues to increase (p* > ~101). Reaction efficiency, after decreasing with dimensionless light 
attenuation, increases again (Figure 2B and Figure 3B), suggesting less mixing limitation once 
dimensionless light attenuation is very large.

When the surface Damkohler number (d*) or dimensionless light attenuation (p*) is small 
(d* < 5 or p* < 0.2), mixing limitation is not substantial ( > 90%) (Figure 2). Rapid resupply react
of CDOM or abundant penetration of UV light ensures that the well-mixed assumption 
approximates the depth-integrated photomineralization rate moderately well. When the surface 
Damkohler number and dimensionless light attenuation are larger (5 < d* < 40 and 0.2 < p* < 
1.3), the depth-integrated photomineralization rate is partially limited by vertical mixing (50% < 

< 90%) (Figure 2). Both the resupply rate of CDOM and the penetration of UV light start to react
invalidate the well-mixed assumption. When the surface Damkohler number and dimensionless 
light attenuation are both large (d* > 40 and p* > 1.3), mixing limitation is substantial ( < react
50%) (Figure 2), such that CDOM is poorly mixed in the water column. The well-mixed 

Page 11 of 25 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

assumption is expected to fail when light attenuation over depth is strong (high p*) and when 
water surface photomineralization rate exceeds the resupply rate of CDOM (high d*). 

3.2 Mixing limitation in different arctic surface waters
Under the observed natural variations in the main stem of the Kuparuk River (Figure S2), 

the estimated surface Damkohler number (d*) ranges from 8.5×10-7 to 9.1×10-4, at least 3 orders 
of magnitude lower than the threshold of d* = 1 where mixing limitation may be possible (Figure 
2B).  This result is expected from the conceptual model showing that photomineralization over 
the main-stem Kuparuk River is not limited by mixing due to the fact that CDOM is the main 
UV-attenuation constituent (Figure 1A). Under these conditions, photomineralization is 
constrained by insolation, CDOM amount, and CDOM photo-lability14. 

Other arctic streams and rivers (including chutes of beaded streams) are expected to have 
well-mixed CDOM under reported natural variations in hydrology and photochemistry ( = react
100%) (Figure 2B). The surface Damkohler number of arctic streams and rivers (3.3×10-9 < d* < 
0.7) is always below the threshold of 1, indicating that vertical mixing is always strong enough to 
resupply CDOM to the surface. None of the arctic streams and rivers modeled in this study are 
partially or strongly limited by mixing. Because CDOM is always well-mixed, the depth-
integrated attenuation ratio is the same as the assumed proportion between  and total 𝑎𝐶𝐷𝑂𝑀𝜆
light attenuation , which ranges from 0.5 to 1. Compared to arctic streams and rivers, arctic 𝐾𝑑𝜆
beaded streams (pools, excluding chutes) generally have higher values of surface Damkohler 
number and dimensionless light attenuation, indicating that there may be more mixing limitation 
than arctic streams and rivers due to the limited resupply of CDOM and attenuation of UV light 
by SS. However, beaded streams show only minimal to partial mixing limitation (80% <  ≤ react
100%) (Figure 2B). Of the simulated beaded streams, less than 1% are partially limited by 
mixing and none exhibited substantial mixing limitation. Of the beaded streams partially limited 
by mixing, the depth-integrated attenuation ratio is 0.92±0.001 on average, meaning that CDOM 
is the dominant UV-light attenuating constituent, implying a small role of SS in the UV light 
attenuation, consistent with the model results showing little possibility of mixing limitation in 
these waters.

Lakes have the largest projected ranges of surface Damkohler number and dimensionless 
light attenuation. The reaction efficiency ranges from ~10% to 100% in shallow lakes (water 
column depth < 4.3 m), and from 0.02% to 100% in deep lakes (water column depth ≥ 4.3 m), 
indicating minimal to substantial mixing limitations (Figure 2B). Deeper lakes are generally less 
well-mixed on a whole lake basis than shallow lakes due to greater depth and lower vertical 
mixing in the deep layer. Overall, 12% of the simulated arctic lake systems are partially limited 
by mixing and 30% are substantially limited by mixing. These results are due to greater UV-light 
attenuation by SS as indicated by an average depth-integrated attenuation ratio of 0.95±0.001 in 
arctic lakes partially limited by mixing, and 0.58±0.002 in arctic lakes substantially limited by 
mixing. The percentage of mixing-limited systems and the depth-integrated attenuation ratio for 
each type of arctic systems are summarized in Supporting Information Table S3.

When comparing mixing limitation across different systems, the nature of dimensionless 
coefficients (d* and p*) allows us to compare controlling factors on photomineralization among 
systems with quite different characteristics. For example, waters that have different photo-
lability of CDOM, water column depth, and vertical dispersion can have the same mixing 
limitations (same d* and p*). Arctic beaded streams that receive high loads of photo-labile 
CDOM from land14, 71 and have low vertical dispersion in pools54, 71 may exhibit a small extent 
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of mixing limitation on photomineralization rates. The same mixing limitation can also be 
representative of arctic lakes that have less labile CDOM13 but a deeper water column and lower 
vertical dispersion coefficients. 

4. Discussion
The study provides both conceptual and quantitative models to assess the importance of 

vertical hydrodynamic mixing on the depth-integrated rate of CDOM photomineralization in 
freshwater systems. When CDOM is the only light-attenuating constituent, which is the case in 
most arctic freshwater systems9, 13, vertical mixing does not affect the depth-integrated 
photomineralization rate. In the presence of light-attenuating SS, vertical mixing should be 
considered when estimating depth-integrated photomineralization. For SS-influenced 
waterbodies that exhibit exponential light attenuation over depth, mixing limitation is 
pronounced when light attenuation over depth is strong and when the rate of CDOM 
photomineralization is greater than the rate of CDOM replenishment by vertical mixing. While 
the present study is primarily focused on arctic waters, both the conceptual model and numerical 
model are directly applicable to temperate waters. CDOM in temperate waters is typically less 
labile than CDOM in arctic waters13, 72, and suspended phytoplankton and sediments in 
temperate waters can play a much more important role in attenuating UV light49. Therefore, we 
expect that mixing limitation will have an important effect on photomineralization rates in 
temperate waters.

While the present study focuses on vertical hydrodynamic mixing, other factors can also 
strongly influence the distribution of CDOM over depth in the water column, and hence alter the 
depth-integrated photomineralization rate. Thermal stratification is known to inhibit vertical 
mixing in arctic lakes and beaded streams53-55 as well as temperate lakes73, 74. Thermal 
stratification decreases replenishment of CDOM from deep regions of the water column even for 
shallow arctic lakes (water column depth < 4.3 m)75, and decreases depth-integrated 
photomineralization rate14. Relative to the exponential light attenuation over depth considered 
here, mixing inhibition by thermal stratification is expected to further decrease 
photomineralization rates. 

Relatively high mixing and low SS attenuation in most arctic waters mean that well-
mixed assumptions used in prior work are valid in many, but not all, of these waters.  Our results 
show that arctic streams and rivers with strong vertical mixing relative to the 
photomineralization rate show no mixing limitation regardless of how much SS is present. Some 
arctic beaded streams and lakes have weaker mixing, which limits photomineralization when SS 
is present. Photomineralization reaction efficiency, estimated from surface Damkohler number 
and dimensionless light attenuation, can be used to quantify the extent of mixing limitation. We 
found an average reaction efficiency of 99.8% for beaded streams, indicating negligible mixing 
limitation on photomineralization. With the well-mixed assumption, our analysis of beaded 
streams yielded an average depth-integrated photomineralization rate of 26±0.5 mmol C m-2 d-1, 
consistent with the previous estimate of 24.7±18.3 mmol C m-2 d-1 in Imnavait Creek13. For 
arctic lakes, we found an average reaction efficiency of 80% - indicating that mixing limitations 
decreased the photomineralization rate by 20% - and a depth-integrated photomineralization rate 
of 36±1 mmol C m-2 d-1. The simulated average photomineralization rate is higher than 
previously reported rates (9.15±0.50 in coastal plain lakes of arctic Alaska)13 because the 
simulated average rate is affected by extremely high values (i.e., very deep lakes with very high 
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CDOM and AQY) given the wide range of photochemical and hydrological parameters in the 
present study. 

SS concentrations are highly variable in arctic waters, and SS will contribute 
considerably more light attenuation in some arctic waterbodies than predicted by the model 
presented here. For example, in the Mackenzie River, when SS concentration reaches up to 150 g 
m-3, CDOM contributes as little as 30% of UV light attenuation20 and 10% of PAR attenuation76; 
the highest SS concentration has been reported to be around the magnitude of 1000 g m-3 77, 78. 
Despite this, vertical mixing in large rivers like the Mackenzie is so strong that no mixing 
limitations are expected regardless of how much SS is present.   

We found that 42% of the arctic lakes analyzed here exhibit partial or substantial 
limitation when they contain SS. This limitation is important because lakes account for most CO2 
emissions, including from photomineralization13. These findings demonstrate the need to better 
determine distributions of photochemical and hydrological parameters in arctic and other waters, 
to identify systems with mixing limitations and better estimate the effects.  SS contributions to 
light attenuation in arctic waters are expected to increase, given that increased thermokarst 
activity and glacial melting associated with Arctic warming is expected to result in higher SS 
loads79, 80. The photomineralization reaction efficiency model presented here can be used to 
assess the expected influence of hydrological and photochemical factors on photomineralization. 
For example, expected increases in summer precipitation81, 82 and enhanced thawing of the 
permafrost will increase discharge in arctic rivers. Increased discharge, which has been observed 
in Eurasian arctic rivers83, is often associated with increased concentrations of both SS and 
dissolved organic carbon in arctic rivers84.  Increased discharge also generally corresponds to 
increased water column depth in streams and rivers85 (Figure S4). Both the dimensionless light 
attenuation and surface Damkohler number increase with water column depth, making mixing 
limitation more likely to occur. Enhanced permafrost thaw may lead to increased supply of labile 
CDOM10, 86-88, although this may be counterbalanced by dilution due to higher discharge. 
Expected increase in cloud cover in the Arctic, due to warmer temperature and reduced sea ice 
cover89, 90, will diminish light reaching the water surface, thereby reducing the primary driver of 
photomineralization, and correspondingly reducing the importance of mixing as a limiting factor.

Our numerical model quantifies mixing limitations for waterbodies where light decay is 
exponential over depth. Mixing limitation under other light decay profiles can be assessed 
qualitatively using this model. Mixing limitation becomes more pronounced when light 
attenuation is controlled by constituents other than CDOM, and when the CDOM distribution is 
more heterogeneous.  Quantifying mixing limitation for waterbodies with non-exponential light 
profiles will require spatially explicit models that fully couple the distributions of light, CDOM, 
and SS over depth in the water column. Additional field data will be needed to assess the effects 
of SS for a wider range of Arctic systems, particularly to obtain site-specific light attenuation 
coefficients for SS and CDOM. Detailed understanding of spatial and temporal variability, such 
as how photo-lability of CDOM changes over time and how CDOM and SS inputs are 
distributed with space and time, will also improve prediction of photomineralization.

The present work is the first attempt to assess the effects of vertical hydrodynamic 
mixing on CDOM photomineralization rates. The study bridges hydrology and photochemistry, 
both of which are important controls on carbon dynamics, but are often studied separately. Our 
conceptual model identified the need to consider the effects of vertical mixing when CDOM is 
not the only light attenuating constituent. Our numerical model quantified effects of vertical 
mixing on photomineralization of DOC in arctic freshwaters where light decay over depth can be 

Page 14 of 25Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

approximated as exponential. Mixing limitation is pronounced when light attenuation over depth 
is strong and when the photomineralization rate at the water surface exceeds the rate of CDOM 
replenishment from bottom waters. Relatively high mixing rates and low SS concentrations in 
most arctic waters mean that well-mixed assumptions used in prior work are valid in many, but 
not all, of these systems. This study improves our understanding and estimation of 
photomineralization rates in a warming arctic, which is critical for predicting how the arctic 
carbon cycle will respond to (and potentially amplify) climate change. This approach can be 
extended for other kinds of photochemical reactions in the water column, such as photochemical 
production of reactive oxygen species that are harmful to microorganisms58, photochemical 
production of ammonium or CO91, and photochemical alteration of DOC that influences 
microbial respiration9, 13.
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Figure 1. (A) Conceptual diagram of the four quadrants determining mixing limitations. The 
four quadrants are defined by composition (whether CDOM is the only light attenuating 
constituent) and overall structure of light attenuating constituents (whether the total light 
attenuation coefficient is homogeneous with depth). (B) Example distributions of light 
attenuation coefficient of CDOM ( ), light attenuation coefficient of suspended 𝒂𝑪𝑫𝑶𝑴𝝀
sediment (SS) ( ), and total light attenuation coefficient ( ) as a function of the vertical 𝒂𝑺𝑺𝝀 𝑲𝒅𝝀
position in the water column ( ). This example corresponds to the lower left quadrant of (A), 𝒚
with homogeneous light attenuation when CDOM and SS both attenuate light. This example 
shows that light attenuation can be homogeneous over depth even when CDOM is not 
homogeneously distributed.
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(A)

(B)

Figure 2. Mixing and light penetration limitations on CDOM photomineralization in arctic 
surface waters, presented in the phase space defined by the surface Damkohler number ( ) and 𝒅 ∗

the dimensionless light attenuation ( ). (A) As  increases, photomineralization near the 𝒑 ∗ 𝒅 ∗

water surface switches from being limited by the CDOM reaction rate to being limited by the 
CDOM resupply rate. As  increases, photomineralization in the water column switches from 𝒑 ∗

being limited by CDOM amount to being limited by UV light availability. Isopleths represent 
reaction efficiency values. (B) Same as (A), but the shading indicates the reaction efficiency 
( ). This analysis indicates that the Kuparuk River is well-mixed for photomineralization 𝜼𝒓𝒆𝒂𝒄𝒕
under the observed conditions. CDOM is generally expected to be well-mixed in arctic streams, 
rivers, and fast-flowing beaded streams. However, the well-mixed assumption is expected to fail 
in deeper arctic lakes and slow-flowing beaded streams that exhibit strong light attenuation and 
weak vertical mixing.
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(A)

(B)

Figure 3. Effects of surface Damkohler number ( ) and dimensionless light attenuation ( ) 𝒅 ∗ 𝒑 ∗

on photomineralization reaction efficiency. (A) Reaction efficiency as a function of . Colored 𝒑 ∗

lines indicate different  values. For any value of , reaction efficiency decreases with 𝒅 ∗ 𝒅 ∗

increasing , reaches a trough, and slightly returns back. (B) Reaction efficiency as a function 𝒑 ∗

of . Colored lines indicate different  values. For any value of , reaction efficiency 𝒅 ∗ 𝒑 ∗ 𝒑 ∗

decreases with increasing  monotonically. The well-mixed assumption (low reaction 𝒅 ∗

efficiency) is generally invalid when dimensionless light attenuation ( ) and surface 𝒑 ∗

Damkohler number ( ) are both high.𝒅 ∗
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