Water Science and Engineering 2022, 15(3): 179—188

HOSTED BY

l.) Available online at www.sciencedirect.com

Check for
updates

Water Science and Engineering

journal homepage: wse.hhu.edu.cn

Evaluating performance dependency of a geomorphologic instantaneous unit
hydrograph-based hydrological model on DEM resolution

Cheng Yao *, Zhi-jia Li *, Ke Zhang “"“"*, Ying-chun Huang *, Jing-feng Wang **, Satish Bastola '

% College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China
® Yangtze Institute for Conservation and Development, Hohai University, Nanjing 210098, China
¢ State Key Laboratory of Hydrology—Water Resources and Hydraulic Engineering, Hohai University, Nanjing 210098, China
9 China Meteorological Administration—Hohai University Joint Laboratory for Hydrometeorological Studies, Hohai University, Nanjing 210098, China
¢ School of Civil and Environmental Engineering, Georgia Institute of Technology, Atlanta 30332, USA
f Department of Civil and Environmental Engineering, University of New Orleans, New Orleans 70148, USA

Received 20 October 2021; accepted 24 March 2022
Available online 30 April 2022

Abstract

The digital elevation model (DEM) is a type of model that has been widely used in terrain analysis and hydrological modeling. DEM
resolution influences the hydrological and geomorphologic features of delineated catchments and consequently affects hydrological simulations.
This study investigated the impacts of DEM resolution on the performance of the XAJ-GIUH hydrological model, a model coupling the widely
used Xinanjiang (XAJ) hydrological model with the geomorphologic instantaneous unit hydrograph (GIUH), in flood simulations in small and
medium-sized catchments. To test the model performance, the model parameters were calibrated at a fine DEM resolution (30 m) and then
directly transferred to the simulation runs using coarser DEMs. Afterwards, model recalibration was conducted at coarser DEM resolutions. In
the simulation runs with the model parameters calibrated at the 30-m resolution, the DEM resolution slightly affected the overall shape of the
simulated flood hydrographs but presented a greater impact on the simulated peak discharges in the two study catchments. The XAJ-GIUH
model consistently underestimated the peak discharges when the DEM resolution became coarser. The qualified ratio of peak simulations
decreased by 35% when the DEM resolution changed from 30 m to 600 m. However, model recalibration produced comparable model per-
formances when DEMs with different resolutions were used. This study showed that the impact of DEM resolution on model performance can be
mitigated by model recalibration to some extent, if the DEM resolution is not too coarse.
© 2022 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The digital elevation model (DEM), a digital representation
of continuous topography, constitutes key input data for
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representations of the topographic characteristics of a catch-
ment (Vieux, 2001; Zheng et al., 2018). With the increasing
availability of the DEM data, DEMs have been extensively
used in hydrological studies, including the development of
hydrological models, examinations of hydrological processes,
and construction of operational hydrological forecasting sys-
tems (Zhang et al., 2016; Blair et al., 2019; Khaing et al.,
2019; Yao et al., 2019; Chao et al., 2021; Mu et al., 2021;
Xu, 2021). This has raised the question of the effect of DEM
resolution on the performance of hydrological models. Hy-
drologists have been widely interested in analyzing the
sensitivity of DEM-based models to the DEM resolution
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(Valeo and Moin, 2000; Dixon and Earls, 2009; Beven, 2012;
Clark et al., 2017; Wilby, 2019; Zha et al., 2021).

To assess the effect of DEM resolution, Chaubey et al.
(2005) ran the SWAT model at seven resolutions ranging
from 30 m to 1 000 m and found that a greater grid size (i.e.,
coarser resolution) resulted in decreased streamflow, probably
due to the reduced total watershed area, flattened watershed
slope, and increased slope length. Reddy and Reddy (2015)
also investigated the DEM resolution's impact on the perfor-
mance of the SWAT model and concluded that varying DEM
resolutions resulted in considerable variability in simulated
daily runoff and sediment yields. Yang et al. (2014) assessed
the effects of five LiDAR-derived DEM data sets with
different resolutions on the extraction of hydrographic features
and the performance of the hydrological simulation
program—Fortran (HSPF) model. They demonstrated that
more accurate representations of the stream network and
watershed boundary can be obtained from DEMs with finer
resolutions. However, the HSPF model did not necessarily
produce better daily simulations using DEMs with higher
resolutions. Habtezion et al. (2016) applied an overland flow
model to a large Prairie Pothole region using four DEM data
sets with different resolutions to examine the impacts of DEM
resolution. They found that simulations with coarser DEMs
tended to overestimate the ponded areas and underestimate the
peak discharges. Many similar studies have been carried out in
recent years. These studies suggest that assessment of the
DEM resolution's impact is necessary to achieve better
implementation of DEM-based hydrological models (Moglen
and Hartman, 2001; Vivoni et al., 2005; Lopez-Vicente and
Alvarez, 2018; Beven, 2019; Chao et al., 2019; Munoth and
Goyal, 2019; Zhu et al., 2020; Wei et al., 2021; Zhang
et al., 2021).

To consider the effect of geomorphologic characteristics on
runoff routing, Rodriguez-Iturbe and Valdes (1979) and Gupta
et al. (1980) proposed the geomorphologic instantaneous unit
hydrograph (GIUH) routing approach. It has been demon-
strated that the GIUH approach has the advantage of linking
hydrologic responses to the geomorphologic characteristics of
catchments (DaRos and Borga, 1997). Thus, the GIUH
approach, which can be easily derived from DEM, is efficient
and effective when applied to ungauged basins (Bhadra et al.,
2008; Grimaldi et al., 2012; Hrachowitz et al., 2013). To
improve the flood prediction capability of the well-known
Xinanjiang (XAJ) model (Zhao, 1992; Zhao and Liu, 1995;
Yao et al., 2009, 2012; Gong et al., 2021) for ungauged
catchments, Yao et al. (2014) developed the XAJ-GIUH model
by substituting the empirical lag-and-route runoff routing
method of the original XAJ model with the GIUH routing
approach. It has been demonstrated that this model produces
better simulations for ungauged regions than the original XAJ
model because the GIUH method can better account for the
effect of geomorphologic characteristics. Recent studies have
investigated the dependency of the GIUH derivation on the

DEM resolution (Chavan and Srinivas, 2015; Sahoo and Jain,
2018). However, the effect of DEM resolution on the perfor-
mance of the XAJ-GIUH model has not been assessed. There
also remains the additional question of whether model reca-
libration can help minimize the dependency of the XAJ-GIUH
model on the DEM resolution in order to facilitate application
of the model in more regions.

Therefore, the objectives of this study were to investigate
the ways in which the DEM resolution affects the derivation
of GIUH and the performance of the XAJ-GIUH model and
to determine whether and how model recalibration reduces
the dependency of the XAJ-GIUH model on DEM resolution.
The model was applied to a small catchment and a medium-
sized catchment in Anhui Province, China for flood simula-
tions. The original DEM, with a resolution of 30 m, and four
resampled DEMs with resolutions of 150 m, 300 m, 450 m,
and 600 m were utilized for quantitative assessment of the
DEM resolution effect, as well as to determine whether better
model performance can be obtained using DEMs with finer
resolutions and whether the dependency of model perfor-
mance on DEM resolution can be mitigated by model
recalibration.

2. Study area and data

The Sankou and Xiakeng catchments, located in the southern
mountainous region of Anhui Province, China, were selected as
the study areas (Fig. 1). The medium-sized Sankou Catchment
has a drainage area of 261 km?, while the smaller Xiakeng
Catchment has a drainage area of 89 km?. The monsoon climate
makes both humid catchments prone to floods, especially during
the summer season (from May to September). Ground obser-
vations of rainfall, discharge, and pan evaporation of 42 flood
events from 1968 to 2010 in the Sankou Catchment and 32 flood
events from 1990 to 2006 in the Xiakeng Catchment were used
to assess the performance of the XAJ-GIUH model in response
to DEM resolution. According to the ground observations, the
average annual precipitation of the Sankou and Xiakeng
catchments were around 1 930 mm and 1 650 mm, respectively,
while their annual runoff depths were 1 220 mm and 980 mm,
respectively.

The original 30-m DEM data for the two catchments (Fig. 1)
were provided by the Geospatial Data Cloud Site of the
Computer Network Information Center at the Chinese Acad-
emy of Sciences (http://www.gscloud.cn). The 30-m DEM data
were resampled to resolutions of 150 m, 300 m, 450 m, and
600 m to produce four sets of resampled DEMs. Table 1
summarizes the landscape characteristics derived from the
different DEM products for the two catchments. The results
showed that the drainage area generally decreased along with
the DEM resolution (Table 1). However, this difference was not
significant for either catchment as the grid size increased from
30 m to 600 m. Using the drainage areas derived from the 30-m
DEM as a benchmark, the maximum drainage area differences


http://www.gscloud.cn

Cheng Yao et al. / Water Science and Engineering 2022, 15(3): 179—188 181

30°13'30'N
30°10'N
-
30°6'30"N - »
L ¥ .
- ’ Elevation (m)
1826
363N b =i
| | | 1
118°8'30"E 118°12'E 118°15'30"E 118°19'E 118°22'30"E
(a) Sankou Catchment
30°6'30"N [
303N -
20°59'30'N - Elevation (m)
1617
=155

Il | | |
118°40'E  118°43'30'E  11847'E  118°50'30"E
(b) Xiakeng Catchment

Fig. 1. Elevation maps of Sankou and Xiakeng catchments with a
DEM resolution of 30 m.

were 3.4 km® (1.3% of the total area) for the Sankou Catchment
and 1 km? (1.1% of the total area) for the Xiakeng Catchment.
In addition, the resampled elevations, the mean slopes, and the
lengths of the longest flow path decreased for both catchments
as the DEM became coarser. Comparatively, the DEM resolu-
tion strongly affected the derived slopes of the study catchments

Table 1

(Table 1). For example, the basin-averaged slopes were reduced
by 60.1% and 64.1% for the Sankou and Xiakeng catchments,
respectively, when the DEM resolution increased from 30 m to
600 m (Table 1).

3. Methodology

The XAJ-GIUH model, developed on the basis of the
well-tested conceptual XAJ model and the geomorphology-
based GIUH approach, was employed for flood simulations
in the Sankou and Xiakeng catchments. The XAJ-GIUH
model was run at DEM resolutions of 30 m, 150 m,
300 m, 450 m, and 600 m, respectively, to assess the impacts
of DEM resolution on flood simulations in the two study
catchments.

3.1. XAJ-GIUH model

Based on the original XAJ model, the XAJ-GIUH model
was developed by replacing the empirical lag-and-route runoff
routing component of the original model with the GIUH
routing approach, to better account for the effect of geo-
morphologic characteristics on runoff routing. Other physical
parameterizations of hydrological processes, such as evapo-
transpiration, runoff generation, and runoff separation, came
directly from the original XAJ model.

The basic equation for the GIUH derivation (Rodriguez-
Iturbe and Valdes, 1979; Gupta et al., 1980) is

u(0, 1)=£(1) (1)

where u(0, #) is the instantaneous unit hydrograph; and f(¥) is
the probability density function of arrival time (f) of a random
raindrop to the outlet. Eq. (1) is equivalent to

S(t)=F(t) (2)

where S(7) is the S-hydrograph; and F(¢) is the distribution
function of arrival time.

Topographic characteristics derived from DEMs with five different resolutions for study catchments.

Catchment DEM resolution (m) Drainage area (km?) Elevation range (m) Mean elevation (m) Length of longest Mean slope (°)
flow path (km)

Sankou 30 260.8 174—1 826 605.4 39.6 22.3
150 260.7 178—1 803 605.0 37.8 17.3
300 261.1 202—1 825 604.9 34.2 13.2
450 259.8 225—1 777 607.7 32.1 10.5
600 257.4 242—1 705 603.9 33.7 8.9

Xiakeng 30 88.8 155—1 617 616.8 34.8 23.7
150 88.1 163—1 603 616.5 32.8 18.1
300 88.4 157—1 596 609.6 31.0 13.4
450 88.3 163—1 547 614.4 29.3 10.6
600 87.8 190—1 543 597.2 29.3 8.5
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Independent random variables / and v denote the flow
path length of a raindrop, from the location it falls to the
ground to the outlet, and the velocity along the flow path,
respectively. The distribution function F(¢) can be expressed
as

1
F(t):J G()dw (v) 3)
0
where G(/) and W(v) are the distribution functions of / and v,
respectively. Eq. (3) indicates that the flow velocity should be
determined to derive the GIUH, since the flow length can be
easily extracted from the DEM data. A simplification of Man-
ning's equation (Maidment et al., 1996; Rui et al., 2008; Grimaldi
etal.,2012),V =a./s, was used for the velocity estimation based
on the constant coefficient (a) and land slope (s). This allows the
discrete expression of Eq. (3) to be obtained:

FI=Y_Gliay5)[0(s) 605 1) @

where O(s) is the distribution function of s, which can also be
easily obtained from the DEM data; and m is the number of
discrete slopes.

In this case, the Az-period unit hydrograph derived on the
basis of the GIUH concept (u(At, t)) is calculated as follows:

u(At, 1)=F(t) — F(t— Ar) (5)

where At is the time interval.

The XAJ-GIUH model inherits its parameters of evapo-
transpiration, runoff generation, and runoff separation schemes
from the XAJ model. The difference is that the two parameters
of the original lag-and-route method are replaced by the ve-
locity parameter of the geomorphology-based GIUH routing
method. More details on the XAJ-GIUH model and its pa-
rameters can be found in Yao et al. (2014).

3.2. Determination of model parameters

The XAJ-GIUH model was calibrated separately for the
Sankou and Xiakeng catchments. About two thirds of the
observed data of the two catchments were used for cali-
bration, while the remaining data were used for validation.
The shuffled complex evolution (SCE-UA) global optimi-
zation algorithm was used for model calibration (Duan et al.,
1992). To address parameter equifinality, an integrated
objective function (Yao et al., 2012, 2014), which consists of
the relative runoff volume error (RRE), relative peak
discharge error (RPE), peak time error (PTE), and
Nash—Sutcliffe efficiency (NSE), was used to optimize the
model parameters.

Model parameters were first calibrated at the resolution of
30 m. The calibrated parameters were directly adopted to

conduct the simulations using the resampled DEMs with res-
olutions of 150 m, 300 m, 450 m, and 600 m to quantify the
impacts of DEM resolution on model performance. Then, the
model was recalibrated for the cases using the four resampled
DEMs to determine whether recalibration can reduce the effect
of DEM resolution on the model performance.

4. Results and discussion

4.1. Results of XAJ-GIUH model calibrated only at 30-m
grid size

Table 2 lists the calibrated values of the sensitive parame-
ters (Yao et al., 2014) of the XAJ-GIUH model using the 30-m
DEM for the two study catchments. The same values of
insensitive parameters were used for all cases with different
DEM inputs for each catchment. These insensitive parameters
are the areal mean tension water capacities of the total, upper,
and lower soil layers (W,,, Wy, and Wy, respectively); the
evapotranspiration coefficient of the deep soil layer (C); the
ratio of impervious area to the total area (/) of the basin; and
the exponent of distribution of free water capacity (E). Based
on the results of previous studies (Zhao and Liu, 1995; Yao
et al., 2014), Wun, Wum, Win, C, I, and E, were set to
120 mm, 20 mm, 60 mm, 0.18, 0.01, and 1.5, respectively. No
parameter adjustment was made for the model application in
the cases using the four resampled DEMs.

The GIUHsS of both catchments derived from the five DEMs
using the same parameter values calibrated at the 30-m grid
size are illustrated in Fig. 2. When the same calibrated value of
the velocity parameter (a) was used, the peak values of the
GIUHs decreased for both catchments as the DEM resolution
decreased from 30 m to 600 m. As described above, both flow
length and slope significantly affect the derivation of GIUH.
The topographic characteristics listed in Table 1 show that a
coarser DEM generally resulted in a short flow length and a
flat slope, mainly due to the smoothed topography from the
low-resolution DEM. A short flow length tended to reduce the
flow concentration time and subsequently increased the
magnitude of the GIUH. A small slope had an opposite effect
on the flow concentration time and the derived GIUH. Fig. 2
shows that coarser DEMs tended to attenuate the derived
GIUHs. Therefore, the slope variations associated with the
different DEM resolutions significantly affected the corre-
sponding GIUHs.

The statistics of the model performance without recalibra-
tion are summarized in Table 3, including the percentages of
qualified simulations; the absolute means with respect to RRE,
RPE, and PTE; and the average NSE values for both calibration
and validation simulations. The qualified ratios in Table 3 were
calculated in accordance with the assessment standards of flood
forecasting and simulation proposed by the Ministry of Water
Resources of the People's Republic of China (Yao et al., 2012).
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Table 2
Parameter values of XAJ-GIUH model calibrated using DEM with a resolution
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of 30 m in Sankou and Xiakeng catchments.

Parameter Description

Parameter value in Sankou Parameter value in Xiakeng

Ratio of potential evapotranspiration to pan evaporation
Free water capacity (mm)

Outflow coefficient of free water storage to groundwater
Outflow coefficient of free water storage to interflow
Recession constant of groundwater storage

Recession constant of interflow storage

Velocity parameter of the GIUH approach

El

0

NORIS X

Q

1.056
38.997
0.253
0.447
0.965
0.407
1.912

1.017
58.620
0.129
0.571
0.951
0.102
2.560
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Fig. 2. Comparisons of GIUHs derived from five DEM sets for
Sankou and Xiakeng catchments using parameters calibrated at a
DEM resolution of 30 m.

Table 3

Table 3 shows that the XAJ-GIUH simulations at different grid
sizes yielded similar values of RRE and NSE but different
values of RPE and PTE in the two catchments. For example, all
qualified ratios with respect to RRE were 90.5% for the results
with all grid sizes, and the average NSE values were almost
constant for the Sankou Catchment. However, the qualified
ratios of RPE decreased from 85.7% to 52.4% when the DEM
resolution was reduced from 30 m to 600 m. A similar statis-
tical pattern with respect to the DEM resolution (Table 3) was
obtained for the Xiakeng Catchment. This suggested that the
DEM resolution slightly affected the simulated runoff volume
and the shape of the flood hydrograph. However, it strongly
affected the simulated peak discharge and peak time, with a
more significant impact on the former.

Fig. 3 shows the distributions of the RPE values at the five
different DEM resolutions for the Sankou and Xiakeng
catchments. The top, middle, and bottom of the box in Fig. 3
represent the 75th percentile, the median, and the 25th
percentile, respectively, and the top, cross, and bottom lines
represent the maximum, mean, and minimum values, respec-
tively. When using the model parameters calibrated with the
30-m DEM, the RPE values worsened as the DEM resolution
decreased for both catchments. For example, as the DEM
resolution was changed from 30 m to 600 m in the Sankou
Catchment, the minimum, median, and maximum values of
RPE decreased by 8.9%, 16.7%, and 25.4%, respectively
(Fig. 3). Similarly, the maximum, median, and minimum
values of RPE in the Xiakeng Catchment were reduced by
8.7%, 14.7%, and 14.8%, respectively (Fig. 3).

Accuracy statistics of XAJ-GIUH model simulations with DEMs at different resolutions using parameters calibrated with 30-m DEM.

Catchment DEM resolution (m) Qualified ratio Absolute mean Average NSE
RRE (%) RPE (%) PTE (%) RRE (%) RPE (%) PTE (h)

Sankou 30 90.5 85.7 100 10.3 12.3 0.5 0.88
150 90.5 78.6 100 10.3 12.7 0.9 0.89
300 90.5 76.2 100 10.3 12.9 0.8 0.89
450 90.5 71.4 97.6 10.2 15.3 1.4 0.89
600 90.5 524 97.6 9.9 18.9 14 0.89

Xiakeng 30 84.4 84.4 93.8 10.7 11.5 1.6 0.88
150 81.3 75.0 93.8 10.8 12.5 2.0 0.88
300 78.1 68.8 87.5 10.8 15.1 2.2 0.88
450 78.1 59.4 84.4 10.8 17.0 2.2 0.87
600 81.3 50.0 75.0 10.8 20.3 2.5 0.86
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Fig. 3. Box plots of RPE statistics of XAJ-GIUH model simulations
for Sankou and Xiakeng catchments using parameters calibrated with
30-m DEM.

Table 4
Parameter values of XAJ-GIUH model recalibrated using four resampled
DEMs.

Catchment DEM K S K, K; C, C; a
resolution (m) (mm)

Sankou 150 1.056 39.056 0.223 0.477 0.989 0.468 2.215
300 1.056 40.022 0.207 0.493 0.998 0.516 2.218
450 1.056 38.371 0.245 0.455 0.967 0.437 2.551
600 1.056 39.728 0.210 0.490 0.989 0.448 2.670

Xiakeng 150 1.017 57.546 0.125 0.575 0.950 0.010 2.938
300 1.017 55.652 0.108 0.592 0.980 0.013 3.275
450 1.017 61.307 0.127 0.573 0.950 0.010 4.289
600 1.017 59.153 0.121 0.579 0.950 0.010 4.609

Table 5
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4.2. Results of model recalibration for DEMs with
different grid sizes

To further explore the DEM resolution effect, the XAJ-
GIUH model was recalibrated at the DEM resolutions of
150 m, 300 m, 450 m, and 600 m, respectively. The recali-
brated values of the sensitive model parameters for the two
study catchments are listed in Table 4. The values of insen-
sitive parameters were not adjusted for the recalibrated model.
The RRE, RPE, PTE, and NSE statistics of the recalibrated
model at different DEM resolutions are summarized in
Table 5. In addition, Figs. 4 and 5 show the distributions of the

RPE (%)
o
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-40 I I I I
300 450

DEM resolution (m)

(a) RPE
0.95 T_ T_ T_
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2080k
z
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1.00 -

Fig. 4. Box plots of RPE and NSE statistics of model simulations
using recalibrated parameters at four different DEM resolutions for
Sankou Catchment.

Accuracy statistics of XAJ-GIUH model recalibrated using resampled DEMs with different resolutions.

Catchment DEM resolution (m) Qualified ratio Absolute mean Average NSE
RRE (%) RPE (%) PTE (%) RRE (%) RPE (%) PTE (h)
Sankou 150 90.5 83.3 100 10.2 12.4 04 0.86
300 90.5 83.3 100 9.9 12.4 0.4 0.86
450 90.5 83.3 100 10.3 12.3 04 0.87
600 90.5 83.3 100 10.0 12.3 04 0.88
Xiakeng 150 84.4 84.4 93.8 10.7 11.3 1.7 0.88
300 84.4 84.4 93.8 10.8 11.5 1.6 0.88
450 84.4 84.4 90.6 10.7 11.1 1.7 0.86
600 84.4 84.4 90.6 10.7 11.3 1.7 0.86
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Fig. 5. Box plots of RPE and NSE statistics of model simulations
using recalibrated parameters at four different DEM resolutions for
Xiakeng Catchment.

RPE and NSE values of the recalibration results for the San-
kou and Xiakeng catchments, respectively. The accuracy sta-
tistics of recalibration results were similar to those of the
model simulations using the parameters calibrated at the DEM
resolution of 30 m (Table 3 and Fig. 3). This indicated that the
XAJ-GIUH model produced comparable results when the
model was recalibrated at the five different DEM resolutions.
The simulations using the recalibrated parameters (Table 5)
showed better performances than those using the coarser
DEMs and the parameters calibrated at the 30-m resolution
(Table 3). However, when the model was separately calibrated
at all five DEM resolutions, the results at finer DEM resolu-
tions did not always outperform those at coarser resolutions.

4.3. Discussion

According to the statistics in Table 3 and Fig. 3, the XAJ-
GIUH model yielded the best simulations for both catchments
at the 30-m DEM resolution. Given that the catchment area
directly affects the amount of runoff volume, a large error in
the catchment area delineated from the DEM can be expected
to result in a large error in the simulated runoff volume
(Chaubey et al., 2005). This study showed that the impact of
DEM resolution on the simulated runoff volume was relatively
trivial. This may be due to the similar drainage areas extracted
from DEMs with different resolutions. However, in contrast to

the simulated runoff volume results, the XAJ-GIUH model
produced significantly decreased peak discharges as the DEM
grid size increased for both catchments. This indicated that the
simulated peak discharge was strongly affected by the DEM
resolution. The effect was most significant in the case with the
coarsest DEM resolution (600 m), which also produced the
greatest errors in the simulated peak discharge. Clearly, the
DEM resolution strongly affected the derived slopes (Table 1).
As a result, the GIUH derived using Eq. (4) was also influ-
enced by the DEM resolution (Fig. 2), producing less accurate
simulated peak discharges at coarse DEMs for both catch-
ments. Additionally, the DEM resolution showed a more
remarkable impact on flood simulations in the smaller Xia-
keng Catchment than in the Sankou Catchment, which has a
larger drainage area (Table 3 and Fig. 3).

To further demonstrate the impact of DEM resolution on
the XAJ-GIUH model response without recalibration, Figs. 6
and 7 illustrate the flood simulations using the parameters
calibrated at the 30-m resolution in the Sankou and Xiakeng
catchments, respectively. As shown in Fig. 6, the observed
peak discharge in a flood event in the Sankou Catchment was
283 m?/s, and the simulated peak decreased from 266 m>/s to
222 m¥/s as the DEM grid size increased from 30 m to 600 m.
Likewise, a decrease in the simulated flood peak was found in
the Xiakeng Catchment (Fig. 7). The simulated peak dis-
charges decreased from 57.0 m*/s to 45.3 m*/s with increasing
grid sizes. Figs. 6 and 7 also show that the simulated time to
peak was delayed in the cases with coarser DEMs, but the
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Fig. 6. Hourly hydrographs simulated by XAJ-GIUH model without
recalibration for July 10, 1997 flood event in Sankou Catchment.
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Fig. 7. Hourly hydrographs simulated by XAJ-GIUH model without
recalibration for May 11, 2004 flood event in Xiakeng Catchment.
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overall shapes of the simulated hydrographs were similar in
these cases.

In comparison to the simulations using coarser resampled
DEMs without recalibration, better simulations could be ob-
tained when the model was recalibrated. As shown in Tables 2
and 4, the recalibrated values of the flow velocity parameter
(a), which is important to the derivation of GIUHs, were
significantly different when various DEM resolutions were
adopted. A coarser DEM resolution tended to result in a larger
a value. This confirmed the previous finding that the simulated
peak discharges were underestimated by the XAJ-GIUH
model simulations using the parameters calibrated at the
30-m resolution. Figs. 8 and 9 show the color-coded matrices
of RPE and NSE in the Sankou and Xiakeng catchments,
respectively, demonstrating model performance using the
transferred parameters that were calibrated at different DEM
resolutions. Clearly, the model runs with recalibrated param-
eters generally outperformed those using the transferred pa-
rameters. The DEM resolution had a greater effect on the flood
peak than on the shape of the simulated flood hydrograph.
Figs. 8 and 9 also demonstrate that the calibrated model
yielded similar results at the five DEM resolutions ranging
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Fig. 8. Color-coded matrices of RPE and NSE in XAJ-GIUH model simulations using transferred parameter values

different DEM resolutions in Sankou Catchment.
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from 30 m to 600 m. The XAJ-GIUH model runs at finer DEM
resolutions did not always perform better when the model was
recalibrated at coarser resolutions. These results revealed that
the DEM resolution impact on the model performance could
be mitigated by model recalibration.

The GIUH approach is a promising runoff routing method
for ungauged basins (Grimaldi et al., 2012; Hrachowitz et al.,
2013) because it can make the best use of widely available
DEM data. However, this study indicated that the DEM res-
olution significantly affects the derived GIUHs and GIUH-
based flood simulations. In addition, given that the runoff
velocity is difficult to determine directly, the velocity param-
eter should be estimated to derive GIUHs. Accordingly,
regionalization of the velocity parameter is usually necessary
for application of the GIUH approach to ungauged regions
(Yao et al., 2014; Chen et al., 2019). Based on the XAJ-GIUH
model simulation results, the effect of DEM resolution should
be considered in regionalization of the velocity parameter. We
suggest that the velocity parameter be calibrated at the same
DEM resolution for regionalization. Otherwise, recalibration
is necessary when the DEM resolution changes. The other
solution is to develop a quantitative relationship between the
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Fig. 9. Color-coded matrices of RPE and NSE in XAJ-GIUH model simulations using transferred parameter values that were calibrated at

different DEM resolutions in Xiakeng Catchment.
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Fig. 10. Relationships between calibrated velocity parameter (a) and
DEM resolution in Sankou and Xiakeng catchments.

parameter a and the DEM resolution. As an example, Fig. 10
illustrates the relationship between the calibrated a value and
the corresponding DEM resolution in the Sankou and Xiakeng
catchments, showing that a had a clear linear relationship with
the DEM resolution in both catchments. This indicates that
model recalibration might be skipped if a general relationship
between the velocity parameter and the DEM resolution can be
derived. In addition, Fig. 10 shows that the trendline slope for
the Xiakeng Catchment was larger than that for the Sankou
Catchment, demonstrating that the DEM resolution had a
relatively larger impact on the XAJ-GIUH model performance
in a smaller catchment than in a larger catchment.

5. Conclusions

This study assessed the effect of DEM resolution on the
XAI-GIUH model-based flood simulations in a small catch-
ment and a medium-sized catchment. DEMs with five
different resolutions (30 m, 150 m, 300 m, 450 m, and 600 m)
were utilized for the quantitative evaluation. Coarser DEMs
(with larger grid sizes) were obtained by resampling the
original 30-m DEM. The parameters of the XAJ-GIUH model
were calibrated at the original 30-m DEM resolution and then
directly transferred to the four model runs using coarser
DEMs. Afterwards, the model was recalibrated at the resolu-
tions of 150 m, 300 m, 450 m, and 600 m to further evaluate
the DEM resolution effect. The main conclusions can be
summarized as follows:

(1) The topographic attributes extracted from the five DEM
data sets showed that the drainage areas of the two study
catchments were only slightly affected by DEM resolution. In
contrast, DEM resolution significantly influenced the flow
length and slope, which are important to the derivation of
GIUH.

(2) The simulated GIUH peak discharges tended to decrease
in both catchments as the DEM resolution became coarser. This
explains why the model runs using coarser DEMs without
recalibration consistently underestimated the peak discharges.

Thus, the effect of DEM resolution on the XAJ-GIUH model
performance in small and medium-sized catchments should be
considered. This effect was more pronounced in the smaller
catchment (i.e., the Xiakeng Catchment).

(3) Model recalibration showed that the values of the ve-
locity parameter (a) used for derivation of GIUHs always
increased in both catchments as the DEM resolution became
coarser. This finding confirmed the conclusion that relatively
poorer peak simulations were obtained without recalibration.
The effect of DEM resolution on the performance of the
XAJ-GIUH model can be mitigated by model recalibration.
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