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Abstract Quantifying gas transfer velocity in rivers, a key step in characterizing riverine ecosystems,
carbon cycling, and greenhouse gas emissions, typically relies on empirical or semi‐empirical models. Although
fluid mechanics theory predicts a direct influence of the depth‐to‐bed‐roughness‐size ratio (relative
submergence) on gas transfer velocity, the submergence is rarely reported in gas exchange data sets, and
empirical models do not include it as an explanatory parameter. We derived a new approach based on hydraulic
resistance equations to reconstruct the missing submergence information and correct gas transfer velocity
models using common geometric and hydraulic quantities. We demonstrate a low‐submergence bias in the
calibration data of widely used empirical gas transfer velocity models, which explains their behavior and large
disagreement at high submergence. We estimated the corrected carbon dioxide gas exchange fluxes for global
rivers, and found that emissions from large, high‐submergence (typically lowland) rivers are significantly lower
and more uncertain than previously estimated.

Plain Language Summary Calculating the amount of gas exchanged between rivers and the
atmosphere is a key step to measure and understand how rivers contribute to the carbon cycle, and how their role
may change due to the climate crisis. Currently, the same models are used to calculate gas exchange in deep and
shallow rivers, although the process that controls the gas exchange is very different if the flow depth is large or
small compared to the size of the elements (e.g., sand, gravel, rock, etc.) that constitute the riverbed. We derived
a method to estimate the size of bed elements, and found that existing models are not suitable for large rivers,
since they were derived based on data from small rivers and streams. We corrected the models and recalculated
the amount of carbon dioxide emitted globally by rivers. We found that emissions are significantly lower and
more uncertain than previously estimated, especially in the largest rivers of the world.

1. Introduction
Gas exchange between rivers and the atmosphere is a key regulator of riverine ecology and biodiversity, and a
fundamental pathway for carbon biogeochemistry (Dean & Battin, 2024). Rivers are increasingly recognized as
strong emitters of greenhouse gases such as carbon dioxide, methane, and nitrous oxide toward the atmosphere
(Lauerwald et al., 2023). The gas transfer velocity, k (m/s), is a key parameter representing the efficiency of the
exchange process dominated by turbulent mixing near the water surface. Accurate estimations of k are critical for
the correct calculation of gas exchange fluxes and the closure of the riverine carbon and oxygen balance, a
fundamental step in quantifying ecosystem metabolism (Battin et al., 2023; Diamond & Bertuzzo, 2025). Due to
the intrinsically local and small‐scale nature of turbulent processes, direct measurements of the gas transfer
velocity are challenging and fail to account for the highly dynamic and/or heterogeneous flow conditions of many
rivers and streams (Hall & Ulseth, 2020).

Predicting k based on models is far more efficient and is currently the only practical way to calculate gas exchange
fluxes at large scales. From a theoretical perspective, there is good consensus that gas exchange is controlled by
small turbulent eddies that transport water parcels between the bulk of the flow and a very thin (∼10 μm) sub‐
surface concentration boundary layer, where molecular diffusion drives the actual exchange (the so‐called
renewal model: Danckwerts, 1951; Lamont & Scott, 1970). As a result, k is a function of the Schmidt number
(Sc = ν/Dm, where ν and Dm are the molecular viscosity and diffusivity, respectively) and of the near‐surface
turbulent kinetic energy dissipation rate, ε, which governs the frequency of renewal by small eddies. To enable
calculating ε as a function of more easily measurable bulk flow parameters such as the channel slope (S), water
depth (H), and mean flow velocity (V), turbulence production can be assumed to be dominated by either bed
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friction, or form drag, depending on the ratio between water depth, H, and bed roughness height, D (the so‐called
relative submergence, H/D). This results in two distinct expressions for ε in smooth or small‐roughness flows
(εs, Moog & Jirka, 1999a) and in macro‐roughness‐dominated flows (εd, Moog & Jirka, 1999b).

Theoretical expressions based on the small‐ or macro‐roughness scaling of ε are used very seldom, possibly
because of the difficulty in identifying the dominant driver of turbulence uniquely. Instead, k is usually calculated
using empirical or semi‐empirical functions of bulk flow parameters, calibrated on large field data sets. Two
empirical models, in particular (Raymond et al., 2012; Ulseth et al., 2019), are most widely used and ordinarily
employed to compute riverine gas fluxes from reach scale to global scale (e.g., Lauerwald et al., 2015; Liu
et al., 2022). These models do not distinguish between small‐roughness and macro‐roughness‐driven renewal, but
they broadly agree with the macro‐roughness formulation (Moog & Jirka, 1999b), even though they are
commonly applied to both low‐ and high‐submergence river conditions.

To better understand what drives the scaling of ε and of k and how scaling assumptions affect the estimation of
riverine gas fluxes on a global scale, here we investigate the range of validity of the most widely used gas transfer
velocity models (Raymond et al., 2012; Ulseth et al., 2019). We assume H/D to be the main driver of the
transition between friction‐dominated (high H/D) and form‐drag‐dominated (low H/D) turbulent mixing,
affecting the dependence of k from bulk flow parameters (Moog & Jirka, 1999a, 1999b). Then, our goals are to
reconstruct the range of submergence in the data sets that were used for calibrating the models of Raymond
et al. (2012) and Ulseth et al. (2019), clarify if it is representative of the range expected in the applications, and
calculate revised global riverine CO2 emissions accounting for the broad range of submergence in global river
systems.

2. Background
2.1. Relative Submergence Effects on Gas Transfer Velocity Scaling

The mass exchange flux F of a sparingly soluble gas across the air‐water interface is generally described as
F = k(C − Ceq), where C (mol/m3) is the gas concentration in water and Ceq (mol/m3) is the temperature‐
dependent atmospheric equilibrium concentration. While the dissolved gas concentration is the result of a va-
riety of biogeochemical processes, k expresses mostly the physical drivers, namely the efficiency of turbulent
mixing underneath the surface. According to the surface renewal model (Danckwerts, 1951) the gas transfer
velocity can be calculated as k =

̅̅̅̅̅̅̅̅̅̅̅̅̅
Dm/τη

√
, where τη is the eddy renewal period, which is well‐represented by the

Kolmogorov time scale. Under these assumptions, the surface renewal model predicts a power‐function
dependence of k on ε (Lamont & Scott, 1970)

k ∼ Sc− 1/2(νε)1/4. (1)

To isolate diffusivity effects, k is often converted to a reference Sc = 600 and expressed as k600. The validity of
Equation 1 is supported by laboratory and field experiments, and has been termed a “universal scaling” since it
arises consistently from different analytical approaches, such as a structure‐function‐based interpretation (Katul
& Liu, 2017) or dimensional analysis (Lorke & Peeters, 2006).

Bed friction (used here in place of the more restrictive term skin friction) characterizes flow conditions in which
the near‐bed and near‐surface regions remain dynamically separated, such that the roughness‐induced wake does
not reach the surface (Moog & Jirka, 1999b). Under these conditions, the turbulence dissipation decreases
exponentially with the distance from the bed and has the value of ε = u 3∗ / (2H) at the surface (Nezu & Naka-
gawa, 1993) (see Figure 1), where u∗ =

̅̅̅̅̅̅̅̅̅̅
gRhS

√
is the shear velocity and Rh is the hydraulic radius. Hereafter, we

consider Rh ≈ H assuming a large channel aspect ratio, without loss of generality. Moog and Jirka (1999a) used
a different formulation without the factor 2 at the denominator, as follows:

εs = u 3∗ /H. (2)

The subscript s indicates that Equation 2 applies in smooth or high submergence flows (H/D ≫ 1), where bed
friction is the dominant turbulence production mechanism.
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On the contrary, in low submergence flows (H/D ≲ 1), form drag and wake separation behind roughness elements
(macro‐roughness) contribute to the turbulence budget also near the surface. In such form‐drag‐dominated
conditions, turbulence dissipation can be assumed to be everywhere equal to the total stream power, leading to
(Moog & Jirka, 1999b)

εd = gSV, (3)

where the subscript d indicates the dominant effect of drag.

Mixing in small‐submergence conditions is generally more efficient. Therefore, the ratio between the small‐
submergence and high‐submergence dissipation rates, εd/εs = V/ u∗, is often large. In intermediate submer-
gence conditions, Moog and Jirka (1999b) proposed calculating the turbulence dissipation rate as

εϕ = ϕεd + (1 − ϕ)εs (4)

where the subscript ϕ indicates the dependence on an unknown coefficient (0 ≤ ϕ ≤ 1) linked to a partitioning
of Darcy‐Weisbach friction coefficient f into a form‐drag term, fd, and a bed‐friction term, fs,

f = fd + fs, (5)

leading to Moog and Jirka (1999b)

ϕ = 1 − fs/f . (6)

ϕ = 0 corresponds to pure bed friction, while ϕ = 1 corresponds to pure form drag.

2.2. Empirical Gas Transfer Velocity Models

The most widely used empirical scaling for k600 was proposed by Raymond et al. (2012), as a set of seven
alternative expressions for k600 as a function of different combinations of velocity, slope, depth, discharge, and/or
Froude number, calibrated on 559 distinct measurements on US rivers. All seven expressions (denoted as Model
R12, n. 1 to n. 7—see Table S1 in Supporting Information S1 for the complete list of equations) have an explicit
dependence on the slope and velocity product SV ∝ εd in the form of k600 ∝ (SV)α, with α ∈ (0.76 − 1). R12 n. 4
and 5, in particular, have the weakest and strongest sensitivity to SV across the whole set, and can be written as a
function of εd as follows:

Figure 1. Distribution of (yellow) velocity and (black) turbulent kinetic energy dissipation rate, for (a) large‐submergence
flows (Moog & Jirka, 1999a), and (b) small‐submergence flows (Moog & Jirka, 1999b).

Geophysical Research Letters 10.1029/2026GL121645

DOLCETTI ET AL. 3 of 11

 19448007, 2026, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026G

L
121645 by annunziato siviglia - U

niversity O
f Padova C

enter D
i , W

iley O
nline L

ibrary on [28/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Model R12 n. 4: k600 (εd) = kd = 167.8 ε0.76d (m/d) (7)

Model R12 n. 5: k600 (εd) = kd = 2.02 + 289.6 εd (m/d) (8)

where we used kd to denote k600 when calculated as a function of εd alone. The water depth appears in only four of
the R12 models (n. 1, 2, 6, and 7—see Table S1 in Supporting Information S1), either explicitly or through the
Froude number or discharge, and affects k600 relatively weakly as k600 ∝ Hβ, with β ∈ (0.01 − 0.58).

More recently, Ulseth et al. (2019) introduced a new semi‐empirical model for k600, also calculated as a function
of εd only:

Model U19: k600 (εd) = kd =
⎧⎨

⎩

22.2 ε0.35d (m/d), when εd ≤ 0.02m2/s3

620.2 ε1.18d (m/d), when εd > 0.02m2/s3
(9)

This model was derived with a specific focus on steep and high‐energy mountain streams (εd > 0.02 m2/s3),
where the sensitivity of k600 to variations in εd increases due to surface breaking and the consequent activation of
bubble‐mediated transfer (Ulseth et al., 2019).

Model U19 (Equation 9) suggests the scaling of k600 with εd rather than εs, consistently with its focus on high‐
energy streams. Of the seven R12 models, only those including a depth term (n. 1, 2, 6, and 7) can account for the
different scaling of k600 at large submergence. These models fitted the calibration data better, but they also
predicted an increase in k600 at stream orders larger than 4, which was deemed unphysical (Raymond et al., 2012).
As a result, all the most recent estimates of global riverine gas emissions have been obtained through models that
are not consistent with theoretical expectations in high‐submergence conditions, specifically through model R12
n. 5 (e.g., Lauerwald et al., 2015; Raymond et al., 2013), or through the combination of R12 n.5 and U19 for large
slope streams (e.g., Liu et al., 2022).

2.3. Model Calibration Data Sets

The U19 model (Equation 9) and R12 model (Equations 7 and 8) were calibrated on two largely overlapping data
sets. Here, we focused on the larger U19 calibration data set (hereafter the U19 data set), which consisted of 718
independent measurements of k600, dischargeQ, slope S, velocity V, channel widthW, and estimated depthH. The
calibration of the R12 models was based on 559 of these measurements. Part of these data had a mistake in the
conversion of discharge and/or width data from imperial to SI units, which has been corrected. The analysis by
Ulseth et al. (2019) was not affected since it only employed the velocity data. All k600 data in the U19 (and R12)
data set were measured using a gas tracing approach. Presently, this is regarded as the most accurate approach
since it avoids the limitations of measurement chambers, such as the artificial enhancement of turbulence and the
difficult deployment in high‐energy and/or wavy flows (Hall & Ulseth, 2020). However, the method only applies
to relatively small rivers. The whole U19 data set had a median depth of 0.22 m (5th to 95th percentile:
0.06–0.92 m) and a median discharge of 0.25 m3/s (0.005–9.32 m3/s).

3. Methodology
3.1. Estimation of the Relative Submergence

Different drivers of shear stress and turbulence distributions in low‐ and high‐submergence conditions result in a
different scaling of the hydraulic flow resistance. For instance, the Darcy‐Weisbach friction factor, f = 8u 2∗ /V2,
can be expressed as the sum of two power functions of H/D, as follows (Ferguson, 2007),

f
8
= (

u∗

V
)

2

=
1
c21
(
H
D
)

− 1/3

+
1
c22
(
H
D
)

− 2

, (10)

where c1 = 7.5 and c2 = 2.36 (Ferguson, 2007) are empirical weighting parameters. In the large‐submergence
limit, Equation 10 has a fs ∝ (H/D)

− 1/3 dependence that derives from aManning‐type 1/6 power function velocity
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profile, and is representative of bed‐friction‐dominated conditions. The small‐submergence limit follows
fd ∝ (H/D)

− 2 and agrees with the linear velocity profile expected in form‐drag‐dominated conditions. The par-
titioning of f according to Equation 10, therefore, is consistent with Equation 5.

Equation 10 is equivalent to the following

gSH
V2

=
1
c21
(
H
D
)

− 1/3

+
1
c22
(
H
D
)

− 2

. (11)

Equation 11 has been used to predict V up to very low values of H/D in step‐pool streams with emergent clasts
(Comiti et al., 2007; Lee & Ferguson, 2002). Its validity was recently confirmed also for high‐submergence sand/
gravel bed rivers, while it was found slightly underestimating the flow resistance in sand‐bed rivers with bedforms
(Ferguson & Recking, 2025). Here, we propose a novel application of Equation 10 as a means to estimating the
unknown submergenceH/D as a function of S,H, and V: By linking the friction factor partitioning in Equation 10
with Equation 5, we approximate fs ≈ (8/ c21)(H/D)

− 1/3, which, by substitution into Equation 6, leads to

ϕ = [1 + (
c2
c1
)

2

(
H
D
)

5/3

]

− 1

. (12)

H/D can be calculated by inverting Equation 11 numerically, and substituted into Equation 12 to determine εϕ via
Equation 4. Then, the submergence‐corrected gas transfer velocity, kϕ = k600 (εϕ) can be estimated by replacing
εd with εϕ in Equations 7 and 8, or Equation 9. The ratio kϕ/ kd is a correction factor that enables accounting for the
different gas transfer scaling at large submergence. For models R12 n.4 (Equation 7) and U19 (Equation 9), the
correction factor takes the following form:

kϕ

kd
= (

εϕ

εd
)

α

= [1 − (1 − ϕ)(1 −
u∗

V
)]

α

, (13)

which can be demonstrated to be only a function of H/D through Equation 6 and Equation 11. Large lowland
rivers have u∗/V ≪ 1 and ϕ < 1. Therefore, we expect their corrected gas transfer velocity, kϕ, to be potentially
much smaller than the prediction based on the small‐submergence scaling, kd.

3.2. Validation of the Submergence Reconstruction

The determination of the friction factor as a function of relative submergence through Equation 11 (i.e., the forward
problem) has been validated extensively (Ferguson & Recking, 2025; Lee & Ferguson, 2002). We tested the ac-
curacy of submergence reconstruction as a function of bulk hydraulic parameters (i.e., the inverse problem) on a
subset of 39measurements (the only ones that included a record of bed roughness size) extracted from theU19 data
set. The measurements belonged to eight Alpine streams and showed a significant correlation between median
streambed roughness size,D50, and k600 (Ulseth et al., 2019). The generally good agreement betweenmeasured and
reconstructed submergence (Text S1 and Figure S1 in Supporting Information S1) confirms the suitability of the
approach to reconstruct the submergence information when not known. Larger deviations between measurements
and predictions were observed for two high‐altitude sites (Valsorey, 1,937 and 2,161 m a.s.l., respec-
tively) dominated by a step‐pool morphology (see Ulseth et al., 2019, Figure S4). This could indicate a loss
of validity of Equation 11 under non‐homogeneous flow conditions, or could result from a different definition
of bed roughness height. While step‐pool conditions were predominant in the validation subset, which was
focused on steep mountain streams, they are assumed to be less significant for the rest of the U19 data set and for
global rivers.

3.3. Calculation of Global CO2 Emissions From Rivers

We quantified the impact of the submergence correction on the estimates of global annual CO2 riverine emissions
by integrating global river geometry (Yamazaki et al., 2019) and hydrology databases (Lin et al., 2019) with a
recent global dissolved CO2 concentration model (Liu et al., 2022). Average river width, depth, and velocity were
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estimated as a function of the discharge Q through a set of empirical hydraulic geometry scaling equations
(Raymond et al., 2012). More details about these calculations are provided in the Text S2 in Supporting Infor-
mation S1. We estimated the relative submergence for every reach based on Equation 11, and calculated the gas
transfer velocity using Equations 7 and 8, or Equation 9, with and without the high‐submergence correction.
Finally, we computed CO2 emissions from each single reach as ECO2 = k600A(C − Ceq)(600/Sc)0.5, where A is

the reach surface area. The emissions correction was quantified as (ECO(ϕ)
2 − ECO(d)

2 )/ECO(ϕ)
2 , where super-

scripts (d) and (ϕ) denote the values calculated using k600 = kd or k600 = kϕ, respectively.

4. Results
4.1. Representation of Gas Exchange Drivers Within the U19 Data Set

The three empirical models of Equations 7 and 8, and Equation 9 predict similar values of k600 for εd between 10− 3

and 10− 1 m2/s3, which includes the majority of the U19 data set (Figure 2a). All models have an asymptotic
k600 ∝ εα behavior at low (εd < 10− 3 m2/s3) and high energy (εd > 10− 2 m2/s3), represented by the log‐log
gradient α. The increase in α at high energy for models U19 (Equation 9: α = 0.35 to 1.18) and R12 n. 5
(Equation 8: α = 0 to 1) represents the activation of bubble‐mediated gas exchange (Ulseth et al., 2019). The
theoretical surface renewal model (Lamont & Scott, 1970) (α = 0.25) falls between the R12 n. 5 (α = 0) and
U19 (α = 0.35) models at low εd. Model R12 n. 4 (Equation 7) has a constant α = 0.76. The three empirical
models deviate substantially (by up to one order of magnitude) at εd < 10− 4 m2/s3, where calibration data is
scarce. Replacing εd with εϕ to account for submergence effects corresponds to shifting the models toward larger
εd, since εϕ ≤ εd. The shift is non‐linear in H/D, and increases with α. The shift is negligible for H/D ≤ 1,
confirming that εd is a good approximation of εϕ at low submergence, then it increases rapidly with H/D > 10.
According to the R12 n. 5 model (Equation 8), k600 tends asymptotically to ≈ 2.02 m/d when εd is small.
Replacing εd with εϕ in this case has no effect on k600, which remains approximately constant and independent of
the submergence in low‐energy rivers. This asymptotic behavior is specific to the R12 n. 5 model, and is not
supported by either theory or measurements, since values of k600 significantly lower than 2 m/d appear in the U19
data set and have been documented especially in large rivers (Alin et al., 2011; Striegl et al., 2012).

Plotting the U19 data as a function of the reconstructed submergence reveals a higher exchange‐to‐transport ratio,
k600/V, at low H/D (Figure 2b), confirming the expected enhancement of turbulent mixing by larger roughness.
k600/V is maximum for H/D ∼ 1. The largest k600 data correspond to conditions where gas exchange was

Figure 2. (a) Calibration data (black dots) for the empirical k600 models U19 (magenta—Equation 9), R12 n. 4
(blue—Equation 7), and R12 n. 5 (yellow—Equation 8) are limited to a narrow range in stream power εd . Outside of that
range, the models deviate significantly. Accounting for the effects of relative submergence H/D would shift the models toward
the right (larger εd). The shift is negligible between H/D = 0.1 (dashed) and H/D = 1 (circles), but increases between
H/D = 1 and H/D = 10 (solid). (b) Reconstructing the relative submergence H/D for the U19 data set reveals a decrease in
non‐dimensionalized gas exchange velocity k600/V toward larger H/D.
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enhanced by surface breaking (Ulseth et al., 2019). The peak in k600/V distribution could indicate that breaking is
facilitated by the coupling of roughness and flow scales, although the large scatter in data suggests that sub-
mergence is not the only driver of surface breaking.

The reconstructed submergence data in Figure 2a fall predominantly within a relatively narrow interval between
H/D = 0.1 and H/D = 3. These values are representative of relatively shallow rivers and streams. For com-
parison, we reconstructed the values of ϕ, εd, andH/D for almost 3 million river reaches by applying Equations 3,
11, and 12 to global river databases, and quantified their area‐weighted distributions. Compared to the U19 data
set, global rivers have lower ϕ (Figure 3a), lower εd (Figure 3b), and higher H/D (Figure 3c). In particular, rivers
with ϕ ≤ 0.8 represent 70% of the global river surface but account for less than 15% of data in the U19 data set
(Figure 3a). The gas transfer velocity correction factor kϕ/ kd (Equation 13) decreases rapidly between H/D = 1
and H/D = 100 for both models U19 and R12 n. 4 (model R12 n. 5 is not shown in Figure 3c since kϕ/ kd cannot
be expressed only as a function ofH/D, but it also depends on εd). At large submergence (H/D > 100), kϕ/ kd is
lower than 0.4 (model U19) or 0.13 (model R12, n.4), meaning that accounting for the lower turbulence dissi-
pation rate at large submergence would yield a 60% (model U19) to 87% (model R12, n. 4) reduction in gas
transfer velocity relative to estimations based on εd. The condition H/D > 100 represents 23% of the total river
surface, but is completely absent in the U19 data set, which explains why submergence and depth have not been
identified as drivers of gas transfer velocity in the empirical models calibrated on those data.

4.2. Impact of the Data Set Bias on Riverine Greenhouse Gas Emission Estimates

Our estimates of global CO2 emission from rivers vary considerably depending on the gas transfer velocity model
and on whether the high‐submergence correction is applied or not (Table S2 in Supporting Information S1). The
standard (without correction) R12 n. 5 model (Equation 8) predicts 2.23 (1.85–2.61) Pg CO2 y− 1 of global riverine
emissions. Previous estimates based on the same R12 n. 5 model ranged between a very similar value of 2.38

Figure 3. The U19 data set (blue) and global rivers (orange) have significantly different cumulative distributions of
partitioning coefficient ϕ (a), total stream power εd (b), and relative submergence H/D (c). The factor kϕ/ kd represents the
correction that should be applied to empirical models to account for the different drivers of turbulent mixing at large
submergence. kϕ/ kd decreases rapidly to between 0.4 (model U19) and 0.13 (model R12, n.4) at H/D ≥ 100. Existing
empirical models cannot account for these effects because their calibration data (the U19 data set) includes mostly conditions
where kϕ/ kd ≈ 1 (c). Note that the U19 distribution is expressed in terms of number of measurements (counts), while the
MERIT‐Hydro distribution represents the fraction of global river surface.
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(1.77–3.10) Pg CO2 y− 1 (Lauerwald et al., 2015) to a much larger estimate of 7.33 (6.60–8.07) Pg CO2 y− 1 (Liu
et al., 2022) (Table S3 in Supporting Information S1). The latter includes emissions from headwater streams that
are not included in the MERIT‐Hydro database and are missed by our calculations. Repeating the calculations
using the same R12 n. 5 model but including the high‐submergence correction, we estimated an 8% decrease in
emissions: 2.06 (1.75–2.38) Pg CO2 y− 1. In this case, the correction was limited to a few high‐submergence and
intermediate‐slope rivers (Figures 4c and 4f), since the R12 n. 5 model predicts a constant gas transfer rate of 2 m/
d for low‐slope lowland rivers (Figure 2a).

The U19 (Equation 9) and R12 n. 4 (Equation 7) models are much more sensitive to large‐submergence cor-
rections. Applying the correction to these models resulted in a 20% (U19) to 24% (R12 n. 4) decrease in global
CO2 emissions. This reflects a very strong reduction (up to 47%, see Table S2 in Supporting Information S1) in
emissions from large, lowland, and high‐submergence rivers (Figures 4d and 4e), where the impact on emissions
was amplified by the large surface area and generally larger dissolved CO2 concentrations (Liu et al., 2022). The
corrected emissions estimated with the U19 and R12 n. 4 models were 1.34 (1.17–1.50) Pg CO2 y− 1 and 1.78
(1.55–2.01) Pg CO2 y− 1, respectively (Figures 4b and 4c).

Figure 4. Accounting for the different scaling of gas exchange velocity at large‐submergence, global CO2 emissions
(∑ECO2) are predicted to be significantly smaller and more uncertain than previously considered. The submergence‐
corrected distributions of riverine CO2 emissions (a–c) reveal a weaker contribution of large rivers, but the distribution of the
correction factor (d–f) varies significantly between the three considered gas transfer velocity models: U19 (a, d); R12 n. 4 (b, e);
R12 n. 5 (c–f).
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5. Discussion
The predominance of low‐submergence conditions in the U19 data set (including the data used by Raymond
et al. (2012)) is not surprising given their focus on small rivers and streams, and considering the range of
applicability of gas tracing measurements. This explains why empirical models calibrated on those data scale with
the low‐submergence and drag‐dominated turbulence dissipation term εd rather than with the high‐submergence
and friction‐dominated term εs. However, these models are also commonly applied to lowland rivers (e.
g., Lauerwald et al., 2015; Liu et al., 2022; Raymond et al., 2013), where (a) the drivers of near‐surface turbulent
mixing and therefore the scaling of the gas transfer velocity with bulk flow parameters are different; and (b) k600
predictions by different models differ widely, and the lack of data prevents the identification of a single most
accurate model. Considering both the correction for the different scaling of turbulence dissipation at large sub-
mergence, and the variability associated with the choice of one of the three gas transfer velocity models, we
suggest revising global CO2 estimates from 2.23 (1.85–2.61) Pg CO2 y− 1 (calculated with the standard R12 n. 5
model without large‐submergence correction) to between 1.17 Pg CO2 y− 1 and 2.38 Pg CO2 y− 1 (lower and upper
limits of the submergence‐corrected R12 n. 4 and n. 5 models, respectively). This change corresponds to a
reduction of between 9% and 37% in global emissions, and a doubling of the relative uncertainty (size of con-
fidence intervals relative to the magnitude of the emissions), from 34% to 68%. Both effects are ultimately a
consequence of the lack of high‐submergence data in the empirical models calibration data set.

Our analysis assumes the validity of the gas transfer velocity partitioning and scalings proposed by Moog and
Jirka (1999a), Moog and Jirka (1999b). While the validity of the low‐submergence scaling (Equation 3) is well
supported by the existing semi‐empirical model (Ulseth et al., 2019), validating the existing high‐submergence
model (Moog & Jirka, 1999a) and/or extending the validity of empirical models to large‐submergence rivers
requires additional data at large submergence. Direct measurements of gas transfer velocity in lowland rivers have
been reported by various authors (e.g., Alin et al., 2011; Beaulieu et al., 2012; Sawakuchi et al., 2017), but their
integration in the calibration data sets for empirical models remains difficult, since measuring reach‐averaged
slope, depth, velocity, and relative submergence is very challenging, and gas transfer velocity measurements
at large flows rely on floating chambers, which can strongly overestimate the gas transfer velocity (Vachon
et al., 2010). Other processes, such as the presence of bedforms (Bennett & Best, 1995) or wind (Alin et al., 2011;
Beaulieu et al., 2012), can enhance turbulent mixing and increase the effective gas transfer velocity, especially in
large rivers (Wang et al., 2021). In that case, the large‐submergence correction proposed here may lead to
underestimating the true magnitude of exchange fluxes locally, and Ferguson's (2007) partitioning equation may
lose validity. Local predictions of the gas transfer velocity based on empirical models remain subject to very large
uncertainties despite the large‐submergence correction, and direct measurements should be conducted whenever
possible (Hall & Ulseth, 2020).

6. Conclusions
The most widely used empirical and semi‐empirical models for the gas transfer velocity in rivers (Raymond
et al., 2012; Ulseth et al., 2019) have been calibrated based on data from small rivers and streams with a low
relative submergence. As such, they do not account for the expected change in the physical drivers of turbulent
mixing between low‐ and high‐submergence conditions. Unlike other random sources of uncertainty that may
vanish with upscaling, the systematic bias introduced by submergence effects impacts gas exchange flux cal-
culations at all scales. However, low‐submergence models are commonly used to calculate gas fluxes in rivers
with a wide range of submergences extending beyond the range used for their calibration, for example, to compute
global riverine greenhouse gas emission estimates (Lauerwald et al., 2015; Liu et al., 2022) that inform regional
and global carbon budgets (Lauerwald et al., 2024), such as the IPCC report (Canadell et al., 2021).

Here, we presented a straightforward and physically consistent approach to correct gas exchange calculations for
the different drivers of gas transfer velocity at large submergence, even when bed roughness and submergence
data are not available (i.e., in the large majority of cases). Taking into account this correction, we determined that
the contribution of large lowland (high‐submergence) rivers to greenhouse gas emissions may have been
significantly overestimated in past calculations. We estimate that global riverine CO2 emissions should be revised
downward by between 9% and 37%, and that their uncertainties should be increased to 68% to account for large
discrepancies between empirical gas transfer velocity models, caused by a lack of experimental data at large
submergence.
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Ultimately, our analysis calls into question the validity of present widespread operational gas transfer velocity
models in high‐submergence rivers. Testing and refining these models requires significant efforts across multiple
areas of research to improve the understanding and characterization of gas exchange and its drivers, and to build
representative and more complete data sets, especially in high‐submergence rivers. This requires (a) overcoming
current limitations in measuring gas exchange and its drivers at a large scale (promising steps in this direction
have been made with inverse modeling applied to CO2 and/or O2 data, e.g., Diamond & Bertuzzo, 2025, Dolcetti
et al., 2025), and (b) making the systematic measurement of key parameters, such as the relative submergence, an
integral part of new valuable plans for monitoring and observation of rivers biogeochemistry (e.g., Dean &
Battin, 2024). By providing the means to account for different physical drivers of gas exchange as a function of
submergence, this work offers a rigorous yet practical basis for more accurate and robust models that better
capture the complexity of gas exchange across global river systems.
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