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17 ABSTRACT: Although process-based distributed hydrological models (PDHMs) are
18 evolving rapidly over the last few decades, their extensive applications are still
19 challenged by the computational expenses. This study attempted, for the first time, to

20  apply the numerically efficient MacCormack algorithm to overland flow routing in a

1

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:nanzt@njnu.edu.cn
mailto:xuliang@pitt.edu.cn
http://ees.elsevier.com/hydrol/viewRCResults.aspx?pdf=1&docID=33176&rev=1&fileID=1174392&msid={79544F29-BE10-44BB-B3AC-28AACC55486C}

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

representative  high-spatial ~ resolution =~ PDHM, i.e., the  distributed
hydrology-soil-vegetation model (DHSVM), in order to improve its computational
efficiency. The analytical verification indicates that both the semi and full versions of
the MacCormack schemes exhibit robust numerical stability and are more
computationally efficient than the conventional explicit linear scheme. The
full-version outperforms the semi-version in terms of simulation accuracy when a
same time step is adopted. The semi-MacCormack scheme was implemented into
DHSVM (version 3.1.2) to solve the kinematic wave equations for overland flow
routing. The performance and practicality of the enhanced DHSVM-MacCormack
model was assessed by performing two groups of modeling experiments in the Mercer
Creek watershed, a small urban catchment near Bellevue, Washington. The
experiments show that DHSVM-MacCormack can considerably improve the
computational efficiency without compromising the simulation accuracy of the
original DHSVM model. More specifically, with the same computational environment
and model settings, the computational time required by DHSVM-MacCormack can be
reduced to several dozen minutes for a simulation period of three months (in contrast
with one day and a half by the original DHSVM model) without noticeable sacrifice
of the accuracy. The MacCormack scheme proves to be applicable to overland flow
routing in DHSVM, which implies that it can be coupled into other PHDMs for
watershed routing to either significantly improve their computational efficiency or to

make the kinematic wave routing for high resolution modeling computational
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feasible.
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1 Introduction

Overland flow is one of the major components of the hydrological cycle and has the
most intimate interactions with human beings because of their coexistence in space
and time (Wong, 2011). It is normally unsteady and non-uniform and, therefore, can
be described by the St. Venant equations. Owing to the highly nonlinear nature of
these equations which involve a high degree of complexity in their computation,
various approximations of the St. Venant equations have been proposed for solving
overland flow problems. The kinematic wave (KW) model, which was first developed
by Lighthill and Whitham (1955), is one of such approximations and proves to be
adequate for most practical overland flow situations (Akan and Houghtalen, 2003).
The major assumption of the KW model is that the acceleration and pressure terms in
the momentum equation are insignificant and, consequently, the friction slope is equal
to the terrain slope (Miller, 1984). The KW model is essentially a set of nonlinear
hyperbolic partial differential equations for which analytical solutions cannot be
obtained except for a few idealized conditions. The finite difference (FD) numerical
methods, which are generally classified into explicit and implicit schemes, are

therefore frequently used to solve the KW equations. Both the explicit and implicit
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FD methods have comparative strengths and weaknesses. The explicit FD schemes
are easy to formulate and program, but are subjected to a necessary and insufficient
condition for stability known as the Courant-Friedrichs-Lewy stability (CFL)
condition (Chow et al., 1988). The CFL condition imposes a restriction on the
workable time steps, which limits the computational efficiency and the practical
applications of the explicit FD method. The implicit FD schemes, on the other hand,
are unconditionally stable, but suffer from (i) high computational complexity due to
the matrix operations; (ii) large memory demand; and (iii) deficiency in their
applications to nonlinear problems (Kazezyilmaz-Alhan et al., 2005; Huang and Lee,
2013).

Process-based distributed hydrological models (PDHMs) are evolving rapidly
over the last few decades (Paniconi and Putti, 2015). This is partly spurred by the
tremendous advances in computing power, programming techniques and data
availability; and partly by the increasing demands for spatially distributed
hydrological simulations, impact assessments and interdisciplinary studies (Beven,
2011; Fenicia et al., 2016). Nevertheless, the extensive applications of PDHMs are
still challenged by their computational burden since PDHMs are mostly associated
with solving nonlinear partial differential equations over large domains at fine
spatiotemporal resolutions (Fatichi et al., 2016). In PDHMSs such as the distributed
hydrology-soil-vegetation model (DHSVM) (Wigmosta et al., 1994), the

geomorphology-based hydrological model (GBHM) (Yang, 1998), and the water flow
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and balance simulation model (WaSiM) (Schulla and Jasper, 2007), the routing of
overland flow is usually described by the KW equations, owing to its simplicity and
satisfactory accuracy compared to the St. Venant equations (Jain and Singh, 2005;
Tsai and Yang, 2005; Yu and Duan, 2014). However, the computational efficiency of
these models would be strictly constrained in case of using the conventional explicit
FD schemes to solve the KW equations, because it usually requires very small time
increments to comply with the CFL condition. For example, DHSVM routes the KW
overland flow with the explicit linear scheme. We have tested it using the model’s test
site data, which corresponds to a small urban watershed (31 km?) at a spatial
resolution of 30 m, and found that it needs almost 186 hours to complete a 2.25 years
simulation. The test was carried out on a Lenovo notebook PC with an Intel Core
i7-2620M CPU and 8 GB RAM.

Considering the complexity of the real world, and the strong spatial heterogeneity
of land surface characteristics, more attentions are increasingly paid to high-spatial
resolution PDHMs for a refined representation of hydrological processes
(Ochoa-Rodriguez et al., 2015). The computational efficiency of PDHMs is even
worse when they are applied to a large study domain with a high spatial resolution,
since smaller spatial steps require much smaller time steps to achieve a stable solution
to the KW equations with an explicit FD scheme. Thus, it is of great significance and
practical importance to propose more efficient numerical methods to solve the KW

equations for overland flow routing to reduce the computational cost.
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The MacCormack FD method, which was initially proposed to solve the
time-dependent compressive Navier-Stokes equations, is a popular and widely-used
numerical algorithm in computational hydraulics (MacCormack, 2003; Tseng, 2010).
Recently, some researchers have successfully applied the MacCormack algorithm to
KW overland flow problems. Kazezyilmaz-Alhan et al. (2005) investigated the
reliability of the explicit MacCormack scheme and compared it to the available
analytical solutions and to a 4-point implicit FD method. They concluded that the
MacCormack algorithm is computationally more efficient than the 4-point implicit
method, although they are comparable in accuracy. Tseng (2010) applied the
unconditionally stable implicit MacCormack scheme to solve the KW problem and
demonstrated that it is a simple, accurate, highly stable, and greatly efficient solver.
Huang and Lee (2013) reformulated the implicit MacCormack scheme and then
applied it to two mountainous watersheds for 2D runoff simulations. They reported
that the proposed method was significantly superior to the conventional algorithm in
terms of computational efficiency.

These previous studies consistently revealed the clear advantage of the
MacCormack scheme over the other conventional numerical methods for solving the
KW equations. None of them, however, have tested the applicability and advantage of
the MacCormack scheme with a PDHM. This study, therefore, applies the
MacCormack scheme to the KW overland flow routing in a representative

high-spatial resolution PDHM (i.e., the DHSVM model). More specifically, the
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behaviors of the semi and full versions of the MacCormack schemes were evaluated
against analytical solutions for two synthetic overland flow cases with uniform
rainfalls. Then the semi-MacCormack algorithm was implemented into DHSVM to
improve the efficiency of routing its overland flow. The performance and
practicability of the enhanced DHSVM model (DHSVM-MacCormack) were
examined by carrying out two groups of modeling experiments in a small urban

watershed in Washington.

2 Methods

The method section is organized as follows. Sections 2.1 and 2.2 briefly introduce the
KW model and the MacCormack numerical scheme, respectively. Section 2.3
describes the approach of implementing the MacCormack scheme into DHSVM.
Finally, in Section 2.4, the methods of evaluating the performances of the

MacCormack schemes are presented.

2.1 Kinematic wave

The 1D KW model for overland flow routing is defined by the following continuity
and momentum equations.

Continuity Equation:

9Q oA _ 1
ax+8t Ge @)

where Q is the discharge, A is the cross-sectional area of flow, x is the downslope
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distance, t is the time, and g is the rainfall excess rate per unit flow length.

Momentum Equation:

)

in which S, is the bed slope and S is the friction slope. The momentum equation can

be expressed equivalently to the following relationship between Q and A.

_ B
A=aQ 3)

By combining Eq.2 with the Manning equation, Eqg.3 can be derived as follows:

e

where n is the Manning roughness coefficient; P is the wetted perimeter, which can be

)Q** (4)

considered equal to flow width for shallow water flow; and C,, equals to 1 for metric
units and 1.49 for English units. Thus, & = (nP?*/(C, /S, ))*® and p=3/5.

Differentiation of Eq. 3 with respect to t and substitution of this into Eq.1 gives:

Q

_|_
OX b

p10Q _ 5
0" —==q, (5)

Combining Eq.5 with dQ = aa—de +%dt , it can be easily obtained that:

dQ _ dx 1

6
“Tan T at T BO" ©)

where cy is the KW celerity.

2.2 MacCormack numerical scheme

The MacCormack scheme is a variation of the two-step Lax—\Wendroff technique and
belongs to the family of splitting methods. It has a second-order accuracy in time and

space. The MacCormack scheme consists of two steps: a predictor step followed by a

8
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corrector step (MacCormack, 1982; MacCormack, 2003). The spatial derivatives are
approximated by forward differences in the predictor step, whereas they are
approximated by backward differences in the corrector step. The implicit
MacCormack scheme in delta form for approximating the KW equations is presented
in Egs. 7 and 8.

MY == Q- Q) +a.At

. AAL . AAL .
Preditor step< (1+ H)ESA‘” V2 = AA e SAH? 7)

+1
n+1/2 _ AN n+1/2
AT = A+ 5A

AA1n+l/2 — _% (Qin+l/2 _ Qin:ilIZ) + qut

AAL AAL
Corrector ste 1+ 2)0A™ = AA™Y2 4 2 SAn
P Ax) A A Ax AL (8)

A1n+l :%(An + An+1/2 + SAHH)

where i and n are the spatial and temporal indices, respectively; At and Ax are
temporal and spatial steps, respectively; AA is the change in the cross-sectional area of
flow; 6A is the iteration variable; and g is the rainfall excess rate per unit flow length.
Note that the predictor step is first evaluated based on a backward sweep from the
lower boundary (i.e., the greatest space index) to the upper boundary (i.e., the lowest
space index); and the corrector step is then implemented through a sweep in a forward
direction (Furst and Furmanek, 2011).

The method is unconditionally stable provided that the parameter A is chosen so

that:

mac mac

AZmax(|ck|—%,0)a 4 >05 )
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in which amac is a coefficient which mainly depends on the wave celerity and
watershed characteristics (Huang and Lee, 2013). If At already satisfies the stability
condition of the explicit FD method, i.e., |c, | -Ax/At <0, the right-hand side of the
above inequality vanishes and 1 can thus be chosen to be zero. The implicit

MacCormack scheme reduces to the explicit one in this case.

2.3 DHSVM-MacCormack

DHSVM is a fully distributed physically-based time-continuous model predominantly
designed for mountainous regions with complex terrain. It can provide an integrated
and dynamic representation of the spatial patterns of snow cover, soil moisture,
evapotranspiration, and runoff at a spatial resolution represented by the digital
elevation model (DEM) (Wigmosta et al., 1994). DHSVM (version 3.1.2) was
selected as a representative PDHM in this study, mainly because of the free
availability of the source code as well as the test site data. DHSVM divides a
watershed into computational grid cells centered on DEM nodes, each of which is
assigned with appropriate vegetation characteristic and soil property. Using the grid
cell as basic unit, DHSVM (i) estimates evapotranspiration using a two-layer canopy
model; (ii) simulates snow accumulation and melt using a mass and energy balance
model; (iii) describes unsaturated moisture movement through multiple rooting zone
soil layers using Darcy’s Law; (iv) routes lateral saturated subsurface flow through a

cell-by-cell approach using either the kinematic or diffusion approximation; (v) routes

10
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overland flow using either a cell-by-cell approach or the KW approach; and (vi)
simulates channel flow using a robust linear storage routing algorithm. More details
about the model are available in Wigmosta et al. (1994), Storck et al. (1998) and
Wigmosta and Perkins (2001). DHSVM has been widely utilized in various research
fields such as hydrological process simulation (Du et al., 2007; Cuo et al., 2008),
hydrological impact assessment (Thanapakpawin et al., 2007; Cuo et al., 2009;
Dickerson-Lange and Mitchell, 2014; Alvarenga et al., 2016), and sediment erosion
and transport modeling (Doten et al., 2006; Lanini et al., 2009).

In DHSVM, overland flow is primarily generated through a saturation excess
mechanism, despite that a relatively crude infiltration excess parameterization has
been included (Cuo et al., 2008). The directions of overland flow are determined
based on DEM using the four-direction (D4) algorithm which assigns flow from each
grid cell to its four adjacent neighbors. For example, as illustrated in Figure 1, the
outflow from pixel 5 is subdivided into the downslope neighboring pixels in the
eastern and southern directions, i.e., cell 6 (Q51) and cell 8 (Q52). The proportion of
outflow in each direction is assumed to be equal to the ratio of flow width in that
direction to the total flow width. Essentially, this is consistent with the Digital
Elevation Model Networks (DEMON) model which describes two-dimensional and
aspect-driven flow movements (Costa-Cabral and Burges, 1994). The D4 approach
allows the inflows to a certain cell originate from multiple up-gradient adjacent cells.

For instance, the inflows to cell 5 include the outflows from upstream cells 2 (Q22)

11
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Figure 1. lllustration of DEM-based overland flow routing in DHSVM

The MacCormack scheme uses forward finite-differences for the spatial
derivatives in the predictor step (Eq.7). When applying this scheme to the DEM-based
overland flow routing system in DHSVM, it means that the variable A""?at the
current grid (i) needs to be estimated using the iteration variables (Q, , 3A™*?) at the
downslope grid (i+1). However, the current grid may have multiple outflows to the
downslope adjacent grid cells (Figure 1); and, meanwhile, the downslope grids may
have multiple inflows coming from other upslope grid cells. In this case, the outflows
at the downslope cells should be decomposed in order to predict the outflow of the
current cell. The decomposition, however, is a tough challenge in theory and practice.
This makes it difficult to couple the full implicit MacCormack scheme into DHSVM

for overland flow routing. Nevertheless, Huang and Lee (2013) modified the full

implicit MacCormack scheme to make it usable in the DEM-based overland flow

12
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routing system, in which the flow directions are determined using the D8 algorithm.
The modified MacCormack scheme in delta form for approximating the KW

equations is as follows:

n+l _ _ﬁ n_on
AAi - AX (Q| Q|—1) + qut (10)
/lAt n+l _ n+l E n+1
(1 ZoD)OA™™ = AR + == 5A (11)
A1n+1 — An + 8A1n+1 (12)

The predictor step presented in the full MacCormack scheme (Egs. 7 and 8) has
been removed in the modified MacCormack scheme. Hence, we name the modified
version of the MacCormack scheme as the semi-MacCormack. The
semi-MacCormack algorithm can be converted to the following recursive formulas in

order to implement it into DHSVM:

+A At
AR == (Q - Q1) + QAL (13)
L+ 2000 = an 4 2O (A A (14)
At+At — At + 8At+At (15)

inwhich Q;,and A, are, respectively, the total inflow from the up-gradient adjacent
grids and the corresponding cross-sectional area at current time t; Qf and A’ are,
respectively, the outflow and its cross-sectional area at current grid cell i and time t; At
and Ax are the time step and the grid size, respectively; and AA is the change in
cross-sectional area of flow. The boundary values for the grid cells on the upstream end
are assigned as zero (Wang and Hjelmfelt, 1998; Jain and Singh, 2005), i.e., Q! =0

and A =0, where Q, and A are the outflow and its cross-sectional area,

13



258  respectively, at the boundary grid cells indicated by subscript u.

259 Figure 2 presents the flow chart for routing the overland flow using the
260  semi-MacCormack scheme in DHSVM. Specifically, the procedure consists of five
261  main steps: (i) read initial conditions at start time; (ii) enter into the external time loop;
262  (iii) enter into the internal spatial loop; (iv) solve the KW equations using the
263  semi-MacCormack algorithm; (v) advance to the next time step and repeat the steps
264  outlined above until reaching the end time. The enhanced DHSVM model is referred

265 to as DHSVM-MacCormack.
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Figure 2. Flowchart for overland flow routing in DHSVM using the

semi-MacCormack scheme

2.4 Numerical experiments for the MacCormack schemes

2.4.1 Experiment setup for analytical evaluation of the

MacCormack schemes

An important advantage of the KW approach over the dynamic and diffusion wave
approaches is that analytical solutions are possible for simple geometries (David and
Michael, 1986). Eagleson (1970) provided the analytical solution for the KW
overland flow with uniform rainfall. As shown in Table 1, two impermeable
rectangular parking lots with different geometries are assumed to be subject to
uniform rainfall with different durations and intensities. The hydrographs of flow
depth at the end of the parking lots were calculated using the analytical approach, the
explicit linear scheme, and the semi- and full-MacCormack schemes, respectively.
The explicit linear scheme adopted in DHSVM is a commonly used FD method for
solving the KW equations. Details about the KW computations with the explicit linear
scheme have been documented by Chow et al. (1988). Capabilities of the numerical
methods (i.e., the semi- and full-MacCormack algorithms, and the explicit linear
scheme) were quantitatively assessed by using the performance indicators of the
root-mean-square error (RMSE) and mean absolute error (MAE). Moreover, the CPU

time requirements of different numerical methods were compared with each other. All
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of the computations were run with a Lenovo notebook PC with an Intel Core
i7-2620M CPU and 8 GB RAM.

Table 1 Characteristics of the synthetic overland flow cases

Parking lot geometry Rainfall
Test case . i .
Length Slope Manning Intensity  Duration
(m) roughness (mm/h) (s)
coefficient
Case 1 182.88 0.0016 0.025 50.8 1,800
Case 2 500.00 0.0100 0.005 100.0 1,500

In the first synthetic overland flow case, the time increment (At) varied from 4 to
39 s for the explicit linear scheme to satisfy the CFL stability condition, and it was
purposely set to 50, 100, and 150 s for the MacCormack schemes with which the
stability condition is violated. The spatial step (Ax) was set to 1 m for all of the runs.
The coefficient amsc In EQ. (9) was calibrated to be 0.5 and 0.6 in the full- and
semi-MacCormack schemes, respectively, to obtain the best fit results comparing to
the analytical solution. In the second synthetic case, the time step (At) ranges from 0.5
to 6 s for the explicit linear scheme to satisfy the CFL stability condition, but it was
increased to 10, 20, and 50 s for the MacCormack schemes for the cases against the
stability condition. Likewise, the spatial step (Ax) was set to 1 m for all numerical
methods, as in Case 1. The coefficient amac in EQ. (9) was best fitted to be 0.6 and 0.8

in the full- and semi-MacCormack schemes, respectively.
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2.4.2 Test sites and experiment setups for numerical

evaluation of DHSVM-MacCormack

The test data for DHSVM 3.1.2, which is freely available at the model’s official
website (http://dhsvm.pnnl.gov/), was used to test the performance of the enhanced
DHSVM model (i.e., DHSVM-MacCormack). The test site, Mercer Creek watershed,
is a small urban watershed near Bellevue, Washington (Figure 3). The Mercer Creek
river flows through Mercer Slough and finally ends in Lake Washington (Sun et al.,
2015). The watershed has a drainage area of approximately 31 km? and is
characterized by rugged topography with elevations ranging from 16 to 326 m above
sea level. The primary land use types in the watershed are urban land and conifer
forest; and the predominant soil type is sandy loam soil. The 3-hourly meteorological
forcing data including air temperature, wind speed, relatively humidity, precipitation,
and incoming shortwave and longwave radiations at two pseudo stations are available
for the test basin. They were obtained from a hydrologically consistent dataset of land
surface fluxes and states for the conterminous United States that was developed by
Livneh et al. (2013) based on the observations from NOAA Cooperative Observer
(COOP) stations. The streamflow from the Mercer Creek watershed has been
monitored by US Geological Survey station (No. 12120000; 47°36'11"N,
122°10'47"W). The streamflow records at a 15-min interval for the period from

01/01/2012-00 to 03/31/2012-21 were used for model performance assessment.
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Figure 3. Map showing the location and topography of the Mercer Creek watershed

As presented in Table 2, two groups of modeling experiments were designed and
carried out to assess the performance and efficiency of DHSVM-MacCormack. The
modeling in the first experiment group (Exp 1) was performed using the original
DHSVM model (version 3.1.2), in which the KW equations are solved with the
explicit linear scheme for overland flow routing. The routing time increments (At) are
variable and updated at the beginning of each model time step to ensure they comply
with the CFL stability condition at each computational grid (Chow et al., 1988). In
Exp I, we set the routing option to “KINEMATIC” and the grid size to 30 m, and
assigned start and end times as 01/01/2012-00 and 03/31/2012-21, respectively. The
other parameters and options were kept with the default values. The simulated

streamflow was quantitatively evaluated against the measurements using the (i)
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347

Nash-Sutcliffe efficiency (NSE) coefficient (Nash and Sutcliffe, 1970) and (ii) RMSE.

Table 2 Modeling experiments for DHSVM-MacCormack

Overland flow Model

Modeling Routing
Model version routing time step
experiment time step (s)
method (h)
KW & explicit
Exp | DHSVM 3.1.2 3 Variable
linear
30, 60, 90, 120,
KW & 150, 180, 210,
Exp Il DHSVM-MacCormack 3
MacCormack 240, 270, 300,
600

The second experiment group (Exp Il) was undertaken with
DHSVM-MacCormack, in which the KW equations are solved with the
semi-MacCormack scheme. The routing time step was set to 30, 60, 90, 120, 150, 180,
210, 240, 270, 300 and 600 seconds for the purpose of testing the performance of the
MacCormack algorithm. Thus, DHSVM-MacCormack was run 11 times in Exp II,
with the same model parameters and configurations as in Exp I. In addition to NSE
and RMSE, the relative NSE and relative RMSE, as defined in Egs.16 and 17, were
used to evaluate the simulations of Exp Il against those of Exp |. Moreover, the
relative CPU time, as in Eq.18, was defined to evaluate the computational efficiency

of DHSVM-MacCormack in comparison to the original DHSVM model.

i (Q DHSVM3.12 QDHSVM—MacCormack )2
i i

Relative NSE =1--=1—_ (16)
Z (QiDHSVM3.l.2 _ QnIZ:HSVM?:.l.Z )2

i=1
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N
Relative RMSE = \/%Z(QiDHSVM—MacCorrmck _Q_DHSVM3,1_2)2 (17)
i1

_ (CPU t",m )DHSVM—MacCOrmack (18)

Relative CPU time
(CPU t“,m )DHSVM3.1.2

where N is the total number of time steps during the simulation period; Q; is the
simulated streamflow at the time step i; and Qy, is the mean value of the simulated
streamflow.

The test site, Mercer Creek (MC) watershed, is relatively small. To assess
impacts of watershed sizes on the computational time with the MacCormack scheme,
DHSVM-MacCormack is also applied to a large watershed. This larger watershed is
the upper Heihe River Basin (UHRB) with a drainage area of about 100,09 km?, as
shown in Table 3, in northwest China. More details about this watershed is available
in Zhang et al. (2016). The grid size, routing time step and simulation length were
consistently set as 150 m, 600 s and 3 months, respectively, for both the small and
large watersheds. The computational environment and model settings were kept the
same for the different cases as listed in Table 3. Moreover, impacts of different
modeling grid sizes (e.g., 30, 45, 60, 90 and 150 m) on the computational time with
the original and enhanced DHSVM (i.e., DHSVM-MacCormack) models were

investigated using the Mercer Creek watershed.

Table 3 Applications of DHSVM-MacCormack to two catchments with different sizes

Catchment size Simulation Grid size (m)/routing
Catchment
(km?) length (months) time step (s)
Mercer Creek
31 3 150/600

watershed
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380

381

382

383

Upper Heihe River
10,009 3 150/600
Basin (UHRB)

3 Results and discussion

3.1 Analytical verification

Figure 4 presents the numerical results and analytical solution for the first synthetic
overland flow case (Table 1). The flow depth time series produced by the
MacCormack and explicit linear schemes match the analytical solution very well,
although there are some small differences at the crest. This indicates that both the
full-MacCormack and semi-MacCormack algorithms can work very well and are
comparable to the explicit linear scheme in terms of simulation accuracy even when
the time step does not satisfy the stability condition. Thus, the MacCormack
approaches can relax the restriction on temporal and spatial intervals imposed by the
CFL stability condition. When the time step is 150 s, the computational times of the
full- and semi-MacCormack schemes was 0.006 and 0.003 s, respectively, which are
about 7-15 times faster than that of the explicit linear scheme (0.046 s). Therefore, the
MacCormack schemes can save the computation time considerably, compared to the
explicit linear method. The RMSEs and MAEs are very small for all of the numerical
methods, as indicated and summarized in Table 4, which confirms their reliability for
solving the KW equations. The accuracy tends to decrease with increasing time steps

for both the full- and semi-MacCormack schemes. Moreover, with a same time step,
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384  the full-MacCormack scheme performs slightly better than the semi-MacCormack
385  scheme, particularly for the recession limb of the hydrograph. This is reasonable since
386 the predictor step of the full-MacCormack scheme has been removed in the
387  semi-MacCormack scheme.
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388 Time (sec) Time (sce)
389 Figure 4. Flow depth time series for Case 1 estimated using the full-MacCormack
390 (left) and semi-MacCormack (right) schemes
391 Table 4 A summary of performance of the numerical methods for synthetic overland
392  flow cases
Time step RMSE CPU time
Test case Numerical scheme MAE (m)
(At 5) (m) (s)
Explicit linear 4-39 1.37x10*  7.88x107 0.046
50 4.26x10°  1.40x10°  0.018
Full-MacCormack 100 8.88x10° 3.78x10°  0.010
Case 1 150 1.38x10"  6.97x10°  0.006
50 9.19x10° 5.97x10°  0.009
Semi-MacCormack 100 1.79x10%  1.25x10*  0.004
150 2.68x10"  1.94x10"  0.003
Explicit linear 0.5-6 3.23x10°  1.85x107 1.090
Case 2
Full-MacCormack 10 1.12x10°  2.46x10°  0.406
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393

394

395

396

397

398

399

400

401

402

403

404

20 2.27x10°  6.61x10°  0.186
50 5.36x10° 2.52x10°  0.073
10 3.17x10°  1.21x10°  0.184
Semi-MacCormack 20 5.49x10°  2.19x10°  0.092
50 1.05x10"  4.66x10°  0.034

Figure 5 shows the results of Case 2. The full-MacCormack scheme induces some

small oscillations before reaching the equilibrium, while the semi-MacCormack

scheme is lagged to reach the maximum flow depth. Despite of these discrepancies,

the time series obtained by both MacCormack schemes are very close to the analytical

solution, as well as to that simulated by the explicit linear scheme. As shown in Table

4, all of the numerical approaches can produce good overland flow simulations for

Case 2, with very small RMSEs and MAEs. Similar to Case 1, the full-MacCormack

scheme slightly outperforms the semi-MacCormack method when a same time step is

employed, although it requires slightly more computational time. Results in Figure 5

clearly demonstrated that both the full- and semi-MacCormack schemes are more

computationally efficient than the explicit linear scheme while achieving a similar

accuracy.
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Figure 5. Flow depth time series for Case 2 estimated using the full-MacCormack

(left) and semi-MacCormack (right) schemes
3.2 Evaluation of DHSVM-MacCormack

Figure 6 presents daily and sub-daily (3 hourly) streamflow observations and the
simulations obtained from the two groups of modeling experiments (i.e., Exps I and 1)
at the outlet of the Mercer Creek watershed for the period from January 1, 2012 to
March 31, 2012. In Exp I, the original DHSVM model simulated a streamflow
hydrograph that exhibits a reasonably good match with the observed one. The
corresponding NSE and RMSE are 0.7852 and 0.3625 m®s, respectively, for daily
streamflow, and 0.6163 and 0.5757 m®/s, respectively, for sub-daily streamflow (Table
5). The results indicate a good applicability of the original DHSVM model to the
Mercer Creek watershed according to the model evaluation guidelines proposed by
Moriasi et al. (2007). However, it takes a quite large CPU time of about one day and a
half (35.50 h) to complete Exp | due to low computational efficiency of routing the

overland flow. The considerable computational time requirement by the explicit linear
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scheme in the original DHSVM model significantly restricts the practicality of
DHSVM’s applications with the KW option for overland flow routing. The
computational cost would become much worse when a longer-term, higher-resolution

hydrological simulation is needed for a larger watershed.
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Figure 6. Comparison of daily (a) and sub-daily (b) streamflow observations with the
simulations generated from the two groups of modeling experiments for the Mercer

Creek watershed from January 1, 2012 through March 31, 2012
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431

Table 5 Comparison of experiment results in terms of simulation accuracy of daily and sub-daily (in parentheses) streamflow and computational

efficiency
Modeling Routing CPU time Relative
NSE Relative NSE RMSE (m®/s) Relative RMSE

experiment  time step (S) (h) CPU time

Exp | Variable ~ 0.7852(0.6163)  1.0000 (1.0000) 0.3625 (0.5757)  0.0000 (0.0000) 35.50 1.0000

30 0.7833(0.6186)  0.9962 (0.9965) 0.3641 (0.5740)  0.0437 (0.0476) 3.37 0.0949

60 0.7849 (0.6201)  0.9969 (0.9969) 0.3628 (0.5729)  0.0398 (0.0442) 1.70 0.0479

90 0.7861 (0.6213)  0.9973 (0.9972) 0.3618 (0.5719)  0.0372 (0.0422) 1.19 0.0335

120 0.7870(0.6223)  0.9975 (0.9973) 0.3610 (0.5712)  0.0358 (0.0414) 0.86 0.0242

150 0.7878(0.6231)  0.9975 (0.9973) 0.3603 (0.5706)  0.0354 (0.0415) 0.70 0.0197

Exp 11 180 0.7885(0.6238)  0.9974 (0.9972) 0.3597 (0.5701)  0.0359 (0.0425) 0.64 0.0180

210 0.7891 (0.6250)  0.9972 (0.9969) 0.3592 (0.5692)  0.0377 (0.0448) 0.50 0.0141

240 0.7895 (0.6249)  0.9970 (0.9966) 0.3589 (0.5693)  0.0391 (0.0463) 0.45 0.0127

270 0.7898 (0.6253)  0.9966 (0.9962) 0.3586 (0.5690)  0.0415 (0.0489) 0.40 0.0113

300 0.7901 (0.6256)  0.9961 (0.9958) 0.3584 (0.5687)  0.0444 (0.0520) 0.37 0.0104

600 0.7865 (0.6270)  0.9833 (0.9837) 0.3615 (0.5676)  0.0919 (0.1020) 0.20 0.0056
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Simulated streamflow hydrographs from Exp. Il with the enhanced DHSVM
model (i.e., DHSVM-MacCormack) produced almost exactly the same results as
those from Exp | (i.e., results overlapped on each other) when the routing time step
(At) is less than 300 s (Figure 6). Only very small differences between Exps | and Il
can be discerned when At is increased to 300 and 600 s. As shown in Table 5, the
NSEs and RMSEs of daily streamflow vary from 0.7833 to 0.7901, and from 0.3584
to 0.3641 m®/s, respectively, with different routing time steps in Exp 11, which are
comparable to those of Exp | (0.7852 and 0.3625 m®/s). Using results from Exp | as
the baseline, the relative NSEs and relative RMSEs span from 0.9833 to 0.9975, and
from 0.0354 to 0.0919, respectively, for daily streamflow; and 0.9837~0.9973 and
0.0414~0.1020, respectively, for the sub-daily streamflow. Such high relative NSEs
together with the low relative RMSEs clearly indicate the comparable performance
between the explicit linear scheme with DHSVM and the semi-MacCormack scheme
with DHSVM-MacCormack. The narrow spans of the NSEs and RMSEs in Exp Il
show that the semi-MacCormack scheme still has space to further reduce the
computation time without much compromise of the accuracy by using a larger time
step. Specifically, the required CPU time, which decreases with increasing time
intervals, is observed to be in the range of 0.20-3.37 h in Exp II, in stark contrast to
35.50 h in Exp I. The relative CPU time of Exp Il ranges from 0.0949 to 0.0056
which is remarkably shorter than 1.0 from Exp I. These results again indicate that
DHSVM-MacCormack can significantly improve the computational efficiency while
obtaining almost the same simulation accuracy as that from the original DHSVM
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model. In our experiment, the computational time of the original DHSVM model is
about one day and a half (35.50 h) for a simulation period of three months. However,
it can be cut down to several dozen minutes by using DHSVM-MacCormack instead
without losing noticeable simulation accuracy.

From Table 5, it is seen that the streamflow simulation accuracy in Exp Il tends to
improve slightly when the routing time steps become larger (30-300 s). This seems
inconsistent with the finding of the analytical verification, i.e., the accuracy decreases
as the time step increases. The seeming contradiction can be well explained by the
differences between the observed and model simulated streamflow. Based on the
model default parameters, the streamflow was actually slightly overestimated for the
baseflow. Thus, the error introduced by the increase of computational time
compensates the one caused by the model default parameters. More specifically, the
overestimation of streamflow would be ameliorated with increasing routing time steps
in the semi-MacCormack scheme, since overland flow tends to be underestimated
gradually as revealed in the analytical verification. As a result, the streamflow
simulation accuracy gets improved before reaching a turning point, which is observed
when the routing time step reaches 600 s. From that point, the underestimated volume
of overland flow, resulting from the coarsening routing time step, begins to exceed the
overestimated volume of streamflow.

Impacts of watershed sizes on the computational time using the MacCormack
scheme are investigated by applying DHSVM-MacCormack to a much larger
watershed, the UHRB in China. With the same model setup as listed in Table 3,
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simulation  results show that the computational time required by
DHSVM-MacCormack were 0.01 hour and 3.35 hour, respectively, in modelling the
Mercer Creek watershed and the UHRB. In contrast, it took the original DHSVM
model 0.03 hour and over two weeks, respectively, for these two watersheds.
Although the required computational time for either DHSVM or
DHSVM-MacCormack appear to be proportional to the watershed size, the advantage
of the MacCormack scheme on the reduction of computational time is more
significant with the larger watershed (i.e., Heihe watershed). In particular, the
computation time required by the original DHSVM model increased by more than
11,200-fold when the watershed size is increased only by about 322 times. But for the
DHSVM-MacCormack model, the increase in the computation time is only about 335
times. Such results indicate that the improvement on the computational efficiency of
overland flow MacCormack routing scheme is significantly more when the
MacCormack scheme is applied to a larger watershed with a constant grid size.

To assess impacts of different modeling grid sizes on the computation time, we
have carried out a series of different simulations with grid sizes being at 30, 45, 60, 90
and 150 m, respectively, using both the original and enhanced DHSVM models with
the Mercer Creek watershed. In these simulations, the computational environment and
model settings were kept the same except for the modeling grid sizes. Figure 7 shows
that the computational time required by the original DHSVM model decreases from
35.5 to 0.03 hours when the grid size increases from 30 to 150 m whereas the

computational time required by DHSVM-MacCormack reduces from 0.2 to 0.01
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hours. This clearly demonstrates that the computational time with the MacCormack
scheme decreases when the grid size increases for a given basin. The reduction is
more obvious for the original DHSVM model than for DHSVM-MacCormack as
expected since the latter is already very effective when the modeling grid size is small
for a given large watershed.

These results illustrate that the computational time of the MacCormack scheme
depend on the size of both the basin and the modeling grid cell. For applications to
larger river basins, the demand for computational time can be compensated by
increasing grid sizes. Thus, selecting an appropriate grid cell size that is as large as
possible while satisfying the accuracy requirement is the key to reduce computational
time when applying MacCormack scheme to a large watershed. From a practice point
of view, one can also use the MacCormack scheme in conjunction with HPC or
parallel and distributed computations (Li et al., 2011; Vivoni et al., 2011) for

conducting the routing for a very large river basin.

40 0.3
i 35.5 (a) WZZ DHSVM (v.3.1.2) (b) ¥ DHSVM-MacCormack
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Figure 7. Computational time required by DHSVM (a) and DHSVM-MacCormack (b)
for the Mercer Creek watershed with different grid sizes
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In this study only the semi-MacCormack scheme was implemented in DHSVM
for the overland flow routing. The full version of the MacCormack scheme
(full-MacCormack), however, proved to outperform the semi-MacCormack in terms
of simulation accuracy, although the latter is slightly more computationally efficient,
as presented in Section 3.1. Thus, in a follow-up study, we expect to apply the
full-MacCormack scheme to overland flow routing in PDHMs, despite of the
aforementioned theoretical and practical challenges. In the version of 3.1.2, flow
paths are determined by the D4 algorithm, which complicates the integration of the
full-MacCormack algorithm into DHSVM, because each computational grid may
have multiple inflows and outflows. However, the coupling of the full-MacCormack
scheme for watershed routing may become more plausible for other PHDMSs with the
D8 algorithm determining flow directions, since each computational grid has only one

outflow in spite of possible multiple inflows.

4 Conclusions

This study applied, for the first time, the MacCormack numerical scheme to overland
flow routing in DHSVM, a representative high-spatial resolution, process-based,
distributed hydrological model. The MacCormack scheme proved to be applicable
and efficient when coupled with DHSVM. After verifying against the analytical
solutions for two synthetic overland flow cases with uniform rainfall, the
semi-MacCormack algorithm was then implemented into DHSVM to solve the
kinematic equations for overland flow routing. The performance and practicability of
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the enhanced DHSVM model (i.e., DHSVM-MacCormack) were assessed by
performing two groups of modeling experiments (i.e., Exp | and Exp Il) over the
Mercer Creek watershed.

The analytical verification indicated that both the semi and full versions of the
MacCormack schemes (i.e., semi-MacCormack and full-MacCormack) exhibit robust
numerical stability even with large time steps that violates the CFL stability condition.
They were demonstrated to be significantly more computationally efficient than the
explicit linear scheme. Additionally, despite more time-consuming when a same time
step is employed, the full-MacCormack scheme slightly outperformed the
semi-version in terms of simulation precision, especially for the falling limb of the
hydrographs.

The two groups of modelling experiments in the Mercer Creek watershed show
that DHSVM-MacCormack can considerably improve the computational efficiency
while preserving the same simulation accuracy of the original DHSVM model. With
the same computational environment and model settings, DHSVM-MacCormack can
reduce the CPU time from about one day and a half, required by the original DHSVM
model, to several dozen minutes for a simulation period of three months (January 1,
2012 to March 31, 2012), without any noticeable sacrifice of the accuracy.

In addition, our results show that the reduction of computational time is
significantly more with the larger watershed (i.e., Heihe watershed vs. Mercer Creek
watershed) using DHSVM-MacCormack than DHSVM, although the required

computational time for both DHSVM and DHSVM-MacCormack appear to be
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proportional to the watershed size. Furthermore, our results show that the
computational efficiency of applying the MacCormack scheme depend both on the
sizes of the watershed and the grid cell. Thus, selecting an appropriate grid cell size
that is as large as possible while satisfying the accuracy requirement can be a key to
have a maximum reduction of the computational time. The MacCormack scheme
shows promise for applications to watershed routing in high spatial resolution
PDHMs in light of its outstanding computational efficiency. Future work will focus on
implementing the full-MacCormack scheme to PDHM with the D8 algorithm

determining flow directions.
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