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Abstract. Hydrograph recession during dry periods has beenExperiment (GRACE), are spatially averaged over regions
used to construct water storage—discharge relationships arttiat have areas of 1 000 000 krand greater (Swenson et al.,
to quantify storage dynamics and evaporation when stream2006). However, the observation data on the watershed water
flow data is available. However, variable hydrologic connec-storage or dynamic storage change are usually not available
tivity among hillslope—riparian—stream zones may affect theat the watershed scale. In some studies, storage changes are
lumped storage—discharge relationship, and as a result, affeestimated from localized measurements of piezometer wells
the estimation of evaporation and storage change. Given oband soil moisture probes (Wang, 2012a), but the estimation
servations of rainfall and runoff, and remote-sensing-baseds strongly dependent on spatial heterogeneity of subsurface
observations of evaporation, the ratio) petween estimated properties (Kirchner, 2009). The dynamic storage change can
daily evaporation from recession analysis and observed evamlso be estimated as the residual by water balance (Sayama et
oration, and the ratiof) between estimated contributing al., 2011); however, this method is constrained by data avail-
storage and total watershed storage are computed for 9 wateability and the uncertainty with observations or estimations,
sheds located in different climate regions. Both evaporatiorespecially evapotranspiratiof). Therefore, itis a challenge
and storage change estimation from recession analysis ate provide techniques and methods to quantify integrated
underestimated due to the effect of partial contributing stor-storages at the watershed scale (Beven, 2006).
age, particularly when the discharge is low. It was found that Given streamflow observations, watershed fluxes (pre-
the values of decrease significantly during individual reces- cipitation or evapotranspiration) and water storages can
sion events, while the values gfare relatively stable during be estimated by storage—discharge functions based on the
a recession event. The valuespfre negatively correlated streamflow recession analysis proposed by Brutsaert and
with the water table depth and vary significantly among re-Nieber (1977). Kirchner (2009) characterized a watershed
cession events. The partial contributing storage effect is onevater balance using a single nonlinear storage—discharge re-
possible cause for the multi-valued storage—discharge relaationship derived from recession curves and demonstrated
tionship. its utility for both hydrologic prediction and inversion (e.g.,
reconstructing precipitation and evaporation records from
a streamflow hydrograph). Teuling et al. (2010) applied
the simple dynamical systems approach to simulate stream-
1 Introduction flow dynamics for the Rietholzbach watershed in northeast-
ern Switzerland. In both studies, the streamflow dynamics
Partition, storage, and release are the three basic funCtiOﬂﬁere modeled very well by Constructing watershed storage—
of a watershed (Wagener et al., 2007). Storages are the stag@scharge functions based on high quality observation data.
variables characterizing the status of the hydrologic systemysing storage—discharge relationships derived from reces-

The terrestrial water storage anomalies, which are estimategion flow analysis, Ajami et al. (2011) quantified mountain
using satellite data from the Gravity Recovery and Climate
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block recharge by estimating changes in storage duringlue to obstruction of the channel by vegetation (Blyth and
wet periods. Krakauer and Temimi (2011) characterized theRodda, 1973). Riparian zones are the interfaces between hill-
streamflow recession pattern in 61 relatively undisturbedslopes and streams; water table fluctuations in riparian zones
small watersheds with hourly streamflow data and estimatedire usually not significant (Jencso et al., 2009). Even within
the seasonal and interannual storage variations inferred frorillslope or riparian zones, bedrock depressions can be dis-
storage—discharge functions based on the recession curvesonnected during low flow periods (McDonnell et al., 1998;
Applying a nonlinear storage—discharge function, Szilagyi etButtle et al., 2004; Tromp-van Meerveld and McDonnell;
al. (2007) computed watershed-scaleduring flow reces- 20064, b).
sion periods with the help of a lumped version of the water Since the hydrologic connectivity between hillslope, ri-
balance equation for a watershed. Using a similar methodparian, and stream zones varies with time, the storage—
Palmroth et al. (2010) estimated long-term annual evapotrandischarge function may also vary when total watershed stor-
spiration at 11 watersheds in North Carolina and comparedge is used in the lumped discharge model. The variable
the estimated annudl with that estimated using an eddy characteristic of the storage—discharge function has been re-
covariance method and a biochemical and ecophysiologicaported by several studies (e.g., Rupp et al., 2009). Using
model. Wang (2011) applied the recession analysis to estia linearized distributed model, Sloan (2000) found that to-
mate bedrock leakage and return flow from bedrock wateital water storage and groundwater discharge is not a one-
storage. to-one relationship. A hysteresis-type relationship between
The estimated evaporation and water storage dynamicstorage and streamflow has been reported due to the vari-
from the lumped storage—discharge relationship are usuallyable hydrologic connectivity of water storage (Spence et al.,
used to represent the entire watershed. The underlying a2010). Clark et al. (2011) demonstrated that a multi-valued
sumption is that all of the subsurface storage in the wa-storage—discharge relationship could be replicated by a sim-
tershed contributes to the streamflow observed at the outlgble lumped conceptual model with two parallel stores rep-
(Wang, 2012b). In these studies, a one-to-one relationshipesenting the saturated zone. Krakauer and Temimi (2011)
between storage and discharge was used and the estimategported that storage change estimated from base flow reces-
dynamic storage changes represent values at the watershebn is underestimated compared with GRACE-based esti-
scale. However, in some watersheds, a storage—dischargeation.
function may only represent a partial storage of the wa- Therefore, it is necessary to assess the potential impact
tershed. Violating this assumption may affect the evapora-of one-to-one storage—discharge relationships on evaporation
tion and storage change estimation significantly, especiallyand storage change estimations. The objective of this study is
in large watersheds with considerable spatial heterogeneityo evaluate the effect of partial contributing storage resulting
of soil water storage. from variable subsurface hydrologic connectivity on water
The connectivity of water storage contributing to stream- storage—discharge relationships derived from recession anal-
flow varies spatially and temporally, especially during dry ysis. Evaporation estimation based on remotely sensed data
periods. During dry periods, not all of the landscape com-over large spatial scales and with high resolution is utilized
ponents (hillslope, riparian and stream zones) are hydrologifor the assessment (Mu et al., 2007; Zhang et al., 2010). In
cally connected to the watershed outlet and further contributehis paper, the estimation of evaporation and storage change
to the observed base flow. In subsurface hydrology, spatialising storage—discharge functions will be evaluated based on
heterogeneity of hillslope—riparian—stream zones has beenbserved rainfall, streamflow, and observed evaporation from
found to be an important factor in water table response toremote sensing data for 9 watersheds located in different cli-
precipitation (Ewen and Birkinshaw, 2007; Vidon, 2012) and mate regions. The ratio between estimated daily evaporation
base flow recession behavior (Clark et al., 2009; Harman efrom recession analysis and observed evaporation, and the
al., 2009). Moreover, at the plot scale, water table dynamicgatio between estimated contributing storage and total water-
can be independent of streamflow in hillslope and riparianshed storage are computed for the 9 study watersheds. Their
zones (Seibert et al., 2003; Vidon and Hill, 2004; Rodhe andtemporal variability is then discussed.
Seibert, 2011). Due to this spatial heterogeneity, the flow-
ing stream network expands to respond to rainfall events
and contracts during drought periods (Gregory, 1976; Day2 Methodology
1978). Biswal and Marani (2010) demonstrated the linkage
between base flow recession and the spatial organization ¢f.1 Recession analysis
stream networks with a focus on the contraction of active
stream networks. Even in an active stream network, the hyHydrograph recession analysis is often utilized to derive wa-
drologic connectivity of riparian and upland zones to a chan-ter storage—discharge functions at the watershed scale. In
nel may decrease during dry periods (Ocampo et al., 2006the recession analysis method proposed by Brutsaert and
Molenat et al., 2008). Some river reaches may even becom8lieber (1977), recession slopedQ/dr) is plotted as a func-
entirely detached from the riparian zone at very low flows tion of discharge ). This method facilitates the analysis on
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10t i i i When there is no rainfall and the net groundwater flux
Data from outside the watershed is negligible, the water balance
10" | ——b,=2.2;2,=0.035 o 1 equation during recession events can be written as
....... b_=1.2;a,=0.01
4 P ) ds
10k E = —Q — E, (2)

whereS (mm) is the depth of water storage contributing to
observed base flow at the outlet, normalized over the entire
watershed area. Similarl, (mm) is the depth of evaporation

-dQ/dt (mm/day?)

107l ) ] from the contributing storage, normalized by the watershed
area. BothS andE are not the corresponding total values for
10°L = = — . the entire watershed. The storage—discharge function derived
10 10 10 10 10 from hydrograph recession is a conceptual lumped model.

Q (mmiday) The unsaturated and saturated zones are modeled by one stor-

Fig. 1. —dQ/dr versusQ and the lower envelope for the Spoon 29€ term. Therefore, evaporation in E2).i¢ assumed to rep-
River watershed based on daily streamflow data for the period of€Sent the total evaporation from both unsaturated and satu-
1 January 1983-31 December 2003. rated zones (Szilagyi et al., 2007; Kirchner, 2009; Palmroth
et al., 2010).

The recession parameters can be estimated at the lower
a collection of recession events and minimizes the impact onvelope where the impact of evaporation is minimal (Fig. 1).
recession starting time on parameter estimation. As propose§0mbining Eq. 2) when the evaporation impact is minimal
by Brutsaert and Nieber (1977), the relationship between rewith Eq. (1), the storage—discharge relationship is obtained:
cession slope and discharge can be modeled as a power func- 4
tion: ds =~ otdo. (3)

_do _
dr

Substituting ¢ into Eq. @), evaporation can be estimated
based on the observed recession slope and discharge (Palm-
roth et al., 2010):

aQ’. (1)

Exponenth is dimensionless and the unit @fdepends on
the value ofb. O (mmday?) is groundwater discharge per £ —dQ/dr Ql_b 0 @
unit watershed area. The data pahas%@, Q) can be com- T a ’
puted by the difference of dis.charges in consecutive days The effect of evaporation on hydrograph recession has
(Q’_Q.f“) and the average d'SChargeQ%Q’“)/_z)' e~ peen reported in many watersheds (Federer, 1973; Daniel,
spectively (Brutsaert and Nieber, 1977). Recession period§g76) The seasonal variability of recession rate is caused by
were SgleCt%%When there was no rgmfall. As an example, thgeasonal patterns of evaporation (Wittenberg and Sivapalan,
data pairs {-5=, Q) for the Spoon River watershed are plot- 1999).
ted in Fig. 1. do During the late recession, the exponent, which is repre-
Based on the plot of- -3~ versusQ on log-log space, the sented by, is usually less than 2. The contributing storage

function of—%? = f(Q) and, further, the storage—discharge is optained by integrating Eq3):
function can be constructed. Several methods have been used

to estimate the parameters in the literature (Ding, 1966, Q% b2 ()
2012; Stoelzle et al., 2013). Vogel and Kroll (1992) estimated” ~ """ ' ap(2—by)’

the parameter values in EdL)(by linear regression. Kirch- . - .
4 . . Sm is interpreted as the minimum storage for generating base
ner (2009) proposed the use of polynomial functions to fit s o
flow, which is set to 0 in this study.

the binned data points from the recession analysis. There- . . S
During the early recession, the exponent, which is repre-

fqre, the power fgncnon in Eqf was not a;sumed aprion.  <ented byb1, is usually larger than 2. The contributing stor-
Since the recession rate of groundwater discharge is smaller

than other storage components, Brutsaert and Nieber (197ﬂge is computed as

proposed placing a fitted line at the lower envelope of the Q%

data points. The effect of evaporation on recession parame¥ = Sc+ w @b’ (6)

ter estimation is minimal at the lower envelope. In this study,

the lower envelope method is used for estimating the recesSc is interpreted as the storage capacity (Kirchner, 2009).
sion parameters andb. Furthermore, the recession period Storage and discharge functions based on Eq. (5), which are
is separated into early recession and late recession with twgstimated from recession analysis as shown in Fig. 1, are usu-
pairs of parametersq{, b1) and (@2, b2), respectively. ally assumed to be one-to-one relationships.
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Discharge at the transition point from early to late reces- Combining equation®j and (L1), the contributing storage

sions is a function of four recession parameters: parameter at is computed by
b=tz S (t2)
* az\ bi-b2 B(12) = . 1
o= <_1> ‘ @ T[S/ - Q) — TEG)] (12)

o ) At the onset of the recession even)( the value ofg is
For the parameters in Fig. £ is 0.29mmday* forthe  a55umed to be equal to the averageraluring the reces-
Spoon River watershed. I > 05, the recession is at the  sjon event, sincer and 8 are both primarily controlled by
early stage. Otherwise, it is at the late stage. According the variation of contributing storage in the watershed. This
Eq. (5), the storage capacity can be computed gigand  assumption is used for determining the initial valuggah a

Q¢ recession event. The uncertainty of the initial valug afoes
w2b2 w21 not affect the generalization of the findings.
Se = Sm+ %o _ % ) (8) The assumptions in this study are summarized as follows:
a2(2—b2)  a1(2—by) (1) the storage in unsaturated and saturated zones is treated as
Storages for the late and early recessions are computed Hjne storage component; (2) the recession eventincludes early
Egs. 6) and ), respectively. recession and late recession, which can be represented by two

As discussed earlier, due to the effect of partial contribut-Power relationships; (3) the contributing storage-discharge
ing storage S in these equations is the contributing Storagefunctlon is fixed and can be estimated by the lower gnvelope
normalized by the watershed area. The ratio of contributing®f the plot of—dQ/dr ~ Q; (4) the water balance during re-

Storage to total Storage is represente(ﬁby cessions can be described by Eq (2), (5) for individual re-
S cession events, the initial value gfis assumed to be equal

f=— 9) to the average value of during the event.
TS

where TS (mm) is the total depth of water storage per uni
watershed area. Similarly, the ratio of evaporation estimate
by Eq. @) to total evaporation is represented by

t2.3 Data selection andSy,

dI'he analysis in this paper is based on recessions during the
period of April-October in order to focus on the rainfall
_E (10) events. The following criteria are used to filter recession seg-
T TE’ ments: (1) declining streamflow; (2) no rainfall during a re-

where TE (mm) is the total evaporation per unit Watershedf:l_?]SSIon evgnt; (3)a recess:;)nggep \ieQrg,tJr'% I_onger dthan 4 days.
area. The variables and 8 can be interpreted as the frac- e recession rate compute 2 IS used to com-

tion of the watershed underlain by aquifers that contributed?!t€ S (t+1) as;ociated With discharg@(r+1)._ 'I_'he esti-
to streamflow. The values afandg are indicators of hydro- mated storage in Eq. (5) is affected by the minimal storage

logic connectivity among hillslope—riparian—stream zones._Sm’ which is set to 0. However, the estimation of evaporaiion

The variability of 8, such as seasonal variation, is one po- in Eq. @) is unaffected bysm.
tential factor for variable storage—discharge functions, at the

watershed scale. 3 Study watersheds and data

2.2 Estimation ofe and 8 Table 1 shows the background information of 9 selected
watersheds, including watershed name, USGS gage station

In order to explore the |mpact of the vgrlablle contributing identification number, drainage area, and climate aridity in-
storage on the storage—discharge relationship, the values ex. The values of climate aridity index for the watersheds

« a_\nd,B are est_|mated n _the s_tudy Watersheds._ At each In'range from 0.38 to 1.34. Rainfall and runoff data during the
dividual recession event, is estimated as the ratio between

. d dailg f E d ob d dail period of 1948-2003 were obtained from the Model Param-
e_stlmat% allyE from Eq. @) an observed daily evapora- oer Egtimation Experiment (MOPEX) data set (Duan et al.,
tion (E°PS based on remote sensing data at the watershe

| 006). Daily actual evaporation during the period of 1983—
sca eh . imated h 0 bet i 006 was obtained from the data set developed by Zhang et
B, however, is estimated as the ratlp etween estimated, (2010). Weather-station-based observations and normal-

Storage ar_1d total storage. For a recession se_gment, the val%d difference vegetation index (NDVI) from remote sens-

of 8 is estimated by the water balance described as fOIIOWsing data are utilized for evaporation estimation at each pixel

Storzgt;as at two cohnsecutlive daﬁf}tlé andS(z2), r?re com- ith a spatial resolution of about 8 km. The grid-based values
puted by Eq. (5). The total watershed storage change is equy daily evaporation are aggregated to the watershed level.

to the sum of discharge and total evaporation: The evaporation algorithm accuracy was evaluated by com-
TS(t1) — TS(t2) = O(t2) + TE(t2). (11)  Paring the estimated evaporation with tower-measured me-
teorology results from the FLUXNET data archive, which
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Table 1. Watershed name, USGS gage number, drainage area, climate aridity £leR)( and estimated recession parameters for the 9
case study watersheds.

Watershed USGS Drainage areaE /P R:;emszgr]
gage (kn?) P
ap b1 ag by

Spoon River, IL 05570000 4237 1.09 0.035 2.2 0.01 1.2
Holston River, VA 03473000 785 0.61 0.02 23 0.03 14
Nantahala River, NC 03504000 134 0.39 0.0015 29 001 15
Little Sioux River, 1A 06606600 6475 1.34 0.022 25 0.02 15
Valley River, NC 03550000 265 0.38 0.004 3 0017 15
Clinch River, VA 03524000 1380 0.68 0.025 29 0.03 15
Powell River, VA 03531500 827 0.60 0.025 29 0.035 15
Nodaway River, IA 06817000 1972 1.17 0.05 28 0.025 15
Big Nemaha River, NE 06815000 3468 1.34 0.15 3 0.025 13

4 Results and discussion

MN N

) " M A 2 The values or andg in the 9 case study watersheds shown
o in Table 1 are calculated using the method discussed above.
The Spoon River watershed will be discussed in more de-
NE ‘%‘f;'?‘ ’ oH tails as mentioned previously. As shown in Fig. 1, the reces-
-l " N sion parameters for the Spoon River watershedare 2.2
and a1 = 0.035 for the early recession ard = 1.2 and
Wy az = 0.01 for the late recession. The values of the recession
Ks MO parameters for the other 8 watersheds are shown in Table 1
Y ¢ and the corresponding plots efdQ/d: ~ Q can be found in
the Supplement.

NC

AR 0100 29 o o 4.1 Underestimation of evaporation from base flow

oK ™

A sc

recession analysis

Fig. 2. Locationsj of t_he_9 study_ Wa_tershe(_js with Spoon River wa- Estimated daily evaporation from the lumped storage—
tershed located in lllinois and hlghllghted in dark blue. discharge relationship is Compared with evaporation esti-
mated from remote-sensing- and weather-station-based data.
are based on measurements from 82 tower sites (Zhang &tor demonstration purposes, Table 2 shows two recession
al., 2010). Based on their results, the root mean square erra@vents: (1) the Spoon River watershed during May 1994 in
(RMSE) of the estimated evaporation for sites in the UnitedTable 2a, and (2) the Nodaway River watershed during June
States is 32 W m?, which is around 1.20 mmday. Con- 1995 in Table 2b. The estimatétiby Eq. @) and E°°Sfrom
sidering the availability of rainfall, runoff, and evaporation remote sensing data are shown in columns 6 and 7, respec-
data, this study is focused on the period of 1983-2003. tively. As can be seen in Table 2, the estimated evaporation
Among the 9 study watersheds, Spoon River watershedrom recession analysis is much smaller tHft?S. Figure 3
located in lllinois will be discussed with more emphasis plots estimated versust°PSfrom all 9 watersheds. Most of
(Fig. 2) because of the rich data availability. Soil moisture the estimated values of evaporation are smaller than the re-
observations during 1981-2004 and groundwater level obmotely sensed values and 93 % of data points are below the
servations since the 1960s are available (Changnon et all: 1 line in Fig. 3.
1988; Hollinger and Isard, 1994; Scott et al., 2010). These There are two potential reasons that a mismatch between
data sets can be used to explore the seasonal water storagstimatedE versusE®PS can be induced: either the values
changes directly (Wang, 2012a). The land cover in this wa-of E are underestimated, or the valuesKSi®S are overes-
tershed is primarily agricultural (85 %) and includes corn andtimated. HoweverE®Sis not biased toward overestimating
soybean crops; the remaining land cover includes forest, barevaporation as discussed earlier and the average RMSE of
ren, and urban lands (Demissie et al., 2007). The soil thick-E°*Sis 1.2 mmday!. The detailed uncertainty assessment
ness of river riparian zones varies from 5 to 15ft. (IDNR, of E°PSis discussed in the next section. Even if 1.2 mmday
1998). of overestimation inE°PSis assumed, the estimatéxis still
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Table 2a.0ne recession event from the Spoon River watershed in lllinois in May 1994.

Date P 0 —do/dr S EstimatedE EoObs o B
(mmday1l) (mmdayl) (mmday1?) (mm) (mmday?l) (mmday?)

05/15/1994 0.40 0.84

05/16/1994 0.00 0.78

05/17/1994 0.00 0.71 0.0665 76.22 2.18 3.33 0.656 0.437
05/18/1994 0.00 0.65 0.0491 73.57 1.72 3.16 0.543 0.431
05/19/1994 0.00 0.61 0.0373 71.55 1.33 3.08 0.432 0.429
05/20/1994 0.00 0.57 0.0258 69.71 0.86 3.10 0.278 0.427
05/21/1994 0.00 0.56 0.0255 68.72 0.92 3.35 0.274 0.431
05/22/1994 0.00 0.52

05/23/1994 0.81 0.50

Table 2b. One recession event from the Nodaway River watershed in lowa in June 1995.

Date P 0 —dQ/dr S EstimatedE EObs a B
(mmday 1) (mmdayl) (mmdayl?) (mm) (mmday?l) (mmday?)
06/14/1995 0.51 0.70
06/15/1995 0.00 0.65
06/16/1995 0.00 0.60 0.0497 61.87 1.90 437 0.436 0.384
06/17/1995 0.00 0.55 0.0428 59.46 1.75 402 0435 0.357
06/18/1995 0.00 0.51 0.0329 57.28 1.33 3.75 0.353 0.330
06/19/1995 0.00 0.49 0.0298 55.81 1.22 391 0.313 0.319
06/20/1995 0.04 0.45
; , , , , , , lower envelope in Fig. 1 also affects the estimatiorEofif
the lower envelope in Fig. 1 was moved upward, the esti-
6r 1 mated evaporation would be even lower.

The underestimation of evaporation from hydrograph re-

o cession analysis can be explained by two major reasons:

af Leo e A58, 8, ] (1) the storage contributing to the observed base flow in the
L et wpet e outlet mainly comes from riparian groundwater during dry

periods and, therefore, the estimated evaporation by Eq. (4)

only accounts for evaporation from the riparian zone; (2) the

linkage between water storage in the unsaturated zone and

base flow becomes weak as the groundwater table declines.

As a result, evaporation from the unsaturated zone is not in-

6 7 cluded in the estimatefi from recession analysis. Because
of these two reasons, the value of estimakefiom Eq. (4)

: . . . . will be underestimated, since the estimatédrom the ri-

Fig. 3. Comparison between estimated evaporation from recession _ . L .

analysis and evaporation from remotely sensed data. parian zone or the cqntnbutmg storage to the base flow is

normalized by the entire watershed area.

Estimated Evaporation (mm)

Remote Sensed Evaporation (mm)

underestimated in most recession events. As shown in Ta-2 Uncertainty of remote sensing-based

ble 2, the estimatefi decreased from 1.72 to 0.92 mm day evaporation data

during a recession event in May in the Spoon River water-

shed while E°PS remained between the levels of 3.08 and The detailed uncertainty assessment is provided in Zhang et
3.35mmday?. The underestimation df is also supported al. (2010). As discussed in Sect. 4.1, even if the RMSE of
by the fact that potential evaporation of the Spoon River1.2mmd? of the remotely sensed evaporation from Zhang
watershed is 6.20 mmday and the land use is dominated et al. (2010) is considered an overestimation, the underes-
by agricultural lands, which include corn and soybean cropgimation of evaporation from recession analysis is still sig-
(ISWS, 2010). It should be noted that the placement of thenificant. Furthermore, Zhang et al. (2010) compared the
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Fig. 4. The slopes of three individual recession events in the Spoon
River watershed. Fig. 5. Estimatedx versus discharged) for the Spoon River wa-

tershed in 4 storage stages.

estimated multi-year mean annuaibased on remote sensing
data (denoted aBRrs,) with E estimated from water balance trend in values ofx is observed in the majority of the re-
(denoted ag|nferred . Please see Fig. 8 of Zhang et al. (2010) cession events in all of the study watersheds. The decreasing
for the illustration of this comparison. The percent differencetrend can be interpreted as a decrease of contributing stor-
betweenErs and Ejnferred is Within 10 %. age. On the other hand, the decrease o&n be interpreted

On the other hand, Zhang et al. (2010) also compared estias a decrease of vertical distance between the data point and
mated daily latent heat based on remote sensing data with oihe lower envelope, given that tti?"Sis relatively constant
served tower fluxes, and the correlation coefficient betweerdnd the lower envelop is fixed (Table 2a). In other words,
them is around 0.85 (USBO1 station, which is located in llli- the slope of a single recession event is not the same as the
nois, shown in Fig. 3 of Zhang et al., 2010). Two other perfor- slope of the lower envelope. Figure 4 and Table 3 show three
mance indicators (MR and RMSE) are also shown in Fig. 5 offecession events in the Spoon River watershed. As the data
Zhang et al. (2010). The accuracy Bks is well-quantified ~ shows, when the slope of an individual event is larger than
as discussed in their study. As mentioned previously, the rethe slope of the lower envelope (slopel.20) as shown in

motely sensed evaporatidiks is represented bg°Sinthis ~ Event 1 (slope=3.33) and Event 2 (slope 3.54), which is
studly. the most common case, the value cofwill decrease dur-

The validation of E°PS is provided in this study by com- ing the recession. When the slope of the individual events

paring remote-sensing-based mean andahlues for the is equal to or smaller than the lower envelope, as shown in
Spoon River watershed with soil water balance. The multi-Event 3 (slope=1.13), the value of will stay relatively con-
year (1983-2003) averagdt estimated from remote sens- stant or even increase slightly due to the uncertainty of the
ing data is 642 mm for the Spoon River watershed. Based ogvaporation data. However, for all three eventss smaller

soil water balance, Yeh et al. (1998) estimated the averagéan 1. The underestimation of evaporation is observed in
annualE for the state of lllinois to be 659 mm. Based on the most of the recession events, while the changing trend of
MOPEX data set, the mean annual rainfall is 922 mm and theénay be variable.

mean annual runoff is 272 mm; the mean annual evaporation The value ofx also varies with events and is dependent on
is computed to be 650 mm by assuming negligible storagdhe initial soil moisture and the groundwater table. For ex-

change. Therefore, the estimated evaporafiéffis reason- ~ ample, the water table rises after a heavy rainfall and, con-
able in the study watershed. sequently, more groundwater area contributes to the base

flow, which corresponds with a higher value @f At the
same time, higher discharge corresponds with a higher wa-
ter table. Figure 5 plots the relationship between estimated
The ratio between estimatel and E°PS, which is repre-  « and observed discharge for the Spoon River watershed. As
sented bye, reflects the significance of bias in the esti- the figure shows, larger values @fcorrespond with higher
mated evaporation. As shown in Table 2a, the valuexof discharges. Ther—Q relationship under 4 storage stages
decreases by 58 % from 0.656 to 0.274 during the recessiodry, wetting-up, drying-down, and wet) will be presented in
event, while the value af decreases by 28 % from 0.436 to Sect. 4.5.

0.313 during the event in Table 2b. In general, a decreasing

4.3 Temporal variability of «
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Table 3. Three individual recession events in the Spoon River watershed.

Date 0 —dQ/dt Eobs Eest a
(mmday 1) (mmday1?) (mmdayl) (mmday?)
Event 1 5/3/1988 0.2889 0.0171 239 190 0.793
5/4/1988 0.2745 0.0136 231 148 0.641
5/5/1988 0.2618 0.0122 254 1.33 0.523
5/6/1988 0.2502 0.0104 2.79 1.12 0.402
Event 2 6/13/1988 0.1023 0.0142 3.97 214 0.539
6/14/1988 0.0878 0.0099 3.74 151 0.405
6/15/1988 0.0826 0.0041 3.69 058 0.158
6/16/1988 0.0797 0.0046 3.83 0.68 0.178
6/17/1988 0.0734 0.0058 3.33 0.90 0.269
6/18/1988 0.0682 0.0032 3.17 0.48 0.151
6/19/1988 0.0670 0.0029 3.27 043 0.132
6/20/1988 0.0624 0.0023 3.33 0.34 0.102
Event 3 7/19/1986 0.5623 0.0780 5.73 3.88 0.678
7/20/1986 0.4970 0.0607 554 352 0.635
7121/1986 0.4409 0.0596 458 410 0.897
7122/1986 0.3779 0.0480 536 4.03 0.751
1 1
/_'
09 0.9
0.8 / 08 /
0.7 0.7 /
06 0.6 //
[V
é 0.5 // 8 05 /
0.4

04 . /
03 // 0:2 /
02 / o /

0 0 05 1 15 2
0 05 1 15 2 B

a

Fig. 6. Cumulative distribution function of for all of the study ~ Fi9- 7. Cumulative distribution function of for all of the study
watersheds. watersheds.

As a statistical summary on the underestimationBof ~ with a drainage area smaller than 100%rkKrakauer and
Fig. 6 shows the cumulative distribution function (CDF) Temimi(2011) compared the storage inferred from the reces-
curve ofa, in which 93.3% of thex values in the 9 study sion curve and the storage measured by GRACE and found
watersheds are smaller than 1 and over 70.2 % o#thial- that the variability of storage by the storage—discharge func-
ues are smaller than 0.5. This result indicates a significantions derived from the recession curves is typically smaller
underestimation of evaporation based on recession analysidiy a factor of 10. The effect of partial contributing storage

contributes to the discrepancy that was also observed in their
4.4 Temporal variability of g study.

The underestimations of both evaporation and storage

The underestimation of storage by the storage—discharge r&shange based on recession analysis are due to the effect
lationship is reflected in the values #f (the ratio of esti-  of partial contributing storage on base flow. Furthermore,
mated storage to total storage). Figure 7 plots the CDF curvéhe storage changes between two consecutive dag§sad
of g values in the 9 study watersheds. The valugsarfe less  ATS) are computed, and the ratios between th&§),ATS,
than 1.0 for 94.5 % of the data points, and are less than 0.&re obtained. Figure 8 plotsS/ATS versus (i.e., E/ E°PS)
for 72.7 % of the data points. Focusing on small watersheddor the Spoon River watershed. The correlation coefficient
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The value ofg can also be interpreted as the percentage
of water storage contributing to the base flow during low
flow periods when riparian groundwater storage is the major
source for base flow. Column 5 in Table 2 shows the relative
storage computed with Ech)and the last column shows the
values of 8 estimated by Eq.12) from water balance. As
shown in Table 28 does not change significantly during a
recession event. The value pfis around 0.43 for the Spoon
River watershed and varies from 0.38 to 0.32 for the Nod-
away River watershed. Compared with the declining trend of
« during a recession event, the valuefois relatively more
stable. The implication of a stable value@fs that the ratio
of riparian groundwater storage to total watershed ground-
water storage is relatively stable during a recession event.

To mathematically investigate the cause of stablalues
during recession events, a general forngpis obtained:

Fig. 8. Correlation betweem\S/ATS and« in the Spoon River s
t
watershed. B = ) (17)

t t
-2 0i— > TE
=1 =1

betweenAS/ATS andE/E°S is 0.84. Therefore, the un-

derestimations of evaporation and storage change are highhwhere Sp is the initial storages; is storage at time, and

correlated. a is the initial value ofB. SinceATS; = — (AQ; + ATE)),
The correlation between underestimations of evaporatiorEq. (17) can be written as:

and storage change may be due to the form of the equa-

tions for evaporation and storage change. To investigate this So+ i AS;

possibility, the following equation derivations are presented./3 _ i=1 (18)
Based on the definition of storage changss,/ATS can be ! So | < ’

described as @t Z ATS

i=1

AS . S[_]_ - St

ATS Q4 E°bS (13)

If So> Z AS; and S° > Z ATS;, B; will be close toa,
=1

Assum|ng late stage recession conditions app|y and SubWthh IS Constant durlng the recession event. Flgure 9a shows

stituting Eq. (5b) into Eq.X3), one obtains Z AS; Z ATS
= =L andg, for the event shown in Table 2a for
AS 1 ¥l gt " AT , ,
= (14) > AS Z ATS;

ATS a22—b2) Q,+ E?bs the Spoon River watershed. Values’—e’§— and S AT are
indeed small (around 0.1) and the valuesﬁphre relatively
stable (the range of variability is within 0.05). However, the

2 by 2 by initial storage varies seasonally and from event to event. Fig-
AS 1 9.4 -0 ure 9b shows three values for an event in October 1988 for
ATS  ax2—by)  EOS S AS

1 Q27b2 _ n2-b the Spoon River watershed. In this event, values’fég—
t—1 t
(15)

T w@-by B 2 ATS _ . _
and% are as high as 0.4 and, similar to Figure 9a, the
range of variability ofg; is within 0.05. A similar pattern
> b > b is observed in other watersheds as well. Of the 9 study wa-
AS 1 0, ?—0; 7 16 tersheds, the Big Nemaha River watershed generally has the
ATS  az(2— bp) —9Q./d tl—bz —0, * (16) lowest water storage. Figure 10 shows two recession events
a2 in the Big Nemaha River watershed. The range of variability
Based on Eq. 16), the correlation betweemS/ATS 3 AS; i ATS,
and E/E°"S is affected by the variability of the term of g, is within 0.05 when the values d‘l and ==

SinceQ, « E°S,

Substituting Eq.4) into Eq. (L5),

Q,z_fzf G are as low as 0.2 in Fig. 10a or as hlgh as 0.4 in Fig. 10b.
=90 ™2 o, As shown in the results from the two watersheds, although
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Fig. 9. Change of) AS/Sp, > ATS/TS and g during two re-  Fig. 10.Change ofy " AS/Sg, 3" ATS/TS andg during two reces-

cession events in the Spoon River watersh@di:May 1994 and  sjon events in the Big Nemaha River watersh@j:June 2002 and
(b) October 1988. (b) July 1985.

the large difference betweenS and Sy and the constani
can contribute to the stability of th&value, it is not the only 09r
factor. 08l .
On the other hands reflects the level of shallow ground- ol *
water connectivity in the watershed. The groundwater stor-
age connectivity is dependent on the groundwater table o8y o
depth. Therefore, the value ¢f may be correlated with @ 05) . .
groundwater table depth. It is fortunate that the observa- 04l -
tions of the shallow groundwater table depth in the Spoon ol .
River watershed are available (Wang, 2012a). As shown in ' L Py *
Fig. 11, the values oB decrease as the groundwater table o2 * *
depth increases. In this figure, the correlation coefficient is 0} *
0.41, which indicates that when the groundwater table drops, . ‘ ‘ ‘ ‘ * ,
0 1000 2000 3000 4000 5000 6000 7000

the contributing storage to base flow will decrease. The sea-
sonal variability of water table depth is significant, ranging
from 86 to 510 mm, as shown in Fig. 11. Correspondingly, Fig. 11.The relationship between estimaig¢dnd observed shallow
the seasonal variability of is also significant, ranging from groundwater table depth at the Spoon River watershed.

0.027 t0 0.799 (Fig. 11), even though the variatiofs @ not

significant during a recession event.

Groundwater Table (mm)

more detailed presentation of partial contributing storage, the
4.5 Variability of storage—discharge relationship idea of 4-stage storage seasonality is applied in the recession

events in the Spoon River watershed (Heidbiichel et al., 2012;
The underestimation of evaporation and storage, which ar¢drachowitz et al., 2013). Based on the level of contributing
represented by andg, is caused by the effect of partial con- storageS and total storage TS calculated using Egs. (5) and
tributing storage during recession events. To show the storagg9) respectively, the recession events are sorted into 4 stages:
dynamics during recession events, and therefore to provide é1) dry, (2) wetting-up, (3) wet and (4) drying-down. Dry
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! ‘ ‘ significantly. With the same level of TS, recession events in

p=1 the wetting-up stage have a much lower discharge than in
o D . . .
c W’Zmng_up the drying-down stagg. In the wetting-up st_agg, storage in
¢ Drying-cown the unsaturated zone increases but the contributing storage in
Wet the saturated zone has not yet increased (Hrachowitz et al.,

2013). Furthermore, the difference between storage stages is
also shown in the relationship betweemand Q as shown in
Fig. 5. With the same level ef value, the base flow is higher
in the drying-down stage than in the wetting-up stage.
Therefore, the storage—discharge relationship during re-
cession periods may not be a one-to-one function. The
multi-storage theory, on which the 4-stage storage method
is based on, matches well with the partial contributing
; hypothesis in this study, as shown above. Besides these
TS (mm) two, other factors can also contribute to the multi-valued
storage—discharge relationship (Rupp et al., 2009; Haught
Fig. 12. The impact of variable contributing storage on the total and Meerveld, 2011; Clark et al., 2011). Furthermore, hu-
storage—discharge relationship at the Spoon River watershed in fan activities can also alter the base flow recession (Wang
storage stages. and Cai, 2009, 2010). Sloan (2000) demonstrated that single-
valued storage—discharge functions are often incapable of
stage is defined as the period when b®thnd TS are low, to  representing the actual storage—discharge characteristics of
be more specific, whefi < 0.25 Smax and TS< 0.25 TSnax a watershed and proposed an alternative discharge function
in which Spmax and TShax represent the maximum val- based on hillslope groundwater hydraulics.
ues of contributing storage and total storage during reces-
sion events, respectively. Similarly, wet stage is defined as
the period whenS > 0.755max and TS> 0.75 TSnax. The 5 Summary and conclusion
transitional conditions are combined with the wetting-up
stage or drying-down stage. The wetting-up stage is deThe impact of subsurface hydrologic connectivity, which
fined as the period whe$i < 0.258naxand TS> 0.25T Snax- is represented by the partial contributing storage, on the
During this stage, the total storage is wetting-up butstorage—discharge functions of 9 watersheds in different
the contributing storage is still low. The drying-down climate regions was evaluated. The hydrologic connection
stage is defined as the period whén>0.255max and  among hillslope—riparian—stream zones decreases with the
TS<0.75TSnax. The condition when 0.25nax< S < decline of the water table. The effect of the partial con-
0.758maxand 0.25 THax < TS< 0.75 TShaxis defined as in  tributing storage is one possible cause for the multi-valued
the drying-down stage, because most of the events in thistorage—discharge relationship. The seasonal variations of
condition are in the summer, when storage is generally dehydrologic connectivity and contributing storage can cause
clining in the Spoon River watershed. variable storage—discharge functions given the same value of
Figure 12 presents the estimated total relative storage (TS3treamflow. As a result, when the entire watershed storage
and discharge@®) relationship for the Spoon River water- is assumed to be connected with the watershed outlet, wa-
shed as the recession events are sorted into 4 storage stages storage and evaporation based on the storage—discharge
as described previously. The red solid line represents théunction may be underestimated systematically. The under-
storage—discharge function derived from the lower envelopeestimation of evaporation and storage change based on the
in Fig. 1, i.e., Eq. (5), which is equivalent to the case of storage—discharge function was evaluated usiras the ra-
B =1. The blue circles, red squares, black diamonds andio between estimated evaporation and remote sensed evapo-
cyan stars represent the estimated total watershed relativation andg as the ratio between estimated storage and total
storage by considering variabfevalues based on water bal- storage, respectively. Based on the values ahdg, signif-
ance at the watershed scale at the 4 storage stages, resp&ant underestimation was observed for both evaporation and
tively. The data pointsq < 1) are below the red solid line storage. The value af decreases during a recession event.
(B =1). From Fig. 12, the TS2 relationship tends to fol- On the other hand, the value gfis relatively stable during a
low a power law within a recession event but varies amongrecession event, while it varies significantly among different
different recession events due to the variabilityddfetween  recession events.
individual recession events. Given the same values of total It should be noted that other factors may also contribute
watershed water storage, the corresponding discharge mayp the multi-valued storage—discharge relationship (Rupp et
vary between recession events. Furthermore, the storageal., 2009; Haught and Meerveld, 2011; Clark et al., 2011,
discharge relationship between different storage stages variédlang and Cai, 2009, 2010). Multiple-reservoir models can

Q (mm/day)
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generate multi-valued storage—discharge relationships evea@lark, M. P., Rupp, D. E., Woods, R. A., Tromp-van Meerveld, H. J.,
in the absence of evapotranspiration (Moore, 1997). In this Peters, N. E., and Freer, J. E.: Consistency between hydrological
paper, the partial contributing storage effect is one possible models and field observations: Linking processes at the hillslope
cause for the multi-valued storage—discharge relationship. scale to hydrological responses at the watershed scale, Hydrol.
The storage dynamic is also analyzed in this study based on_Process., 23, 311-319, db0.1002/hyp.7154009.

the 4-stage storage seasonality method. Clark, M. P., McMillan, H. K., Collins, D. B. G., Kavetski, D., and

The effect of partial contributing storage on storage— Woods, R. A.: Hydrological field datg from a modeller’s perspec-

. . . . . .. tive: Part 2: process-based evaluation of model hypotheses, Hy-
discharge functions increases with the ;patlal heterogeneity ., Process., 25, 523-543, di:1002/hyp.79022011.

of water storage. In small catchments, it may be reasonabl@anie; J. F.: Estimating groundwater evaporation from
to assume a fixed storage—discharge function. However, in- sireaflow records, Water Resour. Res., 12, 360-364,
formation on the spatial variability of storage may need to  doi:10.1029/WR012i003p00362976.

be incorporated into the lumped storage—discharge functioay, J. C.: International Aquifer Management: The Hueco Bolson
for watersheds with significant seasonality of water table dy- on the Rio Grande River, National Resource J., 18, 163-179,
namics. Further research will be focused on validating par- 1978.

tial contributing storage in experimental watersheds with de-Demissie, M., Keefer, L., Lian, Y., and Yue, F.: The importance of
tailed observations on spatial variability of soil moisture and ~Managing sedimentation in the Cache River wetlands, in: Restor-

the groundwater table as well as the response of base flow to ing our natural habitat: proceedings of the 2007 World Environ-
these factors mental and Water Resources Congress: 15-19 May 2007, Tampa,

Florida, Reston, VA, American Society of Civil Engineers, 10

Supplementary material related to this article is _Pp., doi10.1061/40927(243)62@007.
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