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ABSTRACT
A lot of tidal phenomena, including river tides, tides in ice-covered bays, and internal tides in fjords, are
nonstationary. These tidal processes present a severe challenge for the conventional tidal analysis method.
The empirical mode decomposition (EMD) method is useful for nonstationary and nonlinear time series and
has been used for different geophysical data. However, application of EMD to nonstationary tides is rare. This
paper is meant to demonstrate a new tidal analysis tool that can help study nonstationary tides, in this case
river tides. EMD is applied to a set of hourly water level records on the lower Columbia River, where the tides
are greatly influenced by the fluctuating river flow. The results show that the averaged period of any EMD
mode almost exactly doubles that of the previous one, suggesting that EMD is a dyadic filter. The highest and
second highest frequency modes of EMD represent the semidiurnal (D2) and diurnal (D1) tides, respectively.
The sum of the EMD modes except for the first two is the mean water level (MWL). The study finds that the
EMD method successfully captured the nonstationary characteristics of the D1 tides, the D2 tides, and the
MWL induced by river flow.

1. Introduction
As one of the most widely used approaches in tidal
analysis, harmonic analysis (HA) determines the amplitude and phase of a priori known frequency via a least
squares fitting procedure. Usually over 90% of the variance of coastal tidal elevations can be explained by
fewer than 150 constituents obtained by HA. However,
HA is not suited for many more complex phenomena such as river tides, because it assumes that tides
are a statistically stationary phenomenon. It fails when
describing many situations where an aperiodic input
modulates the response of a marine system to otherwise
purely tidal forcing (Jay and Flinchem 1997).
River tides are the simplest nonstationary tidal process, and perhaps the only one for which both sufficient
data and a detailed theoretical analysis exists (Jay and
Flinchem 1997, 1999). Tides in rivers are the result of
nonlinear interactions of the barotropic tide with topography, friction, and river flow. As a consequence, the
barotropic tide is increasingly altered and attenuated as it propagates upriver (Godin 1985, 1999). Matte
et al. (2013) developed the nonstationary harmonic
analysis tool NS_TIDE by modifying T_TIDE using the
Corresponding author: Xianqing Lv, xqinglv@ouc.edu.cn

framework proposed by Kukulka and Jay (2003a,b) and
Jay et al. (2011). NS_TIDE used a robust regression and
built nonstationary forcing into the tidal basis functions.
Matte et al. (2013) applied NS_TIDE to an analysis of an
8-yr record from a station on the Columbia River. They
found that NS_TIDE performed far better than traditional HA while distinguishing frequencies within tidal
bands. Matte et al. (2014) applied NS_TIDE to study
the temporal and spatial variability of tidal–fluvial
dynamics in the St. Lawrence estuary. Empirical mode
decomposition (EMD) is quite useful for nonstationary and
nonlinear time series, and it has been widely applied to
different geophysical data, such as earthquakes (Huang
et al. 2004), land surface air temperature (Ji et al. 2014),
sea surface temperature (Wu et al. 2008), and oceanic
internal waves (Ezer et al. 2011). In recent years, applications of the EMD method to analyze sea level data
have focused on long-term sea level rise (SLR) and
decadal/multidecadal variations (Ezer and Corlett 2012;
Ezer 2013; Ezer et al. 2016; Bonaduce et al. 2016; Cheng
et al. 2016). In the abovementioned studies, the EMD
was used to investigate stationary tides, while applying
the EMD method to nonstationary tides is rare. Cheng
et al. (2017) were probably the first to use EMD to analyze tides; however, they focused on the nonstationary
change in tidal amplitudes and frequency caused by sea
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level and morphology changes rather than the impact of
river flow, as was done in our research. Cheng et al.
(2017) compared the results of EMD and U_TIDE
[which is similar to T_TIDE and developed by Codiga
(2011)], while here EMD is compared with NS_TIDE.
NS_TIDE can quantify contributions of river flow and
tidal forcing to the mean water level (MWL) as well as to
tidal properties (amplitudes and phases). However, the
absence of high-frequency discharge data and water level
records at the reference station limits the usage of NS_
TIDE. Moreover, based on the stage and tidal–fluvial
models, NS_TIDE cannot be applied to nonstationary
tides with dynamic mechanisms unclear. Compared to
NS_TIDE, EMD is free of dynamic content and can be
applied to all kinds of nonstationary tides. On the other
hand, the shortcoming of EMD is that it is a nonparametric method. Each EMD mode is not restricted
to a narrowband signal, and it can be both amplitude and
frequency modulated; that is, its amplitude and frequency
are functions of time, and thus it cannot guarantee extraction of the known tidal constituents. Therefore, the
EMD method needs to be compared with NS_TIDE to
learn its usefulness and limitations.
The paper is organized as follows. EMD and NS_
TIDE are described in section 2. In section 3, a set of
hourly water level records from stations on the lower
Columbia River are analyzed using the EMD method
and the results are compared with those by NS_TIDE.
Conclusions are presented in section 4.

2. Methodology

influenced by the end effect and the methods proposed
to solve the problem, as well as by the stoppage criteria
of the sifting process. The ci(t) is the ith IMF. The r(t)
represents the trend function, which is usually monotonic, and it contains no component of the fixed period.

b. Theoretical models of river tides
Kukulka and Jay (2003a) developed the tidal–fluvial
model on the basis of Jay (1991),


Z(x)
Rq
5 c0 1 c1 Qp 1 c2 r ,
(2)
ln
Z0
Q
where Z(x) is the amplitude or phase at position x, Z0
is the same property at the reference station, Q is the
river flow, and R is the greater diurnal tidal range at
the reference station. The term c1Qp is the discharge
term representing the nonlinear effect of the river
flow. The coefficient c1 is usually negative, and
therefore the amplitude or phase is smaller when the
river flow is larger. The range term c2(Rq/Qr) represents the nonlinear tidal–fluvial interaction caused by
neap–spring variability. The changes in the amplitude
and the phase result from the range term, which becomes less important as the river flow increases.
Theoretically, the values of p, q, and r are 1, 2, and 0.5,
respectively, for the lower Columbia River (Kukulka
and Jay 2003a).
Kukulka and Jay (2003b) proposed the stage
model,
s(x) 5 d0 1 d1 Qp 1 d2

a. Empirical mode decomposition
Assuming that nonstationary signals are composed of
oscillations on different time scales, the EMD aims to
extract these oscillations (Huang et al. 1998). Using the
EMD method, any complicated signal in the time domain can be decomposed into a finite and often small
number of components, which are described as intrinsic
mode functions (IMFs). As an intrinsic mode of oscillation, each IMF is not restricted to a narrowband signal,
and it can be both amplitude and frequency modulated;
that is, its amplitude and frequency are changing in time.
A time series of sea level at a tide-gauge station can be
decomposed with the EMD method in the following
form:
n

z(t) 5

å ci (t)1r(t) ,

(1)

i51

where n is the number of IMFs, which is decided by the
length of the record and the variation of the data and is
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Rq
1 dpre Dpatm ,
Qr

(3)

where s(x) denotes the changes in the MWL at position
x. Compared with Eq. (2), Eq. (3) has an additional air
pressure term, dpreDpatm. For the lower Columbia River,
p, q, and r are theoretically 0.67, 2, and 1.33, respectively
(Kukulka and Jay 2003b).

c. Introduction to NS_TIDE
In the classical HA method, water level records can be
expressed as
J

z(t) 5 S 1

å (aj cossj t 1 bj sinsj t) ,

(4)

j51

where z(t) is the water level at time t, sj is the frequency
of the jth tidal constituent, and S is the mean water level.
In NS_TIDE, these variables replace the constants S, aj,
and bj in Eq. (4) with functions of fluctuating river flow
Q and greater diurnal tidal range R at the reference
station [Eqs.(2) and (3)],
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TABLE 1. Tidal constituents at Astoria (rkm 29) with amplitudes .
0.05 m and overtide constituents M3, M4, M6, and M8.
Tidal constituent

Amplitude (m)

Phase (8)

SNR

Sa
O1
P1
K1
N2
M2
S2
K2
M3
M4
M6
M8

0.0959
0.2839
0.1138
0.4422
0.1781
0.9403
0.2421
0.0922
0.0002
0.0073
0.0114
0.0010

207.30
60.80
278.18
259.08
256.97
88.20
323.80
112.60
160.70
102.19
321.65
269.91

19
17 000
1800
26 000
7500
180 000
14 000
1500
0.06
74
990
44

FIG. 1. Map of the lower Columbia River and the location of the
observations.

J

z(t) 5 S(Q, R) 1

å [aj (Q, R) cossj t 1 bj (Q, R) sinsj t].

j51

(5)
Refer to Matte et al. (2013) for details about Eq. (5),
which can be solved via a least squares fitting procedure with Q, R, and z(t) known. In NS_TIDE, the iteratively reweighted least squares (IRLS) method is
implemented (Leffler and Jay 2009).

3. Application to river tides
a. Case study and data
The Columbia River (Fig. 1) is the third largest river
in the United States with an annual average flow of
;7500 m3 s21 and a watershed of ;660 500 km2 (Jay and
Flinchem 1997). It plays an important role in fisheries,
hydropower, and other economic sectors in the Pacific
Northwest. The tides in the Columbia River estuary
have a mixed diurnal (D1) and semidiurnal (D2) feature
with a D2-to-D1 ratio of 1.8 at the estuary mouth (Jay
et al. 2011). The diurnal tidal range in the lower Columbia River varies from ;1.7 to 3.6 m at the ocean
entrance and increases to a maximum of ;(2.0–4.0) m at
Astoria [river kilometer (rkm) 29] (Moftakhari et al.
2016). The tide amplitude then decreases in the landward direction, and tides are nearly negligible at Bonneville Dam at rkm 234 (Jay et al. 2011, 2015). Jay et al.
(1990) researched the energetics and sedimentary process in the Columbia River estuary. Simenstad et al.
(1990) indicated the fundamental importance of fluvial,
tidal–fluvial, and estuarine processes to juvenile salmonids in the lower Columbia River. Kukulka and Jay
(2003a,b) investigated the impacts of Columbia River
discharge on salmonid habitant.

Hourly water level records for a 7-yr period (January
2003–December 2009) from four locations—Astoria, Oregon (rkm 29); Longview, Washington (rkm 107); St. Helens,
Oregon (rkm 139), and Vancouver, Washington (rkm
172)—were analyzed in our study (Fig. 1). Additional tide
data at Wauna, Oregon (rkm 68), for a 4-yr period (January
2006–December 2009) were also analyzed. The water level
records cover more than 99.8% of the entire period and
capture relatively low-, moderate-, and high-flow events.
Tide and flow data were provided by the National Oceanic
and Atmospheric Administration (NOAA) and the U.S.
Geological Survey (USGS), respectively.

b. The results of T_TIDE
Astoria–Tongue Point is the most seaward station and
tides at this location are slightly influenced by river flow.
The dominant tidal constituent is M2 followed by K1
with amplitudes of 0.94 and 0.44 m, respectively (Table 1).
Overtide constituents are far smaller than the major diurnal and semidiurnal constituents. At Astoria
(29 rkm), the T_TIDE (Pawlowicz et al. 2002) hindcast
explains 96.7% of the signal variance, with a root-meansquare error (RMSE) of 0.15 m and a maximum absolute error (MAE) of 1.18 m for tidal heights (Table 2).
As shown in Fig. 2, the barotropic tide is increasingly
altered and attenuated as it propagates landward.
Classical HA cannot depict this nonlinear process of
tidal–fluvial interactions. Thus, the more landward a
station is, the bigger its errors of T_TIDE (Table 2).
Vancouver is the most landward station where the performance of T_TIDE is the worst: The hindcast explains
only 52.4% of the signal variance and has an RMSE of
1.60 m and a maximum absolute error of 4.16 m.

c. The results of NS_TIDE
The Astoria–Tongue Point at rkm 29 is chosen as the
reference station for the ocean tidal forcing in NS_TIDE,
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TABLE 2. Performance of T_TIDE on water level records in the
lower Columbia River.
rkm

Station

Signal variance (%)

RMSE (m)

MAE (m)

29
68
107
139
172

Astoria
Wauna
Longview
St. Helens
Vancouver

96.7
90.8
67.7
53.8
52.4

0.15
0.20
0.33
0.45
1.60

1.18
1.50
2.18
2.71
4.16

because it is the most seaward station. The parameter
h for the Rayleigh criterion is set to 0.1 (see Table 3; 29
constituents are included in NS_TIDE). Note that the
constituents with low frequency, such as MSf (semimonthly), Ssa (semiannual), and Sa (annual), are contained in the changes of the MWL and cannot be
extracted separately by NS_TIDE. The hindcast is made
with constituents with a time-averaged signal-to-noise
ratio (SNR) greater than two determined using a correlated noise model.
Results obtained by NS_TIDE sharply contrast with
those for T_TIDE (Table 4): For example, at Vancouver
station, the NS_TIDE hindcast explains 93.7% of the
signal variance and has an RMSE of 0.19 m and a maximum absolute error of 1.16 m. The amplitudes and
phases as a function of time at Vancouver station are
displayed in Fig. 3, for the M2 and K1 constituents.
Standard HA gives for M2 and K1 mean amplitudes of
0.2057 and 0.1204 m, respectively, and mean phases of
247.668 and 15.858, respectively. The results from
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TABLE 3. Selected constituents in NS_TIDE.
Tidal bands

Constituents

D1
D2
D3
D4
D5
D6
D7
D8

SIG1, Q1, O1, K1, SO1, UPS1
EPS2, MU2, N2, M2, L2, S2, MSN2
MO3, MK3, SK3
MN4, M4, SN4, MS4, SK4
2MK5, 2SK5
2MN6, M6, 2MS6, MSK6
3MK7
M8

NS_TIDE show the evolution in time of tidal properties
following the nonstationary forcing. Amplitudes are
obviously reduced and phases are shifted as the discharge increases, and both tidal properties oscillate in
accordance with the neap–spring cycle as a result of
semimonthly changing friction.

d. The results of EMD
We decomposed the 7-yr water level record at Vancouver with EMD, obtaining 13 modes (12 IMFs and
one trend) (Fig. 4). Table 5 shows that the averaged
period of any IMF component almost exactly doubles
that of the previous one except for IMF12, indicating
that EMD is a dyadic filter. This is consistent with Wu
and Huang (2004) and Flandrin et al. (2004). However, it
should be noted that the data used in their research are
numerically generated white noise, while ours are sea
levels measured at tide gauges. The mean period and the

FIG. 2. Water level records at (top to bottom) stations in the lower Columbia River and residuals for the T_TIDE.
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TABLE 4. Performance of NS_TIDE on water level records in the
lower Columbia River (Astoria is chosen as the reference station).
rkm

Station

Signal variance (%)

RMSE (m)

MAE (m)

29
68
107
139
172

Astoria
Wauna
Longview
St. Helens
Vancouver

—
91.7
93.6
91.8
93.7

—
0.19
0.15
0.19
0.19

—
1.12
1.04
1.07
1.16

mean amplitude of IMF1 are 11.73 h and 0.2294 m, respectively, which are close to the period and amplitude
of the M2 tide. The mean period and mean amplitude of
IMF2 are 23.50 h and 0.1453m, respectively, which are
close to the period and amplitude of the K1 tide. Figure 5
shows a spectrum map of IMF1 and IMF2. IMF1 is
dominated by the semidiurnal (D2) tides, but it also
contains diurnal (D1), terdiurnal (D3), quaterdiurnal
(D4), and pentadiurnal (D5) tides. IMF2 contains only
the D1 tides. IMF1 is not restricted to a narrowband
signal, but it contains oscillations on different time
scales.
The upper envelope of IMF1 can be regarded as
approximately the D2 amplitude. The EMD method
captured the nonstationary feature of the D2 tides successfully. The D2 amplitude is significantly reduced as
the river flow increases with a correlation coefficient

of 20.87 (Fig. 6). The D2 amplitude also oscillates in
accordance with the neap–spring cycle as a result of
semimonthly variations in friction. The upper envelope
of IMF2 can be regarded as approximately the D1 amplitude. The D1 amplitude is inversely related to the
discharge with a correlation coefficient of 20.50. The
fortnightly fluctuations in the D1 amplitude seem far
stronger than those in the D2 amplitude.
The rest of the EMD modes represent oscillations on
different time scales of the MWL. Equation (3) indicates
the MWL is the nonlinear function of river flow and
ocean tidal forcing. Thus, it is very difficult to explain the
physical meaning of the low-frequency EMD modes.
Moreover, the length of the water level data and the flow
data is limited to 7 yr. Therefore, we can only speculate
the possible physical meaning based on the mean periods and the mean amplitudes of the modes. Fluctuations in electric power demand (‘‘power peaking’’)
result in daily and weekly variations in river flow. These
oscillations propagate downriver as waves from Bonneville Dam (rkm 234), but they differ from tides in that
they are broad band; they are not restricted to narrowband signals (Wiele and Smith 1996). IMF3–IMF5 may
correspond to those oscillations based on the mean
periods.
IMF6 may correspond to MSf based on the mean
periods of IMF. Also, IMF7, IMF9, and IMF10 may

FIG. 3. (a) Amplitudes for M2 and K1 obtained by NS_TIDE at Vancouver station. (b) As in (a),
but for phases.
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FIG. 4. (top to bottom) The EMD modes for Vancouver water level data (m).
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TABLE 5. Mean periods and mean amplitudes of IMFs at
Vancouver station.

IMFs

No. of
peaks

Mean
period per day

Mean
amplitude per meter

1
2
3
4
5
6
7
8
9
10
11
12

5230
2612
1159
552
259
143
75
40
19
9
4
1

0.49
0.98
2.21
4.63
9.88
17.88
34.09
63.93
134.58
284.11
639.25
2557.00

0.2294
0.1453
0.0553
0.0857
0.1276
0.1755
0.2114
0.2267
0.2946
0.5451
0.3101
0.2910

correspond to the lunar monthly tide, Mm, Ssa, and Sa,
respectively. But note that river flows also have strong
seasonal and annual variations (Kukulka and Jay
2003a). Therefore, these modes are induced by ocean
tides and river flows simultaneously.
Columbia River flows over the last 140 yr show
interannual variability that is strongly related to largescale climate patterns, principally Pacific decadal oscillation (PDO) (Latif and Barnett 1994; Mantua et al.
1997). Warm PDO phases bring lower river flow, while
cold PDO phases are correlated with higher flow (Naik
and Jay 2011). IMF11 and IMF12 may correspond to

FIG. 5. Spectra map for (a) IMF1 and (b) IMF2 at Vancouver station.

those interannual fluctuations in river flow. Because of
irrigation depletion and climate change, the river flows
have a long-term decrease (Sherwood et al. 1990; Naik
and Jay 2011). But the trend obtained by EMD shows
that there is a nonlinear increase in the water level. We
think that this trend is possibly caused by the deposition
of sediment in the natural stream channel.
The sum of the EMD modes except for the first two
is the MWL (Fig. 7). MWLs obtained by EMD and
NS_TIDE have similar patterns with a correlation

FIG. 6. (a) Discharge forcing in the lower Columbia River and the upper envelope of (b) IMF1
and (c) IMF2 at Vancouver.
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FIG. 7. MWLs obtained by NS_TIDE (reddish brown) and EMD (gray) at (top to bottom)
Wauna, Longview, St. Helens, and Vancouver.

coefficient of 0.96. But the MWL obtained by EMD
seems to have a stronger fortnightly oscillation than NS_
TIDE. Moreover, the peak values in the MWL obtained
by EMD are also slightly greater than those in NS_
TIDE. To evaluate MWLs obtained by two methods, we
propose an indirect test approach. The model results of
NS_TIDE contain two parts: the MWL (stage model)
and tidal properties (tidal–fluvial model). We combine
the MWL obtained by EMD with the tidal properties
obtained by NS_TIDE to acquire a new hindcast
(Fig. 8). The new hindcast performs obviously better
than the original hindcast obtained by NS_TIDE, accounting for 97.5% of the signal variance, and it has an
RMSE of 0.07 m and a maximum absolute error of
0.38 m at Vancouver. Figure 8a shows that residuals
of the new hindcast are extremely small relative to
T_TIDE and NS_TIDE. The peaks of the residuals
obtained by T_TIDE (Fig. 8a) are induced by transient
high-flow events. There are mainly two kinds of transient high-flow events in the Columbia River (Kukulka
and Jay 2003a). High flows observed during winter and
early spring (Fig. 8b) are caused by flow regulation. High
flows observed during the May–June freshet period
(Fig. 8c) are caused by snowmelt in the interior basin. In
both situations, the new hindcast is almost the same as
the observation.
Other stations at the lower Columbia River are also
analyzed to evaluate our method. MWLs obtained by
EMD at other stations are highly similar with those
obtained by NS_TIDE (Fig. 7). The combination of
EMD and NS_TIDE obviously improves hindcast

performance at all the stations (Table 6). All of the results indicate that MWLs obtained by EMD are more
accurate than those obtained by NS_TIDE.

4. Conclusions
The EMD method has been widely applied to various
geophysical data analysis, but to our knowledge the
application of EMD to nonstationary tides is rare and
the application of EMD to analyze tides is generally a
new idea that has been tested only very recently for the
first time (Cheng et al. 2017). This study is possibly the
first effort to adopt the EMD method to river tides.
EMD captured the nonstationary characteristics of the
D1 tides, the D2 tides, and the MWL successfully. The
MWL obtained by EMD shows high consistency with
that obtained from NS_TIDE. The combination of
EMD and NS_TIDE obviously improves hindcast
performance.
Both EMD and NS_TIDE are powerful nonstationary tools. The great advantage of NS_TIDE
over EMD is the capacity to distinguish frequencies
within tidal bands. Moreover, NS_TIDE can separate
the contributions of discharge and tidal forcing on the
river tides. Compared with NS_TIDE, the advantage
of EMD is that it is more general and can be applied to
nonstationary tides with dynamic mechanisms unknown. We hope the EMD method proves to be invaluable in future studies of the nonstationary and
nonlinear tides, such as tides in ice-covered bays,
storm surges, and tsunamis.
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FIG. 8. (a) Residuals for T_TIDE (blue), NS_TIDE (red), and NS_TIDE&EMD (gray) at
Vancouver. Hindcasts by T_TIDE (blue), NS_TIDE (red), and NS_TIDE&EMD (gray), as
well as observations (pink) at Vancouver station in (b) 2003 and (c) 2008.
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TABLE 6. Performance of NS_TIDE&EMD on water level
records in the lower Columbia River (Astoria is chosen as the
reference station).
rkm

Station

Signal variance (%)

RMSE (m)

MAE (m)

29
68
107
139
172

Astoria
Wauna
Longview
St. Helens
Vancouver

—
95.2
97.5
99.8
97.5

—
0.15
0.08
0.07
0.07

—
0.82
0.57
0.45
0.38
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