
Dear Reviewer #1,

We highly appreciated your review and constructive comments for our manuscript.
We provide our responses to your queries below.

Kind regards, all authors

Comment #1: The manuscript proposes a Unit Hydrograph estimating travel times
including also the time-varying rainfall intensity and soil moisture content information.

The topic is surely interesting although is well crystallized in literature and in practical
hydrology.

Unfortunately, the manuscript has some drawbacks that do not allow me to suggest its
publication. I see practical, technical, and theoretical issues to be addressed.

Firstly, the text (language, structure, figure captions, typos) should be significantly
improved since presently, it does not allow a full understanding of described methods.

Response:

Thank you for your comments. The language of this paper will be revised by a native
English-speaker. The skeleton of the methodologies is summarized as follows.

Ⅰ) The velocity formula was discussed.

The Soil Conservation Service (SCS) formula (Haan et al., 1994) is expressed by

1
2V k S  (1)

where k is the coefficient of the flow velocity which is related to the land use of the grid
cell; and S is the slope of the grid cell. This equation was used by NRCS (1997), Grimaldi
(2010), and Gimaldi (2012) et al., which versified the rationality of this equation.

The SCS flow velocity formula is time invariant. The time-varying rainfall intensity
should be considered. The usage of the theory has been proved by Wong (1995), Muzik
(1996), Bedient and Huber (2002), Gironas et al. (2009), Du et al. (2009) and Kong et al.,
(2019) et al.

2
1 5
2 t

t
c

IV k S
I

 
   

 
(2)

where It represents the excess rainfall intensity at time t; and Ic represents the reference
excess rainfall intensity of the basin.



Several velocity formulas were commonly used for deriving the spatially distributed
unit hydrograph (DUH), such as the Manning’ formula (Chow et al., 1988), Soil
Conservation Service (SCS) formula (Haan et al., 1994) and Maidment et al. (1996)
uniform flow equation. However, these formulas assumed that equilibrium in individual
grid cell can be reached before the end of the rainfall excess pulse (Bunster et al., 2019),
which yields slower travel times, shorter times to peak, and higher peak discharges.

A factor tw was first introduced to characterize the soil moisture content in

unsaturated areas. This new factor ( tw ) was added to the current time-varying flow

velocity formula. The proposed flow velocity formula is expressed by

2
1 5
2 t

t t
c

IV k S w
I

 
   

 
(3)

where  is an exponent smaller than unity, which can be used to improve the

applicability of the formula. Hence, the soil moisture content tw that contributes to the

value of velocity decreases as tw increases. The sensitivity analysis of Parameter � to

the flow velocity formula will be added to the revised manuscript. More details can be
seen in Section 2.2.

Actually, hillslope flow velocity in each grid is related to soil moisture content. Fast
subsurface velocities and quick runoff responses to precipitation has been observed in
many hillslopes (Hutchinson & Moore, 2000; Peters et al., 1995; Tani, 1997). The exact
mechanisms that cause water to move through the preferential network are not well
known, but it is often assumed that saturated soil provides the connection between
preferential features (Sidleet al., 2001; Steenhuis et al., 1988). Many studies have also
shown that antecedent moisture condition, precipitation intensity, precipitation amount,
topography and so on play a significant role in this phenomenon (Sidle et al., 2000;
Tsuboyama et al., 1994; Anderson et al., 2009).

If the entire basin is saturated, the flow velocity will reach its maximum value. Thus,
a soil moisture factor should be introduced to improve the flow velocity formula.
Otherwise, the flow velocity calculation can be lager under the assumption of saturation.
In order to test the influence of soil moisture content on flow velocity, we applied
different parameters to Equation (3). Take a specific grid cell for example, whose slope of
the grid cell is set to 0.34 m/m. The coefficient of the flow velocity k, reference rainfall
intensity Ic and γ are assumed to be 1.5 m/s, 20mm/h and 0.5 correspondingly. The
hillslope flow velocity values corresponding to different rainfall and soil moisture content
using Equation (3) are given in Figure 1.



Figure 1. Time-varying flow velocity values corresponding to different parameters

It can be seen from Figure 1 that when tw equaling to 1, the proposed equation

turns to Equation (2). The flow velocity values are ranging from 0.663 to 1.154 m/s, if
only considering the time-varying excess rainfall.

When It equaling to the reference rainfall Ic, Equation (2) turns to Equation (1), and
the flow velocity is 0.875 m/s.

After introducing a soil moisture content factor to the flow velocity formula, the
flow velocity values range from 0.296 m/s to 1.154 m/s. The velocity of the grid cell has
greater flexibility to better reflect the time-varying characteristics of the routing process.

Ⅱ) We adopted the proposed flow velocity formula to derive the time-varying
distributed unit hydrographs (TDUH), which considers both rainfall intensity and soil
moisture content based on the above analysis.

The traditional DUH method can rout the variant spatially distributed rainfall to the
watershed outlet (Grimaldi et al., 2010), and such a method is a lumped linear model of
watershed response. However, many watersheds may display a nonlinear behavior over a
wider range of net rainfall and discharge (Du et al., 2009). Muzik (1996) stated that a
family of unit hydrographs should be derived for a considered watershed, with each unit
hydrograph being applicable within a certain range of excess rainfall.



The rainfall intensity and soil moisture content were introduced to improve the flow
velocity formula. Therefore, we can obtain a family of unit hydrographs corresponding to
different rainfall intensity and soil water content. The general schematic of the TDUH
method considering rainfall intensities and soil moisture contents is given in Figure 2.

Figure 2. Flow chart of the TDUH method considering rainfall intensity and soil moisture
content, in which Equations (1), (2) and (3) means the time invariant flow velocity,
time-varying flow velocity considering excess rainfall intensity and time-varying flow
velocity considering both excess rainfall intensity and soil moisture content. The unit
hydrograph derived from the three flow velocity equations correspond to DUH, TDUH
and the proposed method.

The main procedures of this methods are given by

Step 1: Identification of the drainage network using advanced DEM pre-processing
techniques. More details can be found in Grimaldi et al (2012).

Step 2: Estimation of flow path, which is measured for each grid cell along the flow
directions to the outlet of basins.



Step 3: Calculation of the flow velocity. Three flow velocity equations were adopted
to derive the DUHs. Equation (1) is known as SCS formula. Equation (2) is time-varying
flow velocity formula considering excess rainfall intensity. Equation (3) is time-varying
flow velocity formula considering both rainfall and soil moisture content.

Step 4: Flow length rescales for travel time definition using the above flow velocity
formulas.

Step 5: Develop a cumulative travel time map of the watershed based on cell by cell
estimates for hillslope and channel flow velocities. The cumulative travel time map is
further divided into isochrones which can be used to generate a time-area curve and the
resulting unit hydrograph (Kilgore, 1997).
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Comment #2: It is not clear (although the title is clear) if the manuscript proposes an
IUH model, that is a rainfall-runoff method, or a simplified routing approach. Reading
the title and the introduction it seems the first option, looking the case study the second
one.

Response:

Thank you for your comments. In this manuscript, we proposed an IUH model by
improving the flow velocity formula. Spatially Distributed Unit Hydrograph model
proposed by Maidment (1993), is a semi-analytical form of the WFIUH identified by
Rigon et al (2016). In this study, a family of unit hydrographs corresponding to different
excess rainfall intensities and soil moisture contents were derived. In practical flood
forecasting, for each time interval, we are supposed to select a TDUH suiting to a certain
range of rainfall and soil moisture content.

In Section 4.1.2 of the case study, the parameters for deriving the unit hydrographs
were determined. To make the proposed method more applicable and reduce the number
of unit hydrographs, we have simplified the method. The TDUH considering
time-varying soil moisture content can be obtained in a certain range of rainfall intensities
and soil moisture contents, and the division ranges of which are presented in Tables 4 and
5. For a specific basin, there will be 20 (4 times 5) unit hydrographs according to the
discrete range of excess rainfall and soil moisture content using our methods.

Table 4. The rainfall intensity It of each period corresponds to the discrete rain intensity
Is

Net rainfall intensity It (mm/h) 0 < It ≤ 15 15 < It ≤ 25 25 < It ≤ 35 It >35
Discrete rainfall intensity Is(mm/h) 10 20 30 40

Table 5. The soil moisture content wt of each period corresponds to the discrete soil
moisture content ws



Soil moisture
content wt

0 < wt≤ 0.2 0.2 < wt≤ 0.4 0.4 < wt≤ 0.6 0.6 < wt≤ 0.8 wt > 0.8

Discrete soil
moisture content ws

0.1 0.3 0.5 0.7 0.85
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Comment #3: As recalled by the authors in the Introduction the IUH approach assumes
some hypotheses (i.e. linear system, time invariant, rainfall spatially homogeneous) that
of course are far from the watersheds real behavior, however this is an accepted
compromise in challenging hydrological studies (i.e. ungauged basins). In my opinion
there is a contradiction in trying to make non-linear a linear approach, maybe it is better
to use a non linear approach or an other approach. If a time-varying rainfall and spatial
distribution information are introduced, the nature of IUH is lost and we do not know any
more what we are implementing. In my experience I also tried to force the IUH concept,
however I limited it to the estimation of the hillslope velocity cell by cell indeed further
adaptation (i.e. empirical estimation of channel velocity) would have been in contrast to
the IUH theoretical definition (Grimaldi et al. 2010; 2012).

Response:

We appreciate for this general comment. The IUH is the probability density function
for the arrival time of a randomly chosen drop to the trapping state (Rodríguez‐Iturbe et
al., 1982). The IUH approach assumes some hypotheses (i.e. linear system, time invariant,
rainfall spatially homogeneous) in the application. Contrary to the linear assumption,
basins have been shown to exhibit nonlinearity in the transformation from excess rainfall
to stormflow (Bunster et al., 2019). Of course, this is an accepted compromise in
challenging hydrological studies over the past few decades, especially for the ungauged
basins. Nevertheless, many hydrologists have made great efforts to it.

Minshall (1960) showed that different rainfall intensities significantly correspond to
different UHs for a small watershed. After that, Rodríguez-Iturbe et al. (1982) extended
the GIUH to the geomorphoclimatic IUH (GcIUH) to cope with this nonlinearity by
incorporating excess rainfall intensity in the determination of the IUH. Lee et al. (2008)



proposed a variable Kinematic wave GIUH corresponding to time-varying rainfall
intensity for the calculation of the runoff concentration, which warrants consideration for
rainfall-runoff modelling in ungauged catchments that are influenced by high intensity
rainfall. Du et al. (2009) proposed a GIS based simple and easily performed routing
approach to simulate the storm runoff process with consideration of spatial and temporal
variability of runoff generation and flow routing through hillslope and river network. In
addition, many similar works have been done by Muzik (1996), Gironás et al. (2009), and
Bunster et al. (2019).
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Comment #4: Most importantly, it should be clarified the practical context on which we
are referring. Personally, I consider the WFIUH approach particularly brilliant in small
and ungauged basin application since it optimizes the topographic information and since



the IUH approximations are coherent with by the basin dimension. In other contexts,
maybe, other approaches should be preferred (semi-distributed or fully distributed
models).

Response:

Thank you for your comments. It is not doubt that the WFIUH provided a useful
methodology for runoff routing in small and ungauged basin (Grimaldi et al., 2010;
Grimaldi et al., 2012). As mentioned above, Spatially Distributed Unit Hydrograph model
is a semi-analytical form of the WFIUH identified by Rigon et al (2016). The DUH is
also well used in small and ungauged basin as described in the introduction. A fully
distributed models use routing methods to completely remove the linearity assumption,
but they are usually computationally intensive because they solve the momentum
equation (Bunster et al., 2019). DUH method is an alternative approach that allow the use
of distributed information in a much more efficient manner.
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Comment #5: The present manuscript does not clarify these aspects. It provides a case
study with a large basin, eliminating the hillslopes (including an area threshold of 1 km2),
assuming calibration, increasing the number of parameters: without a clear context it
disorients the reader. I would expect to see nine case studies (each sub-basin) in order to
evaluate the expected improvements of IUH given by the soil moisture content, in
ungauged contest. If the practical aim is different (large gauged basins) the comparison
should be performed with other models underlying the added value of the proposed
approach.

Response:



Thank you for your comments. The hillslopes were eliminated by assuming an area
threshold of 1 km². Many works found that the hillslope runoff may significantly affect
hydrologic response at any scale and especially for the small basins (Naden, 1992). In this
study, flow directions, and channels were extracted from a 30‐m resolution DEM using a
single‐direction flow algorithm (O'Callaghan & Mark, 1984). We will rescale the
hillslope cells by assuming an area threshold of 900 m2 in the revised manuscript, and a
constant flow velocity was adopted for the channel network based on the previous studies
(Grimaldi et al., 2010, 2012).

We are trying to apply a more efficient distributed computing method in a large
watershed. Due to the lack of observed runoff data in small catchments, we provided a
case study with a large basin, which was divided into 9 sub-basins with an average basin
area of 175 km2. Dooge (1973) shown that the term small refers to basins with drainage
areas less than 150-200 km², and it is reasonable to accept the linear theory of the IUH.
The DUH method was mostly used in small and ungauged basins, and the simulation
effects are generally good (Melesse, & Graham, 2004; Gad, 2014). Additionally, the
comparisons between traditional unit hydrograph and the proposed method will be added
in the revised manuscript based on your suggestions.
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