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Abstract

Evapotranspiration is a critical component of the water balance of a catchment, and
riparian zones play a crucial role in the hydrological process. However, the influence
of riparian zones on evapotranspiration, especially at a catchment scale, needs more
investigation. Since evapotranspiration is negligible at night, the difference in
recharge between day and night generates diurnal fluctuations in streamflows. A
new method is developed to estimate riparian evapotranspiration by analysing the
streamflow response to diurnal evapotranspiration. The potential evapotranspiration
(PET) calculated by FAO-56 is used as a true reference for validation. The estimated
evapotranspiration shows acceptable goodness of fit with the hourly PET calculated
from FAO 56. However, the new approach estimates average evapotranspiration

across the entire riparian area than a point observation and provides a better under-
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1 | INTRODUCTION

For many decades, studying the impact of evapotranspiration (ET) on
the hydrological process of a catchment has been a challenge
(Gribovszki, Kalicz, et al., 2008; Troxell, 1936). Particularly in riparian
zones with a shallow water table and a heterogeneous environment.
In this region, plant roots have immediate access to groundwater
resources, and ET may impact the water table and streamflow signifi-
cantly (Kellogg et al., 2008; Satchithanantham et al., 2017).

The riparian zone is often defined as part of the landscape along
the boundaries of a water body (Rugenski et al., 2017). Often part of
riparian zones that are fully saturated and directly influence the out-
(Barnard

flow patterns are known as active riparian zones

et al, 2010). However, there is a diverse interpretation of the

standing of the impact of the riparian zone on streamflow patterns.

baseflow, diurnal signals, evapotranspiration, riparian zone, streamflow daily fluctuations

definition and size of an active riparian zone in the literature, and the
scientific and applied literature can be confusing due to the variety of
terms used Dufour and Rodriguez-Gonzalez (2019). The active ripar-
ian zone is sometimes defined as a fixed width from the stream net-
work. For example, Reigner (1966) indicates that an area of up to 2 m
from the stream is the riparian zone, as this area has a considerable
impact on streamflow. Geisler (2016), on the other hand, suggests that
the area adjacent to the stream with a slope of less than 25° is the
riparian area. Figure 1 shows an interpretation of the riparian zone by
Reigner (1966) and Geisler (2016). Still, these suggestions conflict
with the findings of some experimental studies that report the riparian
area shrinks gradually as the catchment dries out (Barnard
et al., 2010; Graham et al., 2012; Tschinkel, 1963). Dufour and Rodri-
(2019) comprehensive literature for

guez-Gonzalez provided

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Hydrological Processes published by John Wiley & Sons Ltd.

Hydrological Processes. 2022;36:e14708.
https://doi.org/10.1002/hyp.14708

wileyonlinelibrary.com/journal/hyp 10f 15


https://orcid.org/0000-0001-9482-8105
mailto:ali.shokri@waikato.ac.nz
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/hyp
https://doi.org/10.1002/hyp.14708
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fhyp.14708&domain=pdf&date_stamp=2022-10-03

2015 | WILEY.

SARWAR ET AL.

Riparian Zone (Geisler, 2016)

Riparian Zone (Reigner, 1966)

Stream

S R I

Water table|

FIGURE 1
riparian zone.

definitions of the riparian zone. For clarification in this paper, the
active riparian zone refers to a saturated/unsaturated region that is
hydrologically connected with the stream and directly influences flow.

Characteristics of the soil and vegetation in the active riparian
area are different from the surrounding landscape due to their vicinity
to the water resources. Riparian zones are also important from a
hydrological point of view, as the riparian storage connects the hill-
slope groundwater reservoir and the water bodies. Consequently, the
riparian zone significantly impacts streamflow more than the rest of
the catchment (Johnson et al., 2013; Marti et al., 2000).

Since riparian zones have an adequate water supply throughout
the year, these zones are critical to the ET process, particularly during
the dry summers (Johnson et al., 2013). Thus, studying the influence
of ET on riparian zone and consequently on the water table and
streamflow can reveal critical information on vegetation-stream interac-
tions in headwater catchments, where ET of riparian has a significant
effect on stream flow (Széles et al., 2018). Nevertheless, several chal-
lenges for estimating ET from riparian zones are indicated in the previ-
ous studies. For example, the narrow width of the riparian zone around
a stream is likely below the fetch requirements of the eddy covariance
and Bowen ratio ET measurement techniques (Goodrich et al., 2000;
Nachabe et al., 2005). Also, installing lysimeters in the vegetation corri-
dor along streams is costly and only yields point measurements.

Alternatively, Physiological methods such as crop coefficients, sap
flow, and leaf chamber systems are highly effective in determining ET
rates using simple techniques at a relatively low cost (Lascano
et al., 2016). However, when there is a degree of non-homogeneity in
the vegetation and soil types, the physiological methods are ineffec-
tive (Goodrich et al., 2000). Hence, remote sensing techniques are

employed to estimate the ET distribution (Brunner et al., 2008).

A schematic diagram of a riparian zone along the stream banks and a diverse interpretation of the definition and size of an active

On the other hand, the day and night variation in solar radiation
leads to diel fluctuation in ET (Széles et al., 2018). These daily changes
in ET cause a periodic depletion and replenishment of groundwater
from riparian vegetation, which impacts the discharge and produces
daily fluctuations in streamflow (Bond et al, 2002; Burt, 1979;
Graham et al, 2012; Gribovszki et al, 2010; Lundquist &
Cayan, 2002; Schwab et al., 2016). ET-induced diurnal fluctuations
are often characterized by a local maximum in the early morning fol-
lowed by a local minimum in the afternoon. The daily fluctuations in
the water table, soil moisture and streamflow in response to higher ET
during the daytime show potential for ET estimation (Dolan
et al., 1984; Troxell, 1936; White, 1932).

White (White, 1932) was the first who established a method for
estimating ET from daily water table fluctuations. He used a uniform
recovery rate over 24 h to calculate the total volume of water evapo-
rated due to diurnal water table fluctuations. To date, the White
method has received extensive modifications (Fahle & Dietrich, 2014;
Gribovszki, Kalicz, et al., 2008; Loheide Il, 2008; Nachabe et al., 2005;
Szilagyi et al., 2007). However, the high spatiotemporal variability of
groundwater recharge and specific yield remain the primary challenge
of the White method (Fahle & Dietrich, 2014).

The analysis of daily fluctuations in streamflow in the absence of
rainfall during a flood recession is also a practical and cost-effective
way of characterizing catchment hydrological processes (Lundquist &
Cayan, 2002; Széles et al., 2018). Some studies used the diel fluctua-
tions in streamflow to estimate riparian zone ET (ET,). Troxell (1936)
and Boronina et al. (2005) estimated ET, using a similar approach to
the White method by assuming a constant recharge and computing
the daily flow deficit caused by ET during a flood recession. Loheide Il
(2008), on the other hand, developed an empirical relation based on
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FIGURE 2 A conceptual cross-section of a riparian zone and water balance components that contribute to streamflow during (a) night
and (b) day.

the rate of change of groundwater level during the periods of zero ET
at night to include the change in recharge between days and nights.
Later, Cadol et al. (2012) modified an empirical relation for estimating
ET from streamflow fluctuations by combining the empirical equation
developed by Loheide Il (2008) with the daily streamflow deficit.
However, uncertainties in identifying specific yields and groundwater
recharge for each night made these methods less practicable (Fahle &
Dietrich, 2014). In addition, some studies show that the riparian zone
and vegetations in streams play a dominant role in producing and con-
trolling the diel fluctuations in streamflow (Barnard et al., 2010; Bond
et al., 2002; Graham et al., 2012). However, the relationship between
ET and the riparian size for generating daily signals in streamflow has
been widely neglected in previous studies.

Therefore, the main aim of this study is to analyse the daily
streamflow fluctuations to estimate hourly and daily riparian ET while
evaluating the area of the riparian area around stream networks in a
headwater catchment. The new approach emphasizes the intercon-
nection between ET and the riparian zone to quantify the relationship
between ET and daily streamflow fluctuations and investigate how

changes in the riparian area affect ET loss.

2 | METHODS

2.1 | Calculation of riparian ET (ETr)
A conceptual cross-section of a riparian zone is illustrated in Figure 2.
In the absence of rainfall during a flood recession, the riparian water

balance can be written as:

dv
QR_QSf_QET:a (1)

where Qg is the groundwater recharge, Q; is the observed streamflow

at the outlet, Qgt is the ET flow abstract, % is the water storage

change in the riparian zone. Groundwater recharge can be influenced
by many factors, such as the difference in water level between the
river and groundwater, the hydraulic conductivity of the riverbed, and
changes in the groundwater recharge boundary (Brunner et al., 2009).
Since ET is negligible during nights, groundwater recharge is the only
source of flow in streams. Therefore, the difference in recharge
between day and night results in a diurnal streamflow fluctuation.

Previous studies report a lag time (t,g) between the maximum ET
in the catchment and minimum streamflow at the outlet for each diur-
nal fluctuation. For example, the maximum ET is observed between
12 pm and 3 pm, and the minimum flow is between 5 pm and 8 am
(Kirchner, 2009; Szilagyi et al., 2007; Troxell, 1936). The lag time is
reported to be varied seasonally due to changes in the flow paths and
flow velocities (Barnard et al., 2010; Cadol et al., 2012). Also, it is sug-
gested that the lag time can be resulted from the riparian system's
dynamical lag to integrate the effects of its sinusoidal inputs into out-
puts over time(Kirchner et al., 2020).

In this study, a similar approach suggested by Gribovszki, Kalicz,
et al. (2008) for estimating ET from groundwater table fluctuations is
adopted for streamflow fluctuations. First, a Bezier-Spline interpola-
tion curve is fitted to the observed streamflow hydrograph in this
method. Then the differences between the interpolation curve and
streamflow are calculated as Q4. An example of fitting a Bezier-Spline
interpolation curve to a streamflow hydrograph is illustrated in
Figure 3.

The interpolation curve is formed by linking the daily minimum
and maximum discharge points at the beginning and end of the
periods when the effect of ET became negligible on streamflow. Time

series of ET from the active riparian area (ET,) is obtained by:

ET, (t—tiag) 0] )

where ti,; is the lag time between the maximum ET and minimum

streamflow observed at the outlet for each fluctuation, ET, (t-tjg) is
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FIGURE 3 An example of fitting
a Bezier-spline interpolation curve to
a streamflow hydrograph, estimation
of streamflow deficit Q4 and lag time
tiag; and a comparison with potential
evapotranspiration (PET) and Qq
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the time series of average ET abstracted from the riparian area, Qq(t)
is the streamflow deficit which is the difference between the interpo-
lation curve and streamflow at the outlet, and A/t) is the size of the

riparian zone that actively contributes to the streamflow fluctuations.

2.2 | Area of the riparian zone, Ar(t)
It has been observed that groundwater storage in the riparian area
decreases as the catchment starts to dry out (Bond et al., 2002). As a
result, the active riparian zone shrinks gradually as groundwater stor-
age reduces. Although the ET per unit area remains unchanged during
the recession, the total volume of water ET loss in the riparian zone
decreases slowly as the size of the riparian area decreases. A concep-
tual example of the shrinkage of the active riparian area around a
stream network in three-time steps is illustrated in Figure 4.

An exponential expression is often used to explain the flow

decline during a recession (Tallaksen, 1995).

Qs = Qok' (3)

where Qg is the streamflow in the recession period, k is the recession
constant, and Qp is the flow at the beginning of the recession. Qo is
defined using a recursive digital filter-based flow separation method,
that is, (Lyne & Hollick, 1979). The basic equation for the digital fil-
teris

0 otherwise

Qaut(t) = forQ(t)>0

4)

where Qg is the quick flow at time t, and is the digital filter parameter
through which the shape of the separation curve can be altered. Qo as
the beginning of the recession period can be estimated as a point where
the quick flow has become zero after a rain event. An example of esti-
mation of Qg using the Lyne & Hollick digital filter is shown in Figure 5.
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FIGURE 4 A schematic of the active
riparian area around a typical stream
network after a flood event in three time-
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During a flood recession, where groundwater recharge is the only
450 1 Observed Kiow resource and ET is the sole abstracting agent, the area of the active
400 | Base Flow riparian zone may have linear, exponential, power, and so forth, rela-
350 4 tionships with the streamflow rate during a recession period (Fenicia
et al., 2006; Spence & Mengistu, 2019). In this study, a simple linear
300 A . .. . . e s
= relationship is assumed. However, this assumption can be modified if
E 250 1 other correlations are desired. Therefore, the area of the riparian zone
é 200 4 is assumed to be directly proportional to the streamflow rate:
g
8 150 A t
7 Ar(t) =Aok (5)
100 A
50 1 where Ag is the initial active riparian area at the beginning of the
0 : , . ‘ —— : : recession.

Time (days) Combining equations 3 and 5 yields:

FIGURE 5 Separation of quick flow and baseflow with the Ao
Ar==Qs (6)

Lyne & Hollick digital filter method when oc = 0.95 Qo
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FIGURE 6 The Toenepi catchment and the study area boundary

Then, combining Equations (2) and (6) yields:

ET, (1 tu) = g s )

Equation (7) hereafter is the “new method” for estimating a time
series of average ET abstracted from the active riparian area (ET,). It
should be noted that Equations (5)-(7) are developed based on the
assumption that a linear correlation exists between the riparian area's
size and the river flow. However, for the cases where the relationship
is not linear, equations 5 to 7 need to be modified to reflect the non-
linear relationships.

3 | MATERIALS

3.1 | Studyarea

The Toenepi stream (WGS84 coordinates: —37.7146, 175.5632)
drains a small catchment in the Waikato region, New Zealand
(Figure 6). The catchment has an area of 1.6 ha and an elevation range
from 40 to 130 m above mean sea level. The catchment is one of the
five representative dairy focus catchments in New Zealand, with a
good record of hydrological data available (Wilcock et al., 2006). The
ground surface topography is primarily flat (max slope 6.5%) and fully

Legend
Data Points
@ Metstation
Open Drain
Rain Gauge
Sub-Surface Drain
Weir
Well
s Streams
E Study Area
(| Toenepi Catchment Boundary

= hrEOB

covered by pasture apart from the riparian plantings around the Toe-
nepi stream, which mainly consist of shading trees and shrubs
(Wilcock et al., 2006). The vicinity of the stream comprises poorly
drained Topehaehae soils (clay texture with fine loamy topsoil) (13%)
developed from recent alluvium on river flood plains, 47% freely
drained Kereone (sandy loam texture) and Kiwitahi soils (silty loam
texture), and 40% of Morrinsville ash soils (clay texture) (Mller
et al., 2010). The catchment receives an annual average rainfall of
1160 mm with an estimated ET of 892 mm/year (2003-2012), which
gives a yearly water yield of around 399 mm/year (Woodward
etal., 2013).

3.2 | Dataaccess

The streamflow is monitored continuously from 1995 to 2014 at
15-min resolution, using a V-notch weir at the outlet (Wilcock
et al., 2006). For this study, the available 15-min streamflow is con-
verted to hourly values to be unified with the other meteorological
data obtained from the weather station located in the study area.
Then hourly PET time series are calculated using the FAO-56
Penman-Monteith method (Allen & Pereira, 1991).

_ 0.408A(R; — G) + 7729952 (es —€q)

PET A+7(1+0.34uy) (®)
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FIGURE 7 Daily flow fluctuations in Toenepi stream in response
to temporal variations in ET from 12 January 2005 to
30 January 2005

where R, is the net radiation at the crop surface, G is the soil heat flux
density, T is the air temperature at 2 m height, y is the psychrometric
constant, u, is the wind speed at 2 m height, es is the saturation
vapour pressure, e, is the actual vapour pressure and A is the slope of

the saturation vapour pressure curve.

4 | RESULTS AND DISCUSSION

The hourly streamflow data from 2003 to 2013 are analysed to detect
the diel fluctuations. Sub-daily very small and sudden changes in flow
during the flood recession curves are ignored as it is assumed they
result from local and small rain events that did not impact the entire
recession curves. The end of fluctuation episodes happens either the
recession is interrupted by a rain event or the flow rate becomes too
low to carry any signal.

A total of 40 flood recessions with at least 4 days of fluctuations
are detected. The duration of the flood recessions is usually longer in
warmer months, as they are less likely to be interrupted by any precip-
itation. Noticeable diurnal fluctuations started from late winter in
August, dominated in spring (September-November) and summer
(December-February) and diminished around early autumn in March.
No flood recession was observed between April and July that meets
the required criteria. This is likely because the ET-induced streamflow
fluctuation area is a summer phenomenon, and the recession curves
are interrupted by frequent rainfall during winter.

As an example, Figure 7 shows the most extended fluctuation
event from 12 January 2005 to 31 January 2005, where a streamflow
recession with daily fluctuations is observed for 19 days before it is
interrupted by a rainstorm. During this flood recession, the PET
started at around 6 am, reached a maximum value at around noon, and
dropped to zero shortly after 7 pm. A lag time of 5 h is observed
between the PET and streamflow deficit Qg peaks.

4.1 | Calculation of ET,

The time series of Qq (the difference between the interpolation curve
and streamflow) is calculated by fitting Bezier-Spline interpolation

A, (t) = 10.18 (0.006%)

0 2 4 6 8 10 12 14 16 18
Time (days)

FIGURE 8 An hourly time series of Qd and hourly time series of
riparian area (A,) in Toenepi stream from a flood recession period
between 12 January 2005 and 30 January 2005

curves to flood recessions. As an example, an hourly time series of Qg
for the recession curve from 12 January 2005 to 30 January 2005 is
illustrated in Figure 8. The magnitude of Q4 declines as the average
daily discharge decrease during the flood recession. Sometimes, Qg
value becomes negative during the night when the spline curve does
not follow a sharp change in the actual recharge rate at the start and
end of the night. The negative Q, values are removed from the Qq
time series.

Pronger et al. (Pronger et al., 2016) suggested that the PET calcu-
lated from FAO-56 method is an appropriate reference for estimating
actual ET in pasture systems in the study area. Scotter and Heng
(2003) suggest that most pastures in New Zealand behave like the ref-
erence crop for most of the year. In addition, considering the majority
of vegetations in the riparian area have access to adequate groundwa-
ter resources and water fluxes, PET reasonably well estimates the
actual ET in the riparian zone (Loheide et al., 2005).

Therefore, it is assumed PET truly represents actual ET in the
study area. The hourly time series of ET, is calculated by minimizing
the root-mean-square error between PET and ET, calculated from
Equation (7) by varying Ag as a changing variable in the MS Excel
solver.

The goodness of fit measure suggested by Kling-Gupta efficiency
(KGE) (Gupta et al., 2009) is used to measure the correlation between
PET and ET,.

2 2
KGE—1_\/(r_1)2+<"Pi—1) +<@—1> 9)
HET, OET,

where r is the Pearson's correlation between PET and ET,, upgr is the

mean of PET, ugr, is the mean of ET,, oper is the standard deviation of
PET andogr, is the standard deviation of ET,. KGE ranges between
0 and 1, where 0 means no correlation and 1 represents a perfect
correlation.

The estimated ET, with and without considering 5 h lag time are
compared with PET and shown in Figure 9a. The correlation is not
strong when the lag time is neglected. However, by offsetting the ET,
values by 5 h, a clear relationship appears in Figure 9b.
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Ultimately, a comparison between the time series of A, and Qy indi- 0-
T T T T T
cates that the diel signal amplitude is directly proportional to the size 0 1 2 3 4

of the riparian area.

4.2 | Analysis of hourly time series of ET,

Hourly estimates of PET and ET, for 40 flood recessions are calcu-
lated, along with the goodness of fit (KGE) and lag time illustrated in
Appendices A, B and C (Figures A1, A2, and A3).

Overall, the new method shows an acceptable performance in
estimating the hourly time series of ET, compared to PET. For exam-
ple, the goodness of fit (KGE) average for all flood recessions events is
0.83. However, a better correlation between ET, and PET is observed
when there are fewer variations in solar radiations during the day, and
PET has a simple bell shape graph. For example, in a spring event from
5 September 2009 to 9 September 2009, the goodness of fit between
PET and the new method is 0.96. On the other hand, when solar radi-
ation frequently changes, the correlation between PET and ET,

declines.

Time (Days)

FIGURE 10 Analysing the impact of solar radiation on PET
and ET,.

Also, a reasonable correlation can be observed between ET, and
solar radiation. Figure 10 compares the hourly solar radiations with
the diurnal signals in streamflow. It shows that the change in radiation
due to temporary cloud cover impacts the diurnal signals in stream-
flow. This impact is more recognizable in spring and early summer

events.

4.3 | Seasonal variation of ET,

The average daily ET, and PET for all events are calculated and com-
pared as a scatterplot in Figure 11. Also, the seasonal breakdown of
the average values of the PET and the estimated ET,, along with the
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statistical model evaluation performance, are provided in Table 1. The
summer season is further divided into high (more than 1 m3/s) and
low flows (less than 1 m3/s) to indicate the difference in properties of
high and low flow diel fluctuations.

The summer events show a higher average daily ET,, around 3.5
(mm/day), and winter events are the lowest at around 0.83 (mm/day).
In autumn and spring events, the average daily ET, ranges from 1.5 to
4 (mm/day). The scatterplot shows a good agreement between aver-
age daily PET and ETr with a goodness of fit of (KGE = 0.88). How-
ever, comparing a linear trendline to all events with a 1:1 line shows
that daily average ET, is marginally lower than PET. This may be due
to one of two reasons. First, the spline method calculates ET, based
on the volume of the missing flow. Therefore, if the amplitude of the
diel signal is reduced as it travels from the riparian zone to the stream,
it could result in a lower estimated ET,. Second, the active riparian
area might be smaller than the calculated in this linear riparian reser-
voir method, which in turn, the model increases ET, to balance the
results.

The average of the maximum active riparian area (Ao) is calculated
as 3% of the catchment area for all events. However, spring and win-
ter events show a higher percentage of the area contributing to the
diel fluctuations than summer and early autumn. Moreover, summer
and early autumn had more low flow fluctuations as compared to
spring and winter. This is due to the drier conditions in the former

seasons, where only a very small portion of the riparian zone is active
and contributing to streamflow fluctuations.

Overall, the new method shows an acceptable performance in
estimating the hourly time series of ET, compared to PET. For exam-
ple, the average goodness of fit (KGE) for all flood recessions events is
0.83. However, a better correlation is observed when there are fewer
variations in solar radiations during the day, and PET has a simple bell
shape graph. For example, in a spring event from 5 September 2009
to 9 September 2009, the goodness of fit between PET and the new
method is 0.96. On the other hand, when solar radiation frequently
changes, the correlation between PET and ET, declines. This may be
because the footprint of solar radiation on ET, is more recognizable in
spring and early summer events. Also, there is a weak connotation
between cloudiness and daily streamflow variability in summer, where
the moisture conditions are dry and minor variations in diel signals

cannot transfer to streamflow (Sumargo & Cayan, 2018).

44 | Seasonal variation of lag-times

The lag time is calculated for all recession episodes. A summary of

seasonal variation of the lag time between ET, and streamflow

8 -
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FIGURE 12 Seasonal variation in the lag time to between ET, and

streamflow response in the Toenepi stream from 2003 to 2013.

Seasonal breakdown of the average PET and ET,, along with the statistical model evaluation performance.
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FIGURE 11 Seasonal comparison of daily average PET and ET,
TABLE 1
Daily PET Daily ET, Ao
Seasons mm/day mm/day %
Autumn (March) 2.81 2.65 0.5%
Spring 2.94 2.51 4.0%
Summer 4.00 3.64 3.8%
Summer (low flew) 4.02 347 0.5%
Winter (August) 1.03 0.83 6.3%
Grand average 3.23 2.99 3%

Qo tiag Bias

m3/h Hours % Daily RMSE KGE R?
5.29 2.80 7.5% 1.00 0.68 0.58

55.36 5.33 6.9% 0.65 0.77 0.69

41.58 5.50 8.7% 1.10 0.81 0.73
1.73 2.33 12.7% 1.11 0.70 0.62

73.53 5.50 5.1% 0.20 0.74 0.66

41.85 4.85 7.9% 0.84 0.76 0.68
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response is illustrated in the Toenepi stream from 2003 to 2013
Figure 12.

On average, in 40 cases, the lag time is 4.86 h, with a standard
deviation of 1.47 h. It is observed that the lag time (t.¢) and the
streamflow deficit (Q,) vary seasonally. The average lag time is slightly
shorter in spring (5.3 h) than in summer (5.52 h), but the active ripar-
ian area associated with the time lag is larger in spring than in
summer.

There could be a few explanations for this seasonal variation of
lag time. One explanation for the seasonal variation is that the sea-
sonal change in vegetation in streams results in varying the roughness
of the stream networks changing flow paths and baseflow velocities
(Bond et al., 2002; Graham et al., 2012) and, consequently, the lag
time. Also, at the beginning of spring, there is an increase in tempera-
ture and vegetation activities. In addition, soil moisture and ground-
water storage are larger in spring than in summer. Therefore, a larger
portion of the riparian vegetation can tap into groundwater, creating a
local depression in the groundwater table. The diel fluctuations thus
produced are then able to move toward stream more quickly due to
well-connected pore spaces. Therefore, the water movement through
the flow paths involved is relatively fast.

On the contrary, the low flow fluctuations in summers could be
due to the high summer ET demand, which causes groundwater levels
to drop quickly following a precipitation event. Only the plants very
close to the stream can trap the stream base flow to transpire. More-
over, the falling groundwater table deepens the unsaturated zone,
makes the flow paths disconnected and decreases the overall head
gradients. This causes the ET-induced diel signals to move relatively
slow toward the stream network.

The shortest lag times of 2-3 h are observed for very low flow
(<2 m®/h) in the events in February and March. These short lag times
for low flows suggest that a very small portion of the riparian area
near the stream contributes to the streamflow through the hyporheic
exchange. Therefore, any change in the ET rate more rapidly impacts
the streamflow at the outlet. Moreover, March was observed as the
last month with flows showing diurnal fluctuations, which suggests
that the diel fluctuations started to disappear at the beginning of
autumn.

5 | CONCLUSIONS

This study developed a new method to estimate riparian ET by analys-
ing the streamflow response to diurnal ET. It is assumed that the daily
flow fluctuations occur because of the ET differences between day
and night. The new method estimates a temporal variation of the
active riparian area during a flood recession by assuming a linear cor-
relation between groundwater storage and active riparian area. The
estimated riparian ET from the new method shows an acceptable cor-
relation with the hourly PET calculated from FAO 56. The method
provides a better understanding of the impact of the riparian zone on
streamflow patterns. In addition, the new method requires fewer

experimental parameters to estimate ET abstracted from riparian zone

than the calculation of PET from conventional methods, for example,
FAO 56. Moreover, PET is used as a reference to optimize the riparian
ET and estimates the active riparian area at the beginning of the
recession. However, if a reliable discharge-area relationship is avail-
able from field investigation or another procedure, the daily fluctua-
tions in streamflow can predict riparian ET values without needing

PET as a reference.
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FIGURE A1 A comparison between hourly PET estimated by FAO 56 and ET, estimated by the new method during spring months
(September-October-November)
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FIGURE A2 A comparison between hourly PET estimated by FAO 56 and ET, estimated by the new method during the summer months
(December-January-February)
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FIGURE A3 A comparison between hourly PET estimated by FAO 56 and ET, estimated by the new method during the winter (August) and

early autumn (March) months.
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