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Abstract

Flow in rivers and the coastal ocean is controlled by the frictional force exerted on the water by riverbed or seabed roughness.

The frictional force is typically characterized by a drag coefficient Cd, which is estimated from bulk measurements and often

assumed constant. Here we demonstrate a relationship between bed roughness and water surface turbulence that can be used

to make remote estimates of Cd. We observe that regions with higher bed roughness result in higher turbulent kinetic energy

(TKE), which is transported upward by river boils to the water surface. We present a relationship between surface TKE and

Cd, and validate this relationship by comparing remotely-sensed estimates of Cd to those from in situ measurements. Thus, our

results provide an approach for estimating bottom roughness and Cd based entirely on remotely sensed data, including their

spatial variability, which can improve modeling of river discharge and morphodynamics in data-poor regions.
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been validated with in situ measurements13

Corresponding author: R. A. Branch, Ruth.Branch@pnnl.gov

–1–



manuscript submitted to Geophysical Research Letters

Abstract14

Flow in rivers and the coastal ocean is controlled by the frictional force exerted on the15

water by riverbed or seabed roughness. The frictional force is typically characterized by16

a drag coefficient Cd, which is estimated from bulk measurements and often assumed con-17

stant. Here we demonstrate a relationship between bed roughness and water surface tur-18

bulence that can be used to make remote estimates of Cd. We observe that regions with19

higher bed roughness result in higher turbulent kinetic energy (TKE), which is trans-20

ported upward by river boils to the water surface. We present a relationship between sur-21

face TKE and Cd, and validate this relationship by comparing remotely-sensed estimates22

of Cd to those from in situ measurements. Thus, our results provide an approach for es-23

timating bottom roughness and Cd based entirely on remotely sensed data, including their24

spatial variability, which can improve modeling of river discharge and morphodynam-25

ics in data-poor regions.26

Plain Language Summary27

Water flow in rivers and near the beach is controlled by the roughness of the riverbed28

or seabed. When water flows over the rocks, sand grains, or sand dunes on the bottom29

it becomes turbulent and the turbulence rises to the surface. In a river, the turbulence30

is in the form of boils can be observed with an infrared camera viewing the surface. We31

observe stronger boils over areas of the river with rough riverbeds. Here we show a math-32

ematical equation that connects the boils observed on the water surface to the riverbed33

roughness and drag coefficient. Our results demonstrate that information about bottom34

roughness propagates upwards through the water column and therefore the drag coef-35

ficient can be estimated from remotely sensed videos of the water surface. The math-36

ematical connection we derived between the drag coefficient and surface turbulence will37

be useful for improving river discharge and gas exchange models.38

1 Introduction39

The drag coefficient is a fundamental parameter of all boundary-layer physics prob-40

lems modeling fluid flow. Numerical and analytical models of rivers, floodplains, and tidal41

estuaries all require estimates of a drag coefficient related to bed roughness (Godin, 1999;42

Wang et al., 2011; Helaire et al., 2019; Fringer et al., 2019). At present, drag coefficient43

measurements are needed for algorithms being developed to estimate global river flow44

using the satellite altimetry measurements from the upcoming Surface Water and Ocean45

Topography (SWOT) mission (Biancamaria et al., 2016). In practice, the drag coefficient46

is typically estimated from velocity measurements one meter above the riverbed (Fong47

et al., 2009) or from the grain size of riverbed sediment (Arcement & Schneider, 1989).48

A remotely-sensed estimate of the drag coefficient would circumvent the difficulty of us-49

ing in situ measurements and would provide additional information about the spatial50

and temporal variability of bottom roughness.51

Turbulence at the water surface can disrupt the O(1 mm) thick cool surface ther-57

mal boundary layer, or cool skin layer, which is present under conditions of net upward58

heat flux (Saunders, 1967). The resulting temperature anomalies can be mapped using59

an infrared camera and used to quantify the surface turbulence (Jessup et al., 1997). In60

the case of river flow, thermal signatures are produced by turbulent boils that rise to the61

surface after being generated by flow over a rough bottom (Chickadel et al., 2011). We62

collected infrared images of the surface thermal field at ten locations along a tidally in-63

fluenced section of the Snohomish River (Washington, USA) and observed that the in-64

tensity of turbulent disruptions increased over river sections with large dunes and rip-65

ples. Images collected from a site with smooth bathymetry showed small boils, a streaky66

pattern in the flow direction, and a weak temperature anomaly that indicated gentle dis-67

ruption of the cool skin layer (Fig. 1a). Images from a site with higher bottom rough-68
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ness showed large energetic coherent boils that disrupted the surface and caused large69

temperature anomalies (Fig. 1b). Sequences of these images analyzed using particle imag-70

ing velocimetry (PIV) provide the surface velocity and turbulence statistics (Chickadel71

et al., 2011) that are necessary to characterize the turbulence. We investigate the rela-72

tionship between bottom-generated turbulence and its surface manifestation, providing73

a framework for the use of remotely-sensed turbulence statistics to quantify the bottom74

drag coefficient, Cd.

Figure 1. Infrared images from two sites with similar flow velocities but different riverbed

roughness values and surface turbulence. The colorscale is the temperature anomaly relative to

the coolest temperature in the image (dark = cool; bright = warm). Arrows show velocity. a) site

E2: u = 0.75 m/s, H = 2.68 m, Cd = 0.0013 b) site E5: u = 0.75 m/s, H = 2.64 m, Cd = 0.0086.

A movie of the water surface is provided in the Supplementary Information.

52

53

54

55

56

75

Turbulent velocity fluctuations have been predicted to decrease exponentially be-76

tween the bed and the surface and to increase with roughness during steady flow with77

a logarithmic velocity profile (Nezu & Nakagawa, 1993). The resulting three equations78

predicting this behavior have been tested in laboratory experiments and shown to cor-79

rectly describe the vertical profiles of the horizontal (u′rms, v
′
rms) and vertical (w′rms) com-80

ponents of the velocity fluctuations in a wide channel, regardless of the Froude or Reynolds81

numbers (Auel et al., 2013). This suggests that these equations could be used to relate82

bottom roughness to surface turbulence. We have used these three equations to derive83

a single equation for the turbulent kinetic energy:84

TKE = 4.78u2∗exp(−2
z

H
). (1)

where u∗ is the friction velocity, z is the height above the bed, H is the water depth, and85

the turbulent kinetic energy is defined as TKE = 1/2(u′rms
2 + v′rms

2 + w′rms
2). The86

drag coefficient, Cd, is also dependent on u∗ and is defined as87

Cd =
u2∗
u2
. (2)

where u is the flow velocity (Sanford & Lien, 1999). With z
H = 1 at the surface, equa-88

tion (1) can be solved for u∗, which is then substituted into (2) to give89

Cd =
TKEsurface

0.65u2
. (3)

–3–
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This equation relates the roughness-induced bottom drag directly to the normalized sur-90

face TKE. The normalized surface TKE and the surface velocity can be measured re-91

motely using infrared imagery. The surface velocity is expected to be higher than the92

velocity one meter above the bed traditionally used in equation (2), therefore Cd calcu-93

lated with the surface velocity is an approximation for Cd measured near the bed. The94

validity of this approximation is discussed in the Supplemental Information. The lack95

of dependence on depth in this equation is surprising. While it is true that deep sections96

of a river have less surface TKE, this is due to the fact that the flow slows down as it97

encounters a larger cross-sectional area. For two sections of river with similar velocities,98

still waters indicate a smooth riverbed.99

2 Observations100

The Coherent Structures Experiment, (COHSTREX), collected surface and wa-101

ter column velocity and turbulence data at ten sites on a tidal section of the Snohomish102

River in September 2009 (Talke et al., 2013; Chickadel et al., 2011).103

We used multibeam sonar surveys to map the bathymetry and bottom roughness112

at the experiment site. The total Nikuradse roughness, k, was calculated as the sum of113

the grain size, D90, and the primary and secondary dune roughness values (Jellesma, 2013).114

The primary and secondary dune roughness values are given by k′′N,p = 1.1δp(1−e−25δp/λp)115

and k′′N,s = 1.1δs(1−e−25δs/λs) where δ is the dune height, λ is the dune length, p stands116

for primary, and s stands for secondary. The primary and secondary peaks of a bathymetry117

transect spectrum are shown for site F3 in Fig. 2l. Nearby historical surveys showed a118

grain size of one mm (DeVries, 2015), which was used as the D90. Site F4 (Fig. 2h) was119

excluded from the analysis because the bathymetry transect did not have repeating si-120

nusoidal bedforms. We used spectral analysis of multiple bathymetric profiles at each121

site to derive the dune height and length parameters required for calculating k and its122

error bars (Fig. 2l).123

Surface velocity measurements were made using PIV techniques applied to infrared124

imagery(Chickadel et al., 2011). Spectra were calculated using three minute sections of125

the data and fit to f−5/3 between 0.1 and 2 Hz. The R2 of the fit was used to determine126

whether the data should be used to calculate Cd. A good spectral fit to f−5/3 indicated127

that the turbulence was consistent with the energy cascade from large to small scales (Kundu128

et al., 2015), whereas a fit with a low R2 value indicated either that it was early in the129

tide and the turbulent field was not fully developed, or that noisy imagery or surface waves130

corrupted the spectra. Surface velocity measurements were excluded when the flow was131

unsteady and the depth averaged acceleration measured by the ADCP was greater than132

0.1 m/s2. The surface kinematic boundary condition requires that w = 0 at the sur-133

face and the energy from w′rms is transferred to u′rms and v′rms (Shen et al., 1999). The134

surface turbulent kinetic energy measured with infrared imagery, TKEsurface = 1/2(u′rms
2+135

v′rms
2), was used in equation (3) to calculate Cd. Infrared imagery was collected at all136

ten sites but only six had usable data for the Cd calculation.137

We measured in situ velocities with a downward-facing four-beam ADCP at one138

Hz in 0.25 m depth bins from the river bottom up to 1.5 m below the surface (Talke et139

al., 2013). Reynolds stresses (u′w′) and the three components of velocity (u, v, w) were140

computed from the ADCP data following the methods of Stacey, Monismith, and Bu-141

rau (1999). The drag coefficient was computed based on in situ data as the slope of a142

linear fit between u′w′ and u
√
u2 + v2 (Figure 3a), where the velocities are measured one143

meter above the bed (Sanford & Lien, 1999; Fong et al., 2009).144

Salinity was measured continuously with conductivity temperature depth instru-145

ments (CTDs) on the riverbed and at the surface to monitor for periods of decreased sur-146

face turbulence due to tidal intrusion of the salt wedge (Beuzen et al., 2016). The re-147
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Figure 2. Snohomish riverbed roughness a) Multibeam sonar survey showing five ebb (E1-E5)

and five flood (F1-F5) tide sites. Flow direction is from top to bottom during flood tide and bot-

tom to top during ebb tide. b-k) fifty-meter transects of the bathymetry upstream of the sites.

Flow direction is from right to left. Nine sites are marked with k values calculated using sonar

scan data and Cd values calculated using velocity data measured one meter above the bed (mab).

l) Example power spectrum of the F3 bathymetry transect showing the primary and secondary

dune heights, δ, and lengths, λ. The shading shows the 95% confidence interval of the spectrum.

m) Nine bathymetry transects extracted from site E5 showing a span of nine degrees.
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motely sensed surface data used in the Cd calculations were acquired when the salinity148

difference between the surface and bed measurements was less than 0.5 PSU.149

3 Analysis and Results150

Riverbed roughness varies substantially between the ten study sites (Fig. 2). The151

roughness at most of the sites is characterized as either periodic dunes (F1, E1, E3, and152

F3) or non-periodic large-scale features with small-scale roughness (F2, E2, and F4). The153

dune heights ranged from 0.01 to 0.36 m and the dune lengths ranged from 0.66 to 16154

m, resulting in a Nikuradse roughness length range of k = 0.004 to k = 0.19 (Fig. 2b-155

k). We found that k is sensitive to the angle between the bathymetry transect and the156

main flow direction for sections of the river where the cross-stream bathymetry is not157

uniform. For example, transects that included large deviations, such as a deep hole (Fig-158

ure 2m), had larger error bars on k than those that did not.159

The drag coefficient was calculated following the methods of using Sanford and Lien160

(1999); Fong et al. (2009) and is illustrated in Figure 3a, where the velocities are mea-161

sured one meter above the bed. This analysis was repeated at all nine sites for twenty162

tidal measurement periods and shows a strong correlation between Cd computed from163

the in situ data and k (Figure 3b). The site-averaged Cd values range from 0.0013 to164

0.0086 and the robust linear fit to the average Cd versus k has an R2 of 0.93. This con-165

firms that our measurements capture the relationship between near-bed turbulence and166

bed roughness, and that the turbulence is adequately parameterized by the drag coef-167

ficient. In order to be detectable on the water surface, the roughness dependence observed168

in near-bed turbulence must also be apparent higher in the water column. This is con-169

firmed in Figure 3c, where we plot profiles of normalized TKE for three sites spanning170

a range of roughness. Sites with higher k values had larger normalized TKE both near171

the bottom and throughout the water column; thus, the TKE signal of riverbed rough-172

ness propagates from the bottom to the surface.173

In Figure 4 we show that remotely-derived values of the drag coefficient have a strong190

relationship to k over the full range of values of bottom roughness. The values of Cd are191

calculated using measurements of TKE and u from PIV at the surface via equation (3)192

and k is calculated as described in Section 2. The remotely-sensed values of Cd also show193

remarkable agreement with the Cd estimates based on in situ velocity. The average dif-194

ference between the surface TKE and the in situ estimates of Cd is 0.0007 with a stan-195

dard deviation of 0.0016. The strong correlation between the remotely-estimated drag196

coefficient and the bottom roughness, and the excellent agreement between the two in-197

dependent methods of estimating Cd provide strong evidence for the validity of equa-198

tion (3).199

4 Discussion200

Our results demonstrate a new technique for remote spatial mapping of Cd, allow-201

ing for convenient tracking of changes in bottom roughness over both time and space to202

improve predictions of river flow and coastal floods. Remotely measured drag coefficient203

values are similar in magnitude to values measured with in situ instruments, and also204

compare well with estimates from prior in situ measurements (Fong et al., 2009; Li et205

al., 2004) and modeling studies (Kukulka & Jay, 2003; Ralston et al., 2019). Our Cd es-206

timates vary by more than a factor of three within a 2 km section of the river, empha-207

sizing the potential importance of resolving the spatial variability of roughness for ac-208

curately modeling river turbulence and flow.209

We observe a strong relationship between riverbed roughness and Cd based on sur-210

face TKE (Fig. 4) despite the fact that these measurements include a factor of two vari-211

ation in depth that is not accounted for in the current formulation of Cd from water sur-212

–6–



manuscript submitted to Geophysical Research Letters

Figure 3. Calculation of Cd using ADCP data one mab a) Example calculation of Cd for one

tide at site E5 based on in situ data. Dashed lines: 95% confidence interval. b) Cd calculated for

twenty tides at all nine sites from in situ data plotted versus k derived from bathymetry. Red

squares are the measurements at each tide and black circles are the average Cd for each site.

Error bars are the standard error of nine k values calculated from bathymetry transects spanning

nine degrees (example shown in Fig. 1m). Filled squares are tides where the fit to determine Cd

had R2 > 0.5 and open squares are where R2 < 0.5. The black line is a robust fit to the site

averages and the dashed lines are 95% confidence intervals. The outlier in the lower right (F3)

had four tides, two of which had Cd fit with R2 < 0.5. c) Vertical profiles of normalized TKE for

three sites with different k values.
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180

181

182

183

Figure 4. Cd versus k measured with surface infrared imagery and 1 m above the bed (re-

peated from Fig. 3b). The open diamond indicates that the R2 of the fit of the infrared velocity

spectra to f−5/3 was above 0.88, and filled diamonds indicate that the R2 was above 0.9. Filled

squares are data points where the ADCP Cd fit had an R2 > 0.5, and open squares are where

R2 < 0.5. The outlier in the lower right (F3) is the same as noted in Fig. 3b. Here the remotely

sensed Cd value is higher and closer to the overall trend.
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face measurements (Equation 3). We conclude that depth dependence is secondary for213

the range of depths observed in our experiments, which are typical of river and estuar-214

ine systems. However, surface TKE would likely depend on depth in a very deep river215

or estuary where bottom generated turbulence may not propagate all the way to the sur-216

face. Those conditions would not have a logarithmic velocity profile that was required217

in our derivation.218
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5 Summary219

Our measurements show that the imprint of bottom generated turbulence is de-220

tectable on the water surface, allowing bottom roughness to be determined based on re-221

mote measurements of turbulence on the surface. We quantify turbulence at the water222

surface in terms of a drag coefficient Cd, according to Equation 3, which is derived based223

on assumptions of steady, uniform flow, an exponential turbulence profile and a logarith-224

mic velocity profile. Bed roughness is quantified in terms of roughness height k, which225

is shown to be a good predictor of surface turbulence. Equation 3 can also be used to226

estimate TKE when Cd and u are available, e.g., from local sediment samples and river227

gauges, respectively. Since gas transfer can be parameterized by TKE (Zappa et al., 2007),228

our results may also help to improve global estimates of riverine carbon fluxes, which229

are currently poorly estimated (Allen & Pavelsky, 2018).230

6 Supplementary Materials231

6.1 Video232

Video of infrared images with PIV vectors showing the velocity for the two sites233

shown in Fig. 1. The video has been slowed to half speed. (BoilsRiverbedRoughness.avi).234

6.2 Derivations235

The drag coefficient is defined (Sanford & Lien, 1999) as Cd =
u2
∗

u2
1mab

, but often236

calculated (Sanford & Lien, 1999; Fong et al., 2009) as Cd = u′w′

u2
1mab

using in situ mea-237

surements. Our calculations of Cd from remotely sensed data use u2∗ calculated from sur-238

face TKE and usurface where usurface is an approximation for u1mab. Our calculations239

of Cd from in situ data approximate the bed stress with u′w′ measured one meter above240

the bottom, which is an assumption of a constant stress layer in the bottom meter of wa-241

ter. Here we explain the conditions under which we would expect the remotely sensed242

and in situ Cd values to agree as they have for our experiment.243

Our derivation is based on the assumption of a logarithmic velocity profile, which244

can be written as245

u(z) =
u∗
κ
ln
z

z0
(4)

where κ is ≈ 0.41 and z0 is the roughness height. A logarithmic velocity profile implies246

usurface > u1mab and equation (3) should account for this difference as247

Cd =
TKEsurface
0.65u21mab

=
TKEsurfacer

2

0.65u2surface
(5)

where r =
usurface

u1mab
. Thus neglecting the r2 would cause an underestimation of Cd yet248

the values we calculate agree remarkably well with those measured with in situ data.249

Our calculation of Cd from in situ data relies on the approximation that u2∗ = u′w′250

where u′w′ is measured one meter above the bed instead of at the bed. If u′w′ one me-251

ter above the bed is larger than u′w′ at the bed then our calculation of Cd would be un-252

derestimated. Although Cd is often calculated using u′w′ measured one meter above the253

bed, this is an approximation to be used when z/H ≈ 0 due to z = 1 and a large H254

value. The formula for u2∗ is given as(Nezu & Nakagawa, 1993)255

u2∗ =
u′w′

1− z
H

(6)
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This formula is derived from continuity and Navier-Stokes for 2-D open channel256

flow as:257

u
∂u

∂x
+ w

∂u

∂z
= gsinθ − ∂

∂x

(
P

ρ

)
+

∂

∂x
(−u2) +

∂

∂z
(−u′w′) + ν∇2u (7)

and258

u
∂w

∂x
+ w

∂w

∂z
= −gcosθ − ∂

∂x

(
P

ρ

)
+

∂

∂x
(−u′w′) +

∂

∂z
(−w2) + ν∇2w (8)

where P is the pressure, ρ is the density of water, and ν is the viscosity. For uniform open-259

channel flow where w = 0 and ∂
∂x = 0, equation (8) is integrated in the z direction to260

give:261

P

ρ
= (H − z)gcosθ + (w′2s − w′2) (9)

where w′s is the magnitude of the vertical fluctuations of w at the surface, which goes262

to zero due to the free surface condition. Equations (7) and (9) can be combined to give263

τ

ρ
= u′w′ + ν

∂u

∂z
= u2∗

(
1− z

H

)
. (10)

When viscosity is negligible, u2∗ = u′w′

(1− z
H )

which can be substituted into Cd =
u2
∗

u2
1mab

264

to give265

Cd =
u′w′

(1− z
H )u21mab

. (11)

When z
H ≈ 0, the equation for Cd measured with in situ data becomes266

Cd =
u′w′

u21mab
. (12)

The remotely sensed Cd values calculated with the usurface ≈ u1mab will agree267

well with the in situ Cd values calculated with the z
H ≈ 0 approximation when268

r2 ≈ 1

1− z
H

. (13)

The logarithmic velocity profile implies r =
ln H

z0

ln 1
z0

. For an in situ measurement at z =269

1m, equation (13) can be solved algebraically to give270

ln(H)

√
1− 1

H
≈ 1. (14)

Figure 4 shows the condition is close to 1 for the depths of our experiment (3-6 m). When

Figure 5. Two approximations will yield equivalent Cd values for depths where

ln(H)
√

1 − 1
1/H

≈ 1.

271

272
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273

the depth is above 9 m the condition is above 2, which implies the accuracy of Cd cal-274

culated with the usurface ≈ u1mab approximation will be small. When the depth is be-275

low 3 m the curve shown in Figure 5 falls off rapidly, also implying the accuracy of a re-276

motely sensed Cd would be small. For depths above 9 m and below 3 m an estimate of277

u1mab would be needed for the drag coefficient calculation.278
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