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ABSTRACT

WREF-Hydro (Weather Research and Forecasting model-Hydrological modeling system), as the core engine of the
United States National Water Model (NWM), has now been used in many hydrometeorological applications
throughout the world. One important feature that WRF-Hydro introduced is to allow infiltration excess (“ponded
water”) for subsequent lateral re-distribution and soil re-infiltration, which is a major enhancement in terms of
physical realism. Nonetheless, how well WRF-Hydro models re-infiltration is largely unknown, because this
process is difficult to be directly measured. To gain an in-depth understanding of re-infiltration process under
different hydrometeorological/geographical conditions with model parameter settings, we start conducting a
series of idealized numerical experiments using 18 watersheds in North Central Texas as a testbed. Next, the
model is automatically calibrated to best quantify re-infiltration amounts during two major storms (2010
Tropical Storm Hermine and 2015 May Event), which is accomplished by coupling the dynamically dimensioned
search (DDS) algorithm with WRF-Hydro to achieve optimal calibration efficiency. The results show that re-
infiltration has quite substantial impacts on streamflow simulation in WRF-Hydro, especially for areas with flat
terrains and soils with high clay content. Among all examined factors, precipitation, saturated hydraulic con-
ductivity (Ksae) and runoff partition parameter (REFKDT) are found to impose relatively higher impacts on both
re-infiltration ratio and runoff coefficient. It is also found that the runoff coefficient and the re-infiltration ratio
are positively correlated based on results from both hypothetical and real events, indicating re-infiltration effects
can become more pronounced as flood potential increases. These findings collectively show the significance of
representing the re-infiltration process in flood forecasting. Models that do not incorporate this process may be
over-calibrated to compensate errors originated from the missing process.

1. Introduction

couples the Noah land surface model (LSM) with multi-parameteriza-
tion (Noah-MP; Niu et al., 2011) with atmospheric models and hydro-

Flooding is the most frequent weather hazard that can cause serious
fatalities and property damages (Morrs, 2010; Deb et al., 2018). Ex-
treme weather and the impacts of climate change are expected to in-
crease the frequency and severity of flood events globally (IPCC, 2014).
To provide early warnings and improve the emergency response for
floods, the National Water Model (NWM), a continental-scale high-re-
solution hydrologic forecasting system for the United States, has been
brought into operations in August of 2016 (NOAA, 2016). This hydro-
logic forecasting system simulates discharge for 2.7 million NHDPlus
(National Hydrography Dataset Plus) stream reaches and extends the
watershed hydrology to continental hydrology (Maidment, 2017; Lin
et al., 2017). The NWM is developed from the community-based WRF-
Hydro model (Gochis et al., 2013), an architectural framework which
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logical routing schemes. Since its operational use in the NWM, WRF-
Hydro has been tested and applied in different regions throughout the
world for a range of applications in predicting runoff/streamflow
(Gochis et al., 2015; Senatore et al., 2015), floods (Yucel et al., 2015;
Lin et al., 2018a; Lin et al., 2018b), and land-atmosphere feedbacks
(Arnault et al., 2015).

While the enclosed Noah and Noah-MP components simulate the
one-dimensional (1-D) soil-vegetation-atmosphere interactions be-
tween surface and atmosphere (Gochis and Chen 2003), WRF-Hydro
further extends the calculation of the surface overland flow, saturated
subsurface flow, channel routing, and baseflow processes on a 2-D
gridded planar surface (Gochis et al., 2013). Prior to being transformed
to overland flow, surface runoff in WRF-Hydro is described as
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infiltration excess while subsurface runoff is the vertical drainage ac-
cumulated at the bottom of the soil column. Other hydrological com-
ponents, which are not the focus of this study, include throughfall, di-
rect soil evaporation, transpiration, re-evaporation of precipitation
intercepted by the canopy, vertical soil water movement and a simple
lake/reservoir routing scheme (Ek et al., 2003). In this study, we are
particularly interested in one major enhancement that WRF-Hydro in-
troduces, which is to allow the infiltration excess to remain as “ponded
water” for subsequent lateral re-distribution in combination with pre-
cipitation in the following model time step (Yucel et al., 2015). When
ponded water starts to move downslope as overland flow, an important
process previously known as the “run-on” effect (Smith and Hebbert,
1979) will occur. The “run-on” process can be defined as the surface
water running from the upstream areas on downslope areas where
moisture deficit has not yet been satisfied (Corradini et al., 1998;
Nahar, et al., 2004). In addition to the direct infiltration caused by
rainfall-runoff process in the vertical direction, this “run-on” process
can also be viewed as re-infiltration due to the runoff re-distribution
(Giintner and Bronstert, 2004). Hereafter, we use the word “re-in-
filtration” to refer to this process for simplicity.

Previous studies using field/numerical experiments have observed
that re-infiltration can cause a decrease in unit area runoff as watershed
size increases (Yair and Kossovsky, 2002; Yair and Raz-Yassif, 2004;
Gomi et al., 2008; Heras et al., 2010). Woolhiser et al. (1996) con-
ducted numerical experiments and found that re-infiltration has a major
impact on runoff peaks, volumes and time to peak as saturated hy-
draulic conductivity (Ksa) increases downslope. Nahar et al. (2004)
examined the role of run-on process on field-scale infiltration and one-
dimensional overland flow using analytical models and Monte-Carlo
simulations. They found that field-scale mean of infiltration would in-
crease in the presence of run-on, which in turn affects the hydrograph.
Corradini et al. (1998, 2002) suggests the re-infiltration process cannot
be disregarded especially when the spatial randomness of soil proper-
ties is taken into account in hydrologic modeling as it produces a sig-
nificant decrease in overland flow.

As an influencing factor to the re-infiltration process, Ks,c has been
the focal point in numerous previous studies investigating its hetero-
geneous effect on this process (e.g. Smith and Hebbert, 1979; Saghafian
et al., 1995; Woolhiser et al., 1996; Nahar et al., 2004). Saghafian et al.
(1995) solved the diffusive wave equations and Green-Ampt infiltration
equation to examine the impacts of K, spatial variability, where they
concluded strong sensitivity of runoff volume and peak to this para-
meter. Corradini et al. (1998, 2002) evaluated run-on effects under
conditions of horizontal heterogeneity of K, using a model with ki-
nematic wave approximation and conceptual infiltration approach,
where they found the level of spatial correlation in Kg,, is less important
when the overland flow volume was appreciable. Nahar et al. (2004)
found re-infiltration is less important when the ratio of rainfall intensity
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to Kgoe is large. Besides Ky, and precipitation, other hydro-
meteorological and geographic conditions such as soil moisture sa-
turation degree, terrain slope as influencing factors to re-infiltration
have been largely understudied.

As powerful remote sensors and computers became available, hy-
drologic community developed complex distributed models that can
represent the dominant hydrological processes and their interactions
(e.g., Rigon et al., 2006; Qu and Duffy, 2007; Lawrence et al., 2011; Niu
et al., 2011). Like WRF-Hydro, many incorporate re-infiltration pro-
cesses, e.g. DHSVM, (Wigmosta et al., 1994), Tethys-Chloris (Fatichi
et al., 2012), Ech20 (Maneta and Silverman, 2013). However, WRF-
Hydro has the option to disable “re-infiltration” function, which enables
us to conduct numerical experiments with/without re-infiltration.
Moreover, as a community model, WRF-Hydro is a platform for all users
to share insights on hydrologic processes. The improved understanding
in the WRF-Hydro framework promises to enhance the performance of
the National Water Model. Therefore, we are motivated to compre-
hensively investigate the role of re-infiltration with regard to stream-
flow simulation by leveraging WRF-Hydro as the ideal modeling plat-
form.

In this paper, the authors seek to systematically answer the fol-
lowing questions: (1) How do different hydrometeorological conditions
such as the intensity of precipitation, soil moisture levels affect re-in-
filtration? (2) How do different geographic conditions such as digital
elevation model (DEM)/terrain slope, roughness, soil type influence re-
infiltration? (3) How do model parameters impact the re-infiltration
process? (4) What is the role of re-infiltration in real storm events and
how important is it?

The paper is organized as follows: Section 2 describes the metho-
dology in detail, including the study area, model configurations, si-
mulations, and calibrations; the results with discussions are presented
in Section 3; Section 4 provides the conclusions and insights gained
from this study.

2. Methodology
2.1. Study area and model configurations

The Upper Trinity River Basin (UTRB) is located in the North
Central Texas with 16,602 km? Undeveloped portion of the land con-
stitutes a large percentage of UTRB (Fig. 1A), which makes infiltration
loss a vital component in the regional hydrologic cycle. Moreover, sit-
ting in a region of temperate mean climatological conditions (USACE,
2013), UTRB experiences occasional extremes of temperature and
precipitation with relatively short duration. The complexity of in-
filtration process and climate variability imposes challenges to water
resources engineering practices like flow frequency analysis and flood
forecasting. Fig. 1B shows the configuration of domain with Digital
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Fig. 1. . Study area and modeling domain. (A) Land use type. (B) Digital Elevation Model (DEM) and stream gauges with corresponding contributing area.
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Elevation Model (DEM) and the locations of USGS stream gauges with
corresponding contribution areas.

The complete description of the WRF-Hydro system version 5.0 can
be found in Gochis et al. (2018). While the Noah-MP LSM provides
several physical parameterizations, the same surface runoff option (free
drainage) adopted by the NWM is used, where vertical surface runoff is
calculated as excess water after precipitation supply infiltrates into the
soil (Schaake et al. 1996). Within soil column (2 m deep), Richards
equation is deployed for infiltration of four layers, which have the
thicknesses of 10, 30, 60, and 100 cm, respectively. Other hydrological
processes are described in Niu et al. (2011), Yang et al. (2011), Cai et al.
(2014), and Zheng and Yang (2016). A fully-unsteady, explicit diffusive
wave formulation (Julien et al., 1995; Ogden, 1997) with steepest
descent approach is deployed to solve overland flow routing. Subsur-
face lateral flow is calculated prior to overland flow, which allows ex-
filtration from fully saturated grid cells to be added to the infiltration
excess calculated from the LSM (Senatore et al., 2015; Gochis et al.,
2018). In order to represent overland and subsurface flow processes on
higher spatial resolution, the subgrid disaggregation-aggregation rou-
tines are used right after the main LSM loop and before the surface/
subsurface routing loop; details are described in Gochis and Chen
(2003). This study uses 1 km (in total 159x259 grid cells) and 100 m
resolution for the LSM and hydrologic routing grids, respectively, with
an aggregation factor of 10. Channel routing is solved using a variable-
parameter Muskingum-Cunge (MC) method (see Gochis et al. 2018 for
channel shape parameters used).

To allow for the flexibility to dismiss the re-infiltration process and
simplify the use of related parameters, terrain routing can be turned off
in WRF-Hydro as a namelist switching feature. Physically, the terrain-
on and terrain-off scenarios in the model are illustrated in Fig. 2. In
terrain-on case (left), water available for infiltration includes both
precipitation and overland surface runoff from upslope areas. While in
terrain-off scenario (right), infiltration is caused by precipitation alone;
hereafter, this process is referred as “local infiltration” (Corradini et al.,
1998) to be differentiated from re-infiltration. With re-infiltration
switched off, any infiltration excess is routed downstream without
having chance to re-enter the soil columns, meaning local infiltration
only; while the terrain-on scenario includes both local infiltration and
re-infiltration. Switching on/off of this setting in WRF-Hydro allows us

Terrain-on

Saturated Surface

Unsaturated Surface

Top soil layer

i Channel/Stream
Second to fourth soil layers www Re-infiltration
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Table 1
Description of idealized forcing input.

Variable Name Range and Unit of Values Timing

Shortwave radiation 0-900 W/m? Diurnal cycle
Longwave radiation 375-425 W/m? Diurnal cycle
Specific humidity 0.01 kg/kg Constant
Air temperature 287-293 K Diurnal cycle
Surface pressure 100,000 Pa Constant
Wind speed at u direction 1.0 m/s Constant
Wind speed at v direction 1.0 m/s Constant

to perform a series of experiments to investigate and quantify re-in-
filtration.

2.2. Model experiments

We first conduct a series of idealized modeling experiments under
different hydrometeorological, geographical conditions, and model
parameters. Before each model run, a 1.5-month spin-up is conducted
to achieve model equilibrium states which is considered appropriate for
flood simulations with thin soils in Texas (Lin et al., 2018a; Lin et al.,
2018b). Except for the experiments focusing on precipitation, other
experiments all use 50.8 mm (2 in.) precipitation with 1-h duration.
The amount of precipitation is chosen because it is approximately
equivalent to a five-year storm as outlined in North Central Texas
Council of Government integrated Stormwater Management Technical
Hydrology Manual (NCTCOG iSWM, 2010). Other forcing variables
(incoming shortwave and longwave radiation, specific humidity, air
temperature, surface pressure and near surface u- and v-wind) are set to
reflect idealized conditions, which have either constant values in space
and time or a fixed diurnal cycle (Gochis et al., 2018). The detailed
forcing information can be found in Table 1. For each experiment, we
conduct a 48-h model run to ensure adequate time for water to flow
from upstream to the outlet. In total, we conduct 9 sets of idealized
modeling experiments with 150 runs.

2.2.1. Hydrometeorological conditions
Table 2 shows the experimental design for varying input pre-
cipitation values and initial soil moisture. The precipitation is applied

Terrain-off

‘ Local infiltration

Fig. 2. . Illustration of mechanisms for terrain-on and terrain-off scenarios in WRF-Hydro.
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Table 2

Experimental design for precipitation input and initial soil moisture condition.

Journal of Hydrology 587 (2020) 124902

Table 4
Experimental design for model parameters.

Setting Unit Values Parameters Unit Min Max Default Values

Precipitation mm 12.7, 25.4, 38.1, 50.8, 63.5, 76.2, REFKDT - 05 5 3 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5,
88.9, 101.6, 114.3, 127 2,3,45

Initial soil moisture  First layer m®>m~™>  Multiply maximum soil moisture RETDEPRTFAC - 0 10 1 0,1,2,4,6,8,10
by LKSATFAC - 10 10,000 1000 10, 100, 500, 1000, 5000,
0.2, 0.4, 0.6, 0.8, 1.0 10,000

Second layer m®>m™>  Multiply maximum soil moisture OVROUGHRTFAC — 0.1 5 1 0.1,05,1,2,3,4,5

by SLOPE - 01 1 0.1 0.1, 0.5, 1

Third layer m®*m~3

0.2, 0.4, 0.6, 0.8, 1.0
Multiply maximum soil moisture

by
0.2, 0.4, 0.6, 0.8, 1.0

for a 1-h duration during the first hour of simulation with a total
amount of 12.7 mm (0.5 in.) to 127 mm (5 in.), and the same pre-
cipitation is uniformly spread for the entire study area. Precipitation
amount with 127 mm (5 in.) is approximately equivalent to a 500-year
storm in the study region, which is set as the upper limit to cover all
possible precipitation scenarios. For initial soil moisture, different sa-
turation levels are applied to the top three soil layers (0-10 cm,
10-40 cm, and 40-100 cm) based on each grid cell’s soil type at the
start of each model simulation. Changing the saturation of the fourth
layer (100-200 cm) is not included because saturating the fourth layer
will lead to unrealistically high runoff amount (not shown here), due to
the fact that Texas is dominated by thin soils with less than 1 m (Furl
et al., 2018; Lin et al., 2018a). Therefore, it would be physically un-
reasonable to investigate the model sensitivity to the saturation level in
the fourth soil layer.

2.2.2. Geographical conditions

The experimental design for varying terrain slope and saturated
hydraulic conductivity (Kg,) is shown in Table 3. Terrain slope is
modified by changing the digital elevation model (DEM) underlying the
model simulation. The terrain slope of study basins ranges from 0.31%
to 1.12% with an average of 0.64%, and different multipliers were
applied to change the terrain slope. Various multiplication factors are
also uniformly applied for K, in each grid cell.

2.2.3. Model parameters

Five empirical model parameters are selected for sensitivity ana-
lyses based on literature review (Senatore et al., 2015; Yucel et al.,
2015; Silver et al., 2017; Kerandi et al., 2018), which includes REFKDT,
RETDEPRTFAC, LKSATFAC, OVROUGHRTFAC, and SLOPE. These five
parameters are unitless, often with no interpretable physical meaning,
and are suggested to be adjusted through model calibration. Even in a
physically-based model like WRF-Hydro, these physically-insignificant
parameters are also unavoidable, which is resulted from our inability to
model all processes (Wagener and Montanari, 2011) hampering our
understanding on other physically-based process components. There-
fore, these parameters are carefully studied here.

REFKDT (Ke) is a constant parameter used with REFDK (K,),
which corresponds to the saturation hydraulic conductivity for silty
clay loam. Niu (2011) documented that REFKDT can significantly in-
fluence surface infiltration and partition of total runoff into surface and
subsurface runoff, where increasing REFKDT leads to decrease in

Table 3

Experimental design for terrain slope and saturated hydraulic conductivity.
Setting Unit  Values
Terrain slope % Multiply by 1, 2, 4, 6, 8, 10, 20

Saturated hydraulic conductivity m/s Multiply by 0.1, 0.5, 1.0, 1.5, 2.0, 2.5,

3,45

surface runoff (Schaake et al., 1996; Niu, 2011). The equation involving
REFKDT (Kyref) is

Ksat

Kror (@]

Kai = Kayrer X

where K, is saturated hydraulic conductivity, K., is saturated hy-
draulic conductivity for silty clay loam, and K is a constant for cal-
culating the maximum soil infiltration rate (I):

dior x [1 — e(—KdrxA0)] }
P+ dyor x [1 — e(=KarxA0]

At 2

Px{

Tnax =

where P is the effective precipitation intensity, d,, is the total soil water
depth (m) and At is the duration of time step.

RETDEPRTFAC, LKSATFAC, and OVROUGHRTFAC are multipliers
for surface retention depth, lateral saturated hydraulic conductivity,
and overland roughness, respectively. SLOPE is a coefficient for deep
drainage. They have been documented in previous studies as sensitive
parameters for runoff simulation, thus are chosen in this study. Table 4
shows the experiment values for the model parameters; the default
values of these parameters are globally uniform. The experiments are
conducted by varying one parameter while keeping the others as de-
fault values. It should be noted that default parameters are the same as
those used in the operational NWM. Compared to other random para-
meter sets, they can reveal how WRF-Hydro would behave due to
change of a single parameter or input, which will provide benefits of
improving NWM'’s performance in the study region. In addition, the
experiments are helpful to common users of WRF-Hydro who would use
these default parameter values as a starting point in hydrologic simu-
lations.

2.3. Real case simulation and calibration

WREF-Hydro is configured in an “offline” mode (hydro components
do not feedback to WRF) for two real case simulations: 2010 tropical
storm Hermine (Sep 8th, 2010) and 2015 May storm (May 28th, 2015).
To ensure adequate spin-up time, the model is initialized on July 1st,
2010 and April 1st, 2015, respectively, leaving about 1.5-2 months for
model to spin-up. The soil in Texas is relatively thin — up to 40 cm to
60 cm (Lin et al., 2018a; Furl et al., 2018), so 1.5-2 months spin-up is
considered appropriate for flood simulations using WRF-Hydro. The
North American Land Data Assimilation System (NLDAS-2) forcing
variables and the National Centers for Environmental Prediction
(NCEP) quality-controlled Stage IV precipitation estimates are utilized
as the input meteorological forcings. Fig. 3 shows the spatial pattern of
cumulative precipitation amounts for these two storm events by 4-km
Stage IV product.

To obtain the best estimates of the local infiltration and re-in-
filtration amounts during the selected storm events, WRF-Hydro is ca-
librated with terrain-routing for 18 USGS stream gauges (Fig. 1B). We
utilize the dynamically dimensioned search (DDS) algorithm (Tolson
and Shoemaker, 2007) for calibrations, because it was demonstrated to
be suitable for computationally expensive and spatially-distributed
models. Compared to other algorithms, DDS converges faster and can
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Fig. 3. . Cumulative precipitation amount from Stage IV estimates. (A) 2010 Tropical Storm Hermine (9/8/2010 00:00 UTC - 9/10/2010 23:00 UTC). (B) 2015 May

Event (5/28/2015 00:00 UTC - 5/30/2015 23:00 UTC).

reach good global solutions within certain iterations (Tolson and
Shoemaker, 2007). In a nutshell, DDS starts from a global search then
switches to a more local search by dynamically adjusting the dimension
of parameters; the adjustment from global to local search is achieved by
dynamically and probabilistically reducing the number of dimensions
in the neighborhood (Tolson and Shoemaker, 2007). To further ex-
pedite calibration, the simulation domain is reconfigured such that it is
tailored to the 18 contributing basins towards all evaluation USGS
gauges. The reduced simulation domain significantly shortens runtime
per iteration, which allows us to assign a relatively large iteration
number for improving calibration results. Lespinas et al. (2018) pre-
sents that the improvements in minimizing objective function using
DDS are notable between 100 and 500 iterations and relatively mod-
erate after 500 iterations. In terms of the objective function, Root-
Mean-Square-Error (RMSE) indicates the magnitude of errors (stream-
flow difference) in time series between the simulated and observed
hydrographs (Gupta et al., 2009). Based on the recommended in-
formation from previous studies, 500 iterations of DDS are used in the
calibration with an objective function to minimize RMSE.

2.4. Hydrologic metrics

2.4.1. Re-infiltration calculation

Re-infiltration amount is not a direct output from WRF-Hydro, but
can be estimated by subtracting local infiltration value from total in-
filtration value (Eq. (3)).

Re — infiltration(mm) = Total infiltration(mm) — Local infiltration (mm)
3

Based on the principle of water balance and considering negligible
evapotranspiration during intense storm events, total infiltration can be
calculated by subtracting runoff volume from precipitation amount in
terrain-on simulation; local infiltration can be calculated by subtracting
runoff volume from precipitation amount in terrain-off scenario. It
should be noted that this relationship is not hard-coded into any part of
WRF-Hydro, thus the re-infiltration is not calculated as residual of total
infiltration subtracting local infiltration in the model. This is simply a
way to interpret the total infiltration as a composite effect of two pro-
cesses (local- and re-infiltration). Re-infiltration ratio is defined as re-
infiltration amount divided by total infiltration. In some occasions, re-
infiltration ratio can be greater than one, and this is interpreted as
surface exfiltration occurring from saturated soil columns (Gochis et al.,
2018).

2.4.2. Runoff coefficient
Runoff coefficient has been widely used in hydrologic practices,

ranging from flood frequency analyses (e.g. Gottschalk and
Weingartner, 1998; Sivapalan et al., 2005) to flood forecasting (e.g.
Borga et al., 2011). For a given storm event, runoff coefficient is defined
as the portion of precipitation that becomes direct runoff. Higher
(lower) runoff coefficient indicates more (less) flood proneness, and it is
used to understand its relationship with re-infiltration ratio.

2.4.3. Calibration statistics

Four statistics are used to evaluate the streamflow simulation re-
sults, including Pearson Correlation Coefficient (CC), Nash-Sutcliffe
Efficiency (NSE), Root-Mean-Square-Error (RMSE), and Normalized
Bias (NBIAS) (Egs. (4)-(7)).

CcC = cov(Qobs, Qmod)
Oobs Omod @

Z:;l (Qrinod - Qébs)z

NSE=1—-—FF—F——>
Zin:l (Q(;bs - Qabs)2 (5)

RMSE = \/z:; (Qhod — Qips)* I ©

NBIAS = DI (Qnrlnod - Qobs)

Zi=1 Q(;bx (7)
where Qo4 and Q,ps denote the simulation and observation values, cov
is the covariance, g, and 0,4 represent standard deviation of the si-
mulation and observation; Y means to sum up each time step from
i = 1 to n, and n is the number of time steps.

Each of these metrics is interpreted differently to facilitate a more
comprehensive understanding of the model performance. CC (Eq. (4))
measures how strong a co-varying relationship is between the modeled
results and the observation, which cannot be used to assess model
biases. NSE (Eq. (5)) and RMSE (Eq. (6)) are two most commonly used
criteria in hydrological evaluations, and they measure both the varia-
bility of time series and the magnitude of errors (Gupta et al., 2009).
NSE normalizes the squared model error, using the variance of the
observed data, and thus a value of zero suggests that the model is only
as good as the mean observed data, while NSE = 1 suggests perfect
model simulation and negative values indicate that the observation
mean is a better predictor than the model (Gupta and Kling, 2011).
NBIAS (Eq. (7)) is calculated to identify both the magnitude and the
sign of errors as normalized by the mean of the observations.
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intensities.

3. Results and discussion
3.1. Idealized numerical experiments

Fig. 4A shows the range, interquartile range, and median value of
total infiltration at varying precipitation intensities; the range shows
the variability among 18 gauges across the study domain. As the pre-
cipitation intensity becomes greater, the median of total infiltration
first increases rapidly, and then becomes steady. Because the pre-
cipitation input is only applied at the first hour of the simulation, so
“precipitation intensity” is interchangeably used below as “precipita-
tion amount”. The one to one line in Fig. 4A represents the situation
where 100% of precipitation is infiltrated. For lower precipitation in-
tensities (less than 25.4 mm/hr), precipitation in all tested catchments
is completely infiltrated — indicated by the total infiltration values
aligning with the reference line. For greater precipitation intensities,
variation in the catchments' total infiltration starts to emerge as in-
dicated by the increased range and interquartile range. This is related to
the combination of antecedent soil moisture, soil properties, geo-
graphical factors in various catchments starts to exhibit differences
within increasing precipitation intensity. Nonetheless, soils in some
catchments still take in most of the precipitation even at high pre-
cipitation intensities as indicated by the upper limit of total infiltration
values. Similar to Fig. 4A, Fig. 4B and 4C show the same statistics
(range, interquartile range, and median value) of local and re-infiltra-
tion for various precipitation intensities. In Fig. 4B, it is counter-
intuitive for some local infiltration values to get below zero, which
means that exfiltration occurred and runoff is thus greater than pre-
cipitation under the corresponding precipitation intensity and the
“terrain-off” routing option. According to our approach of calculating
re-infiltration (Section 2.4.1), the exfiltration condition causes the
corresponding re-infiltration to be greater than total infiltration. Same
as the case of total infiltration, greater precipitation intensities give rise
to variations, or more precisely, heterogeneities among the catchments
in local- and re-infiltration processes.

Fig. 5A to 5C show total infiltration, local infiltration, and re-in-
filtration values at various saturation levels of initial soil moisture in
the first soil layer (0-10 cm). Similarly, Fig. 5D to 5F and 5G to 5I
show the trends of total, local and re-infiltration in the second
(10-40 cm) and third (40-100 cm) soil layers, respectively. It can be
found that in all three soil layers, as initial soil moisture gets closer to
saturation, total infiltration and local infiltration both slowly decrease,
while re-infiltration slightly increases. This behavior of re-infiltration
seems counterintuitive because one may expect soil layers of higher
saturation levels would result in smaller amount of re-infiltration due to
decreased soil storage for water to go in. However, it has to be un-
derstood that re-infiltration is simulated as a secondary process to local
infiltration, where water routed from upstream cells being added to the
excess runoff and then infiltrating. Higher antecedent soil moisture

means decreased local infiltration, which leaves more water available
for going downstream over the hillslopes and re-infiltrating subse-
quently. Overall, local infiltration is still the dominant pathway for
infiltration while re-infiltration is a secondary effect. It is also found
that all three types of infiltration are most sensitive to change of soil
moisture in the third layer of soil possibly because of its greater
thickness/storage compared to the upper two soil layers.

Fig. 6A to 6C show the total infiltration, local infiltration, and re-
infiltration values at various terrain slope levels, respectively. While
local infiltration is generally unaffected by terrain slope, the total- and
re-infiltration both first decrease and then become stable as terrain
becomes steeper. Note that local infiltration is calculated by only con-
sidering water transfer in the vertical columns of soil, plant, and at-
mosphere (in the Noah-MP LSM), thus it does not change as terrain
slope changes. In comparison, re-infiltration is an augmented module
by WRF-Hydro to describe the water loss during lateral water transfer
pathways, therefore it can be influenced by terrain slope and thereby
further influencing total infiltration amount. These results suggest that
by neglecting re-infiltration, the effect of terrain slope on total in-
filtration may be underestimated. This is especially important to study
domains with lower terrain slopes - the most obvious differences are
seen for terrain slopes with smaller multipliers (less than 5). For steeper
terrain slope ranges (multiplier greater than 5), faster overland flow
rate is expected and therefore it gives less chance for water to re-in-
filtrate, which explains why limited effect is seen in steeper terrain
slope conditions. In addition to the above, we also found that the ranges
and interquartile ranges of the three types of infiltration are almost
constant with varying terrain slopes across gauges. This is in contrast
with Fig. 4 and Fig. 5 where the ranges are generally larger, indicating
little interaction between terrain slope and other factors in affecting
infiltration processes.

Fig. 7A-C show the trends of total, local and re-infiltration as sa-
turated hydraulic conductivity (Ksar) changes, respectively. First, local
infiltration is found to increase with greater K, because soil with
higher K, is easier for water to pass through. Re-infiltration decreases
with higher K, while total infiltration first increases rapidly and then
becomes stable. The reason is that higher K, leads the majority of
water to infiltrate locally, leaving less water to be re-distributed to
downstream areas where re-infiltration occurs. In other words, water
has a higher tendency or priority to infiltrate locally than re-infiltrate
somewhere downstream. This finding is consistent with Niu et al.
(2014) that larger K, facilitates surface water to infiltrate into deeper
soils by gravity instead of flowing laterally. However, for soils with
smaller Kg,, precipitation rate can readily exceed infiltration rate,
which leaves more surface water for re-distribution and re-infiltration.
In addition, for the three types of infiltration, the variation among
tested catchments all decreases with greater K, values, as indicated by
the decrease in the ranges. As K, increases, precipitation in any
catchment is more likely to fully infiltrate via either local infiltration or
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100 cm).

re-infiltration or both. In essence, precipitation intensity, as the upper
limit of infiltration rate, interacts with Kg, in affecting infiltration

processes.

processes are only sensitive to REFKDT and OVROUGHRTFAC as shown
in Figs. 8 and 9. Note that the REFKDT essentially controls the partition
between surface and subsurface runoff, and greater REFKDT means less

After testing five model parameters (RETDEPRTFAC, LKSATFAC, (more) surface (subsurface) runoff. Such an effect is evident in Fig. 8B
SLOPE, REFKDT, and OVROUGHRTFAC), we found that infiltration where local infiltration increases with greater REFKDT, which is also
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consistent with findings from previous studies (Schaake et al., 1996;
Niu, 2011). Contrary to local infiltration, re-filtration decreases with
greater REFKDT. As seen previously in Figs. 5 and 7, re-infiltration
appears to be a secondary route for water to transfer into subsurface
than local infiltration. The increasing trend of total infiltration flattens
when REFKDT exceeds 3 (ranging from 0.5 to 5) due to the complete
infiltration of precipitation. This is very similar to the case shown in
Fig. 9A: greater OVROUGHRTFAC slows down the water transfer over
hillslopes and retains the runoff for infiltration to the point where 100%
of precipitation seeps into soils. In Fig. 9B and 9C, it is found that local
infiltration is not affected by the OVROUGHRTFAC values, while re-
infiltration first increases rapidly and then slowly with greater OVRO-
UGHRTFAC. The reason is that rougher surfaces cause slower overland
flow rate further giving water more chance to re-infiltrate.

In summary, based on the experiments above, a common finding is
reached as follows. Local infiltration is a more direct route than re-in-
filtration through which water transfers down into soils. Under the

principle of mass conservation, the changes in local and re-infiltration due
to a single factor can be opposite to each other as seen in the cases of
precipitation intensity (Fig. 4), initial soil moisture (Fig. 5), K, (Fig. 7),
and REFKDT (Fig. 8). More (less) water infiltrating locally means less
(more) water to re-distribute to downstream cells and re-infiltrate. Such
observation makes more sense when variations of the three types of in-
filtration are examined (Figs. 7 and 8) among tested catchments: As the
factor (Ks,; or REFKDT) increases, total infiltration become less varied
among the 18 catchments while variation of local- and re-infiltration re-
mains steady. The common explanation is that the increasing factor causes
precipitation to fully infiltrate in many catchments via both local- and re-
infiltration, thus yielding the decreasing variation of total infiltration; and
in these catchments where total infiltration is constrained, local- and re-
infiltration yield the same sum though each bearing considerable varia-
tions among different catchments. When a factor only affects water
transfer over the hillslopes instead of vertically, re-infiltration changes
independently from local infiltration as seen in Fig. 6 and Fig. 9.
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The experiments also highlight the factors that can lead to increased
re-infiltration while having no effect on or decreasing local infiltration.
For instance, mild terrain slope and lower K, results in more re-in-
filtration while local infiltration is unaffected or even less (Figs. 6 and
7). These results suggest that re-infiltration play an important role in
hydrological processes for areas with flat terrain and clayey soils and
thus needs to be sufficiently represented in hydrologic simulations. In
order to better illustrate the portion of re-infiltration in total infiltration
while assessing its relationship with flood potential, re-infiltration ra-
tios and the corresponding runoff coefficients are shown in Fig. 10A to
10F. In Fig. 10, results from one catchment are plotted as one dotted
line. In scenarios of varying precipitation intensities (Fig. 10A), initial
soil moisture conditions (Fig. 10B), K, values (Fig. 10C), and REFKDT
values (Fig. 10D), we can consistently see that re-infiltration ratio in-
creases with greater runoff coefficient. Although with varying terrain
slopes (Fig. 10E) and OVROUGHRTFAC values (Fig. 10F) re-infiltration
ratios show a decreasing trend with a magnitude much smaller than the
other cases. We further use box-plots (Fig. 11A and 11B) to summarize
the variance of re-infiltration ratios and variance of runoff coefficients
in response to changing factors. It is found that precipitation, Kg,,, and
REFKDT have higher impact on both re-infiltration ratio and runoff
coefficient compared to the other factors, which confirms our earlier
conclusions.

3.2. Real case simulation and calibration

Based on the above idealized modeling experiments, we choose 6
parameters for model calibration using DDS for the real-event simula-
tion, which includes soil parameter K, empirical runoff parameter
REFKDT, scale factor of overland roughness OVROUGHRTFAC, and
channel parameters (bottom width BtmWdth, side slope ChSlp, and
Manning’s roughness N). Figs. 12 and 13 show the comparisons of
uncalibrated, calibrated and observed hydrographs at different gauge
locations for 2010 Hermine and 2015 May Storm, respectively. The
default parameterization (uncalibrated) is used to benchmark the cali-
bration results because it represents the current setting in the

operational NWM. Note that there is no available discharge observa-
tions at two gauges (ID: 08048800, 08056500) during 2010 Hermine
and thus results from only 16 gauges are plotted in Fig. 12. After cali-
bration, we can see great improvements at most gauges. Fig. 14 sum-
marizes the CC, NSE, RMSE, and NBIAS statistics with boxplot. Our
model calibration strategy brings CC and NSE much closer to 1, and
RMSE and NBIAS much closer to 0. Improvement in RMSE and NBIAS
indicates that calibration effectively corrected the underestimation of
flow rates in the default simulation. The much narrower range of all
four statistics also suggest that the calibration consistently improves the
simulation performances at all tested gauges (Fig. 14). The satisfactory
calibration enables us to quantify the re-infiltration amount with better
assurance during different storm events and covering a wide range of
locations, which would be otherwise difficult to obtain due to a lack of
existing observation techniques.

To calculate re-infiltration in the calibrated simulation, another set
of “terrain-off” simulations are conducted using the calibrated para-
meters in order to get values required by Eq. (3). Fig. 15 shows the
relationship between runoff coefficients and re-infiltration ratios from
all the testing catchments. It can be found that runoff coefficient and re-
infiltration ratio are positively correlated, with the runoff coefficient
ranging from O to 1. This is consistent with the idealized cases of
varying precipitation, K, initial soil moisture and REFKDT (see
Fig. 10A to 10D). Compared to local infiltration, re-infiltration is si-
mulated in WRF-Hydro as a secondary process, where water routed
from upstream cells being added to the runoff excess and then in-
filtrating. However, re-infiltration can occur at a counter-intuitively
faster rate than local infiltration (cases with re-infiltration ratio >
50%) at basin-scale and event-scale. This is probably due to the faster
overland flow rate generated in these cases. Scenarios with re-infiltra-
tion ratio being greater than one are noted, which possibly indicates
that exfiltration would occur under terrain-off routing option. However,
these six dots with seemingly unreasonable re-infiltration ratio are all
from 2015 May event. To further investigate the possible reasons be-
hind this, we examined the antecedent soil moisture and soil types
(Fig. 16), where we found these exfiltration processes are generally
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occurred in sub-basins with two common features, i.e., clayey soils and
high antecedent soil moisture (> 80% saturated in the top layer). Be-
fore our target event in May 2015, several storms occurred in North
Central Texas, which have almost saturated the soil (Lin et al. 2018).
These soil columns could very easily reach full saturation, and thus
exfiltration may occur with much water contained in the soil storage.

Without considering the re-infiltration process, the added amount of
runoff from exfiltration would have no chance to enter the soils but to
directly become streamflow in the channel. Should a calibration be
conducted under such a circumstance (terrain-off), parameters could be
wrongfully adjusted to compensate the missing re-infiltration process in
WREF-Hydro.
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Fig. 12. . Calibration results of 2010 Tropical Storm Hermine for 16 gauges.
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Fig. 13. . Calibration results of 2015 May Event for 18 gauges.

4. Conclusions

In this study, the authors leverage the physically-based and dis-
tributed WRF-Hydro modeling framework to comprehensively assess
the re-infiltration process (also referred to as the “run-on” process in
literature), a process often missing in traditional hydrologic models. In

simulations, aiming to provide a deeper understanding on re-infiltration
than existing studies. Additionally, it is the first time that a detailed
examination of the re-infiltration module in WRF-Hydro with different
parameterization was provided. Using UTRB as the testbed, a group of
idealized numerical experiments are first conducted to focus on in-
dividual factors while holding the others constant. The results not only

particular, we investigate the effects of hydrometeorological/geo- reveal the pattern and magnitude of individual effects, but also inform
graphical conditions and model parameters on re-infiltration the sensitivities of infiltration to each factor, providing guidance for the
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Fig. 14. . Before- and after-calibration statistics of 2010 Hermine (16 gauges) and 2015 May Event (18 gauges).

11



J. Zhang, et al.

Journal of Hydrology 587 (2020) 124902

3.5
-
3.0 ® 2010 Tropical Storm Hermine
"o

° 2.5 = 2015 May Storm Event
2
[y}
<
c 2.0
.2
- n
o
=
E 15 u
=
&

1.0 K ] = ° .

| |
° L]
05 Y
He o o. » ™ L L]
° ]
L] mn
0.0 =
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Runoff Coefficient

Fig. 15. . Trends of re-infiltration ratios for various runoff coefficients in two real events.

calibration effort in the subsequent analysis. In light of the idealized
numerical experiments, two real storm events in UTRB are simulated
and calibrated. Dominant factors to re-infiltration are identified from
examining 18 sub-basins across the study area during these two events.
In addition, the role of re-infiltration is investigated in relation with
flood potential (indicated by runoff coefficient) to show the potential
trade-offs in modeling re-infiltration for flood prediction purposes. The
main conclusions from this study are summarized as follows:

1. Compared to local infiltration, re-infiltration is by nature a sec-
ondary process because of the preceding overland routing process;
however, re-infiltration can occur at a counter-intuitively faster rate
than local infiltration (cases with re-infiltration ratio > 50%) at basin-
scale and event-scale.

2. Under the principle of mass conservation, the changes in local
and re-infiltration due to a single factor can be opposite to each other as
seen in the cases of precipitation intensity, initial soil moisture, Ks,: and
REFKDT. More (less) water infiltrating locally means less (more) water
to re-distribute to downstream cells and re-infiltrate.

3. The influence of re-infiltration on streamflow simulation can be
substantial for areas with flat terrain and soil with high clay content (re-
infiltration ratio is > 50%).

4. Runoff coefficient and re-infiltration ratio are positively

correlated, indicating that re-infiltration effects are more pronounced as
flood potential increases and subsequently may be more important in
urban than in rural regions.

For WRF-Hydro users, the insights gained from this study would be
helpful for strategically choosing overland routing options based on the
study domain’s hydro-meteorological and graphical conditions. Given
the computational cost for the terrain-on option and the complexity in
considering related parameters in WRF-Hydro, users could potentially
save time and resources while achieving satisfactory simulation results
if re-infiltration is expected to be less influential. For modelers studying
hydrology and hydrology-atmosphere feedbacks, understanding how
different factors synergize or counteract with each other to affect re-
infiltration is rewarding, as re-infiltration can play an indispensable
role in the hydrologic cycle and in feeding back to the atmosphere. For
instance, Senatore et al. (2015) concluded that accurate representation
of re-infiltration improves precipitation simulation when fully coupled
with WRF, suggesting the need to represent this important physical
realism in the model. For the community of flood emergency re-
sponders, increasingly detailed and realistic representations of physical
processes marks a shift in the paradigm of operational flood forecast
from a past that heavily relies on human judgment/adjustment towards
a computationally expensive but more robust future. Although re-
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(A) Spatial pattern of the initial saturation level in the first layer soil (0-10 cm) at the beginning of 2015 May Event. (B) Soil type for 18 gauges in the study

area. (Sub-basins with bold outlines are the ones with higher (> 1) re-infiltration ratios).
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infiltration was found significant for flood prediction in UTRB, it may
prove to be a lesser process elsewhere. However, it is our emphasis that
similar studies are imperative to elucidate the cost for missing or sim-
plifying re-infiltration.
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