Response to Reviewer #1

Dear Dr. David Jay,

We are very grateful for your constructive commeatsnprove the quality of our
manuscript. We shall make appropriate changestpaiper to account for your
comments. And we shall make appropriate referetacttge other inverse methods that
have been described in the literature. Below weldvbke to provide a reply to the issues
raised in your comments.

General comments:

The idea of estimating the freshwater flow throughan estuarine cross-section using
tidal theory and tidal analysis is not new [cf. Jayand Kulkulka, 2003], but it has
only recently been presented with a careful verifiation and analysis of uncertainty
[Moftakhari et al., 2013]. The latter authors alsointroduced the term “tidal
discharge estimation” or TDE. As with any innovation, multiple approaches are
useful, so the present contribution is a welcome ddion to the field of applied tidal
dynamics.

Our reply: We agree that the topic of predictirgsfr water discharge through observed
tidal water levels has been explored by many rekeas (e.g., Jay and Kulkulka, 2003;
Jay et al., 2006; Moftakhari et al., 2013). The airthe present contribution is to
propose an analytical relationship that can be ts@dedict fresh water discharge based
on observed tidal water levels along the estuaiy. &uch a relationship is derived based
on the envelope theory developed by Savenije (2D052) and Cai et al. (2014). It can
be regarded as a modified Manning equation thétdes the effects of residual water
level slope (i.e.dh/dx, whereh is the tidally averaged depth) and tidal dampirey,(

dn /dx, wherey is the tidal amplitude). For detailed derivatiptease refer to the
response below. Unlike the previous studies thatense of statistical and harmonic
analyses relating the tidal water levels to theHreater discharge, the proposed
analytical relationship is a closed form equatiwhich can be easily implemented for
given observed tidal water levels.

Specific comments:

a: History of TDE

The history of the idea of using tidal theory and lie fluvial modification of tidal
properties to estimate river discharge needs somgm@anation, which is not provided
here. This is most simply explained using the nomerlature “forward model”
(determining tidal properties from river flow) and “inverse model”(determining
river flow from tidal properties). Conceptually, the key idea is that river tides are
very nonstationary, and that this non-stationarity, while complicating the prediction
of tides, has many dynamical uses [Jay and Kulkulka2003], of which TDE is only
one. There is an extensive literature on river tide dating to at least WWII, and |
will not attempt to review it here. Jay and Flinchen [1997] added continuous
wavelet transform (CWT) methods to the tidal analyss tool kit and provided a



simple forward model that related the tidal admittance (the complex ratio of tidal
amplitude and phase at any point in the river to tle tidal amplitude and phase at the
ocean entrance) to river flow. Kukulka and Jay [20Ba,b] provided a better forward
model. Jay and Kukulka [2003] then used an inversmodel to hindcast river flow

for the December 1964 Columbia River, USA flood. Bmuse this flood resulted
primarily from tributary inflow below the most seaw ard river gauge, our estimate
of its flow history is the only instrumental “measuement” available, though the
usual flow routing approaches have also been usédle also verified that the method
worked in the Fraser River, British Columbia, Canada, though this work has not
been published. Jay et al. [2006] then provided ardcast of the history of inflow to
San Francisco Bay, using the long (1858 to date)s&rancisco tidal record. This is
a useful step, because the inflow to San FrancisBay through its complex delta was
not gauged by the US Geological Survey until 193This 2006 AGU presentation
also provided the first instrumental estimate of tle magnitude of the great flood of
January 1862, the largest in the last two centurieim San Francisco Bay. The inverse
models used in these two studies added an innovatjan that they were based on a
single tide gauge. When only one gauge is availaptben the admittance is formed
in one of two ways: (a) if the variations of a majoconstituent like M, are used, then
an admittance is formed using the astronomical tidapotential; or (b) if an overtide
like M 4 is used, then the ratio M/M? is employed as an ersatz admittance. This
complex admittance can be separated into an amplitle ratio and phase difference.
Tidal theory suggest that the M/M " ratio should be useful for low flows, while the
M, admittance is best for high flows. Practice confins this, at least for the
Columbia River and San Francisco Bay. To minimizehe impact of time errors
inherent in historical tidal records we have used mplitude ratios, though Kulkulka
and Jay [2003a] verified that the phase differenceould also be represented by a
forward model. More recently, Moftakhari et al. [2013] returned to the San
Francisco Bay case to provide a revised estimatefamal error analysis, and a
discussion of long-term hydrologic change in the syem. Also, if CWT methods are
used to provide an estimate with a time-scale offaw days, the ratios actually
involve the D, and D, tidal species, not the M and M, constituents. If the M, and My
constituents are resolved via a properly windowed onthly harmonic analysis (as in
Moftakhari et al. [2013]), then the time scale oflbw estimates is ~18 days.

Our reply:Indeed, we shall provide a more detailed descriptiothe history of “tidal
discharge estimation” (TDE) in the new versionha manuscript. In particular, we will
rewrite paragraph 2 in the introduction to clatife importance of predicting fresh water
discharge in estuaries (raised by the other revieaved the history of TDE.

Due to the general dominance of tidal flows intidal region of an estuary, it is often
difficult to determine the magnitude of the fresater discharge accurately. Thus,
discharge gauging stations are usually situatéatations outside the tidal region, even
though there may be additional tributaries or daggareas within the tidal region.
Knowing the fresh water discharge within the tidgdion, however, may be important

for water resource assessment or flood hazard ptienee.g., Madsen and Skltner, 2005;
Erdal and Karakurt, 2013; Liu et al., 2014 ), artlee analyses of sediment supply (e.g.,



Syvitski et al., 2003; Prandle, 2004; Wang et2008), or for irrigation or estimating the
effect of water withdrawals on salt intrusion (eMacCready, 2007; Gong and Shen,
2011; Zhang et al., 2012), and for assessing tipacdts of future climate change (e.g.,
Kukulka and Jay, 2003a, 2003b; Moftakhari et @13). Although it is possible to
estimate river flow by upscaling the gauged pad oatchment, such an estimate may be
inaccurate, especially in poorly gauged catchmeniis high-precipitation coastal areas
(Jay and Kukulka, 2003).

It is noted that several forward models (deterntidagl properties from fresh water
discharge) have been presented to investigatetbection between fresh water
discharge and tide in estuaries (e.g., Dronker&41Beblond , 1978; Godin, 1985, 1999;
Jay, 1991, 2001; Jay and Flinchem, 1997; KukulldJay, 2003a, 2003b; Horrevoets et
al., 2004; Buschman et al., 2009; Cai et al., 2@024). Based on the tidal theory
developed by Jay (1991, 2001), Jay and Flincher@7jl&nd Kukulka and Jay (2003a,
2003b), Jay and Kukulka (2003) used an inverse h{dé&rmining fresh water
discharge from tidal properties) to hindcast riftews for a very high-flow year (1948)
and for a low-flow year (1992) in Columbia Riveh&model was further successfully
applied to estimate the history of inflow to Saarkisco Bay using the available tidal
records (Jay et al., 2006). Recently, Moftakhaglef2013), building on the earlier work
by Jay and Kukulka (2003), revisted the methodrefligting fresh water discharge by
including a quantification of uncertainties. Howev&ich an approach is based on
statistical and harmonic analyses without usingraadytical relationship between the
fresh water discharge and other controlling paramsgsuch as water level and tidal
damping). In this paper, we aim to establish aryginal equation relating tidal wave
propagation to the fresh water discharge from epsir. Besides the general interest of
establishing an analytical relation between waverdy, phase lag, velocity amplitude,
tidal damping, residual slope and river dischatlgis, relationship can be of practical use
to estimate, in an inverse way, river dischargéherbasis of observed tidal water levels
along the estuary axis. Of course our method asath disadvantages. It requires an
exponential shape (as is the case in alluvial ésgjait requires that the Ms dominant
over other tidal constituents, and there should beeasurable influence of the river
discharge (river discharge and tidal dischargedweiithin the same order of magnitude).
But as the reviewer indicates, the methods are mgntary and help to approach the
issue from different angles.

b. Theoretical foundation

The theoretical foundation of the TDE is also notxplained here. It uses the tidal
propagation theory for convergent channels of Jaytal. [1991]. The key
assumptions are that: (a) there is no reflected way (b) the wave is critically
convergent so that the real and imaginary part oftie complex wave number are
equal (i.e., the scale length for damping is the s® as the inverse wave number); (c)
the tidal velocity amplitude and river flow velocity are of the same order; and (d)
the channel geometry does not change drastically thiriver flow. In practice, the

last two assumptions are the most restrictive, thagh both can be stretched. With
these assumptions it is simple to express the tidatimittance in terms of the wave



number, which can then be represented using the Dniers [1964] cubic
Tschebychev polynomial. The latter allows the admtiance to be expressed in terms
of the river flow and tidal amplitude at the oceanentrance. The tidal range terms
recognizes that the relationship between river flovand damping of the tides varies
over the neapspring cycle. This is important for hindcasting flavs on the scale of
days, but not for hindcasts based on windowed monigrharmonic analyses. The
relationship between admittance, river and tidal range is nonlinear and cannot be
exactly inverted, but approximate inversion is simfe, especially when windowed
monthly harmonic analyses-- this scale of time averaging allows the tidal rarg
term to be dropped. In practice, the coefficientsr the equation for TDE are fit by
regression using a calibration data set. On the whe, the analysis is just as rigorous
as that proposed here. In both cases, the nonlineledstress term is approximated,
and one or more constants must be determined fromada.

Our reply:We agree that the theoretical foundation of thggpsed approach should be
explained in more detail. We use the envelope thdeveloped by Savenije (2005, 2012)
for tidal wave propagation. The analytical modduigher expanded by Cai et al. (2014)
to account for the influence of river dischargee asic assumptions made in the
analytical model are that: (a) the longitudinalss<sectional area can be described by an
exponential function; (b) there is no reflected eafe) the ratio of tidal amplitude to
depth ratio is less than unit. For predicting frestter discharge, it is also required that
the river discharge is at least in the same orfieragnitude as the maximum tidal flow.

In fact, we can see from the derivation below thatproposed analytical relationship
relating the tidal wave propagation to the freshewdischarge ia modified Manning
equation that accounts for the effects of residual wateellslope and tidal damping (see
detailed derivation below). We shall clarify thedtnetical foundation in the new version
of the manuscript.

The momentum equation when written in a Lagrangetarence frame reads (Savenije,
2005, 2012):

dv . oh, 9z . hadp, LVIV|_
F+9&+ga+92—p&+ = =0 (R1)

whereV is the Lagrangean velocity for a moving partiglés the acceleration due to

gravity, h is the water deptlz, is bottom elevatiory is the water densityy is Manning’s

coefficient, andR is the hydraulic radius.

For uniform steady flow in a prismatic channel, B1) can be simplified as the well-

known Manning equation by neglecting the first, seeond and the fourth terms:
V - % R2/3sll2 (RZ)
where S =-dz, /dxis the slope of the channel.
Hence the expression for river discharge is giwen b
Q =AV = %ARZ’?’S”Z (R3)

whereA is the cross-sectional area.



For steady flow when depth may vary along a shextisn of the channel (e.g., during a
flood), the residual water level slopén(ox) should be taken into account and Eq. (R1)
reduces to:
@+6_zb+n2V|4\//3|:0 (R4)
ox 0x R

Consequently, the Manning’s equation (R2) is medifas:

1/2
v =ER2'3(S—@] (R5)
n 0X
while the river discharge becomes:
_ oh 1
a-qfi-21)" (R6)
In the Lagrangean reference frame, the contingjtyagon can be written as:
v van_ V(_l }ﬂ] (R7)
dt h dx b 7 dx

wherersis the storage width ratib,is the convergence of widthjs the wave celerity.

In a tidal region, it is noted that both depth digtharge change along the channel axis
(i.e., varied unsteady flow). Thus, Eqg. (R1) whembined with (R7) becomes (see
Savenije, 2005, 2012):

cVdh 1 1dy 0z, ha,o V V|
f——-cV| =—= oh, + n? =0 R8
STh dx (b ndx] ax Yox 90 I R (R8)

An analytical expression for the tidal damping barmobtained by subtracting high water
(HW) and low water (LW) envelopes while accountiagthe effect of river discharge
(Cai et al., 2014):

in the downstream tide-dominated zone, where usin(e),

1dg ¢ o7 6 _ 2 in(e)+ 16 2 ¢ 5_5
n dx[e " sin(s)Z+cu su‘(s)] a f F]C[ 3 n(e )+ ¢Z+ 3 sife) ¥ 9 S|('€)] (R9)
in the upstream river discharge-dominated zonerevbhe> usm(s)

ld_”[g_r 4 J+ 91 ]g—f—( {sin(e f+ h—i (R10)

<
n dx *sin(e)”  cusinle) ) a 9 sn(us 6 9 si(r)J
wherea is the convergence of cross-sectional aréathe phase lag between high water
and high water slack (or low water and low wateck),v is the velocity amplitude;is

the tidal amplitude to depth ratig €, /h), ¢is the river flow velocity to velocity

amplitude ratio § =U, /v), Lo andL; are linear coefficients as a function @{Dronkers,
1964, P272-275Y) is a correction factor for wave Celerityél—(1/1+( —1)¢ Isin()), and

f is the dimensionless friction factof € g /[Kzﬁm(l—lG(Z /9)]).

When river discharge dominates over tige:=(), it is noted that

L=-2-4°, L=4 (R11)
Substituting Eq. (R11) into Eq. (R10) then yieldsuadratic equation for the
dimensionless river discharge
0,9°+0,$+0,=0 (R12)
with



g, =-4_T0a (R13)

3hcsm( )
_1ldp raal fua+ 1dyp \/— 1
2" pdxsin(e) m2 hc (/7 e ] sir() (R14)
_ fuva|s8 2 ¢ |_1dp |, on
%7 F{ ¢sin(e) + 95|n( )} E&a{l cusir(e)} (R15)

where the unknown variablesc, » can be calculated with the explicit equations,(ilee
phase lag equation, the celerity equation anddhkng) equation in Table 2 in the
manuscript) for given water level observations.

Eq. (R12) gives two solutions:

—0,+ 0'5 -400, —0,~ 022_ dop,
g = R (R16)
0-1 20-1
in which the first root is always negative sincebe, and o,are always negative. Hence
the positive solution fop can only be given by the second root, which carebeitten as:
— — 2 —
U =y %2 N% 400, (R17)
20,
We can see that Eq. (R17) is actually a modifieshiviag equation, accounting for
friction and the effects of residual water levelps# (i.e.,dh/dx implicitly included in
1 1.1_ 1d 1ch

the parameter of the cross-sectional area conveegaemnce =S+ = -2 )
b d Bdx hdx

and tidal damping (i.edn /dx). It can be seen from Figure R1 that the residusér

level slope indeed has substantial influence orséasonal variation of the cross-
sectional area convergenze
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Figure R1. Seasonal variation of the cross-sedtiamea convergencedue to the
changes in residual water level slope/ dx atx=456 km in the Yangtze estuary.

c. Practical application

The approach presented here finds a closed form egtion, which is an advantage
for application. On the other hand, it is not obvias that the envelope tidal theory
used here would work in tidal rivers where mixed tides are prominent. All three
Eastern Pacific systems (the Fraser and Columbia Rers and San Francisco Bay)
we have examined have mixed tides. it is also unatewhether the present method
could be used to estimate river flow variations om scale of days, as is possible
through use of the TDE method with CWT determination of tidal properties. In
conclusion, any new methodology benefits from divee approaches, and this is a
useful contribution.

Our reply:It should be noted that the tidal theory used is plaper only focuses on a
single dominated constituent (e.g.z;)Mt is not applicable to tidal rivers where mixed
tides are prominent. We shall explicitly mentiorstlimitation in the text. On the other
hand, the proposed analytical approach can betagaedict daily fresh water discharge
for given observed tidal damping and residual wkteel on a scale of day. We are
planning to collect more detailed tidal records &regh water discharge (daily scale) in
order to test the performance of the proposed ndetho

References:



Buschman, F. A., A. J. F. Hoitink, M. van der Veaind P. Hoekstra: Subtidal water level variation
controlled by river flow and tides, Water Resour. esR 45, W10420,
doi:10.1029/2009WR008167, 2009.

Cai, H., Savenije, H.H.G., Yang, Q., Ou, S., Lei, IMfluence of River Discharge and Dredging
on Tidal Wave Propagation: Modaomen Estuary CaskEydraul. Eng., 138, 885-896, doi:
10.1061/(ASCE)HY.1943-7900.0000594, 2012.

Cai, H., Savenije, H.H.G., Toffolon, M.: Linking ghriver to the estuary: influence of river
discharge on tidal damping, Hydrol. Earth Syst..,Sk8, 287-304, doi:10.5194/hess-18-287-
2014, 2014.

Dronkers J. J., 1964, Tidal Computations in Rivard Coastal Waters, Norttholland
Publishing Company, Amsterdam.

Erdal, H. I., and O. Karakurt :Advancing monthlyestmflow prediction accuracy of CART
models using ensemble learning paradigms, J Hydvad1(0), 119-128, doi:
10.1016/j.jhydrol.2012.11.015, 2013.

Godin, G. : Maodification of River Tides by the Disrge,J Waterw Port C-Asce, 111(2), 257-
274, doi: 10.1061/(ASCE)0733-950X(1985)111:2(2593A4.

Godin, G. : The propagation of tides up rivers vgiffecial considerations on the upper Saint
Lawrence riverEstuar Coast Shelf S 48(3), 307-324, doi: 10.1006/ecss.1998.0422, 1999.

Gong, W. P., and J. Shen: The response of salisiotr to changes in river discharge and tidal
mixing during the dry season in the Modaomen Egtuahina, Cont Shelf Res, 31(7-8),
769-788, doi: 10.1016/j.csr.2011.01.011, 2011.

Horrevoets, A. C., H. H. G. Savenije, J. N. Schuampand S. Graas: The influence of river
discharge on tidal damping in alluvial estuariebydrol, 294(4), 213-228, doi:
10.1016/j.jhydrol.2004.02.012, 2004.

Jay, D. A.: Green's law revisited: Tidal long-warepagation in channels with strong

topography, J. Geophys. Res., 96(C11), 20585-2@88,0.1029/91JC01633, 1991.

Jay, D.A., Leffler, K. and Degens, S.: Long-Ternokxion of Columbia River Tides, Journal of
Waterway Port Coastal and Ocean Engineering-AsX&, 182-191, doi:
10.1061/(ASCE)WW.1943-5460.0000082, 2011.

Jay, D.A., R.E. Flick, and T. Kukulka: A Long-Tei®an Francisco Bay Inflow Record Derived
From Tides: Defining the Great Flood of 1862, GC13R8, Fall AGU Meeting, San
Francisco, 2006.

Jay, D. A., and E. P. Flinchem: Interaction otflating river flow with a barotropic tide: A
demonstration of wavelet tidal analysis method§ebphys. Res., 102(C3), 5705-5720,
doi:10.1029/96JC00496, 1997.

Jay, D. A., and T. Kukulka: Revising the paradightidel analysis — the uses of non-stationary
data, Ocean Dynamics 53: 110-123, doi: 10.100728:003-0042-y, 2003.

Kukulka, T., and D. A. Jay: Impacts of Columbia &idischarge on salmonid habitat I. a
nonstationary fluvial tide model, J. Geophys. R€8, 3293, doi 10.1029/2002JC001382,
2003a.

Kukulka, T., and D. A. Jay: Impacts of Columbia &idischarge on salmonid habitat 1.
Changes in shallowvater habitat, J. Geophys. Res. 108, 3294, doi02@/2003JC001829,
2003b.

Leblond, P. H. : Tidal Propagation in Shallow Ra/&rGeophys Res-Oc Atm, 83(Nc9), 4717-
4721, doi:10.1029/JC083iC09p04717, 1978.

Liu, Z., P. Zhou, G. Chen, and L. Guo: Evaluatingpupled discrete wavelet transform and
support vector regression for daily and monthlgatnflow forecasting, J Hydrol(0), doi:
10.1016/j.jhydrol.2014.06.050, 2014.

MacCready, Parker: Estuarine Adjustment. J. Phgsa@ogr., 37, 2133-2145. doi:

http://dx.doi.org/10.1175/JP03082.1, 2007



Madsen, H., and C. Skotner : Adaptive state updatimeal-time river flow forecasting - a
combined filtering and error forecasting procedudrelydrol, 308(1-4), 302-312, doi:
10.1016/j.jhydrol.2004.10.030, 2005.

Moftakhari, H. R., D. A. Jay, S. A. Talke, T. Kukal and P. D. Bromirski: A novel approach to
flow estimation in tidal rivers, Water Resour. R&$), 4817—-4832,
doi:10.1002/wrcr.20363, 2013.

Prandle, D.: How tides and river flows determistuarine bathymetries, Prog Oceanogr, 61(1),
1-26, 2004.

Savenije, H.H.G.: Salinity and Tides in AlluvialtHaries, Elsevier, 2005.

Savenije, H.H.G.: Salinity and Tides in AlluvialtBaries, 2nd completely revised edition,

http://salinityandtides.corflast access 20 May, 2014), 2012.

Syvitski, J. P. M., S. D. Peckham, R. Hilbermard @anMulder: Predicting the terrestrial flux of

sediment to the global ocean: a planetary persmediediment Geol, 162(1-2), 5-24, doi:

10.1016/S0037-0738(03)00232-X, 2003.

Wang, Y. H., P. V. Ridd, H. L. Wu, J. X. Wu, and H.Shen: Long-term morphodynamic
evolution and the equilibrium mechanism of a flebénnel in the Yangtze Estuary (China),
Geomorphology, 99(1-4), 130-138, doi: 10.1016/jrgeph.2007.10.003, 2008.

Zhang, E. F., H. H. G. Savenije, S. L. Chen, and Lhen: Water abstraction along the lower
Yangtze River, China, and its impact on water disgh into the estuary, Phys Chem Earth,
47-48, 76-85, doi: 10.1016/j.pce.2011.05.002, 2012.




