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Abstract

Water and energy fluxes are inextricably interlinked within the interface of the land
surface and the atmosphere. In the regional earth system models, the lower boundary
parameterization of land surface neglects lateral hydrological processes, which may
inadequately depict the surface water and energy fluxes variations, thus affecting the
simulated atmospheric system through land-atmosphere feedbacks. Therefore, the
main objective of this study is to evaluate the hydrologically enhanced regional cli-
mate modelling in order to represent the diurnal cycle of surface energy fluxes in high
spatial and temporal resolution. In this study, the Weather Research and Forecasting
model (WRF) and coupled WRF Hydrological modelling system (WRF-Hydro) are
applied in a high alpine catchment in Northeastern Tibetan Plateau, the headwater
area of the Heihe River. By evaluating and intercomparing model results by both
models, the role of lateral flow processes on the surface energy fluxes dynamics is
investigated. The model evaluations suggest that both WRF and coupled WRF-Hydro
reasonably represent the diurnal variations of the near-surface meteorological fields,
surface energy fluxes and hourly partitioning of available energy. By incorporating
additional lateral flow processes, the coupled WRF-Hydro simulates higher surface
soil moisture over the mountainous area, resulting in increased latent heat flux and
decreased sensible heat flux of around 20-50 W/m? in their diurnal peak values dur-
ing summertime, although the net radiation and ground heat fluxes remain almost
unchanged. The simulation results show that the diurnal cycle of surface energy
fluxes follows the local terrain and vegetation features. This highlights the impor-
tance of consideration of lateral flow processes over areas with heterogeneous ter-

rain and land surfaces.
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1 | INTRODUCTION

Water and energy fluxes are the key components of the land-
atmosphere interface and play an important role in modulating
weather and climate variability from local to global scale (Gentine
et al, 2019; Suni et al., 2015). Understanding water and energy
exchanges remains a challenge, as the landscape heterogeneity largely
influences the interactions between the land surface and atmosphere
dynamics in both spatial and temporal scales (Jimenez et al., 2014;
Santanello et al., 2018). Investigating the land-atmosphere interac-
tions over mountainous areas with complex orography often relied on
point-scale measurements exclusively, thus showed limitations in the
spatial coverage. Therefore, numerical simulations are widely used as
a complement to observations for investigating the dynamics of land
surface fluxes (Chakraborty et al, 2019; Erlandsen et al, 2017;
Santanello et al., 2009; Xiang et al., 2017).

Several land surface models (LSMs) have been developed and
strengthened in recent years for improving their performance in simu-
lating surface energy and hydrologic components over mountainous
areas (e.g., Chakraborty et al., 2019; Gao et al., 2015; Niu et al., 2011;
Rosero et al., 2011; Xiang et al., 2017; Zheng et al., 2015). Coupled
with LSMs, weather and climate models have shown their ability in
reproducing interactions between soil, vegetation and the atmosphere
(Aas et al., 2015; Erlandsen et al., 2017; Jousse et al., 2016; Sun
et al., 2017), and have been used to investigate the impact of land sur-
face conditions on the surface water and energy exchanges
(Harding & Snyder, 2012; Yang et al, 2012). Nevertheless, these
modelling approaches are afflicted by biases and uncertainties associ-
ated with model structures, parameter combinations, boundary condi-
tions, and initial states (Chakraborty et al., 2019; Dumedah &
Walker, 2014; Jousse et al., 2016; Orth et al, 2016). It has been
pointed out that proper representing the hydrological processes in the
land surface, for example, the lateral flow, can be of relevance to pro-
vide an improved understanding of land surface-atmosphere interac-
tions (Davison et al., 2018; Fan et al., 2019; Maxwell et al., 2015;
Senatore et al., 2015).

Novel fully coupled atmospheric-hydrological models have been
developed to interlink the land surface hydrology within the weather
and climate model framework (e.g.,, Davison et al., 2018; Gochis
et al., 2015; Shrestha et al., 2014; Wagner et al., 2016). Accordingly,
lateral flow in the terrestrial surface was found to have influences on
the simulation of regional climate and water systems. For instance,
Kerandi et al. (2018), Rummler et al. (2019), and Zhang et al. (2019)
employed Weather Research and Forecasting model (WRF) and
coupled WRF-Hydro for investigating the joint atmospheric-
hydrological water balances over East Africa, Eastern Alps, and North-
east fringe of Tibet Plateau, respectively. These studies indicated that
the lateral hydrological processes altered the regional water cycle,
thus affecting local precipitation recycling. Over a Mediterranean
catchment in southern lItaly, Senatore et al. (2015) found that the
inclusion of the lateral flow slightly decreased the simulated precipita-
tion during autumn and wintertime. Furthermore, Arnault et al. (2018,

2021) found that the resolved lateral flow increased the uncertainties

of modelled precipitation and enhanced the positive soil moisture-
precipitation feedback over Europe and West Africa. Wehbe
et al. (2019) employed coupled WRF-Hydro modelling in a hyper-arid
environment over Arabian Peninsula, and their results showed that
the precipitation and radiation forecasts were improved when the lat-
eral surface flow was enrolled in the operational forecasting. Consid-
ering the groundwater lateral flow, Shrestha et al. (2014) carried out
both idealized and real data simulations with Terrestrial Systems
Modelling Platform (TerrSysMP) and found that groundwater lateral
flow systematically modified the root zone soil moisture and energy
fluxes distributions. By comparing two coupled modelling platforms
ParFlow-WRF and TerrSysMP, Sulis et al. (2017) showed the differ-
ences of heat and moisture budget in the land surface and atmo-
spheric boundary layer, revealing the sensitivities of diurnal
atmospheric processes to the lateral groundwater flow parameteriza-
tion. In the case of a headwater region in the Rocky Mountain,
Forrester and Maxwell (2020) reported that lateral transport of
groundwater modified the coupling strength between evaporative
fraction and atmospheric boundary layer in the summertime.

The above case-studies demonstrate that including lateral flow
processes with atmospheric models broadly affects the simulated ter-
restrial and atmosphere systems. Still, the influence of lateral flow on
the land-atmosphere interface is largely dependent on the region's
local features as well as on the temporal and spatial scales used for
the analysis. Ji et al. (2017) suggested that topography-induced lateral
flow transport caused wetter valleys and drier peaks, thus modifying
the latent heat around 8% ~ 12%. Zhang et al. (2019) concluded that
the soil moisture was increased over the root zone in mountainous
areas, while not much affected over the flat and arid areas. Over the
relatively flat southern Great Plains, Yang et al. (2021) found that the
lateral flow generally increased soil moisture over the lower eleva-
tions, with a stronger signal over steeper terrain. Considering the land
surface-atmosphere feedbacks at a diurnal scale, Fersch et al. (2020)
and Lahmers et al. (2020) compared WRF and fully coupled WRF-
Hydro simulations with extensive site observations over the pre-
alpine region in southern Germany and the North American monsoon
region, respectively. These authors found a considerable modelling
bias in terms of near-surface water and energy conditions, and further
showed the extent of the impact of lateral flow varying from site to
site. Therefore, it is important to further investigate the utility of the
current coupled modelling system as well as the impact of lateral flow,
over regions characterized by diverse orography, climatic and hydro-
logical conditions. Moreover, evaluating the diagnostic variables such
as surface energy fluxes is relevant for characterizing surface feed-
backs on the atmosphere.

The present study proceeds with the physically-improved realism
of the fully coupled atmosphere-hydrological model by considering
lateral flow redistribution in the terrestrial surface. The objectives of
this study are:

1. To evaluate the performance of the fully coupled atmospheric-
hydrological model for reproducing the diurnal surface meteoro-

logical fields and energy fluxes;
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2. To investigate the impact of lateral flow on the simulated surface
energy fluxes at a diurnal scale; and
3. To explore diurnal features of surface energy fluxes over the

mountainous area with heterogeneous land surface.

For the investigation, the headwater area of Heihe River located
at the Northeastern Tibetan Plateau is selected as a case study. The
mid- and downstream areas of this river seriously suffer from water
shortage, water supply and management, and ecosystem deterioration
issues (Cheng et al., 2014). This headwater area is characterized by a
sharp topography gradient and diversified landscape with very high
elevation (1650 ~ 5500 m a.s.l), and its hydrological and ecosystem
conditions are sensitive to climate variability (Li et al., 2018; Zhang
et al., 2016). Therefore, it is relevant to understand the role of lateral
flow processes on water, energy and atmosphere interactions in this
area. We carry out WRF and coupled WRF-Hydro modelling at the
Heihe River basin from 2008 to 2010, and particularly focus on the
simulation of the diurnal cycle of surface meteorological conditions
and energy fluxes. The performance of simulations is assessed at
point-scale using in-situ measurements and at basin-scale using
gridded references. In addition, the impact of lateral flow is investi-
gated by intercomparing the coupled WRF-Hydro with stand-alone
WREF simulations. To our knowledge, this study represents the first
effort to investigate the impact of lateral flow on diurnal surface
energy fluxes over the alpine area.

In the following, the study area characteristics and observational
data are briefly described in Sections 2.1 and 2.2, respectively. The
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modelling strategy is described in Section 2.3 and the evaluation
criteria are shown in Section 2.4. The validation of model simulations
is presented in Section 3. Results from model evaluation and the
impacts of coupled modelling are further discussed in Section 4, and
conclusions are included in Section 5.

2 | MATERIALS AND METHODOLOGY

2.1 | Characteristics of study region

The study region, the Heihe River basin, is located in Northwestern
China (Figure 1a). It is the second-largest endorheic river basin in
China with an area around 143 000 km?2. The Heihe River stretches
from the southern Qilian Mountains of the Tibetan Plateau to the
northern high-plain area of the Gobi Desert, with elevations ranging
from about 5500-1000 m. Exiting the mountains region, most of the
rivers disappear at natural oases in the midstream, due to the high
infiltration and irrigation usage (Chen et al., 2018). This study focuses
on the headwater catchment of the Heihe River mainstream. This
headwater area is defined as the drainage region at the Yingluoxia
gauging station, encompassing an area of about 10 000 km?
(Figure 1b), and it is away from human activities. The land cover is -
elevation-dependent, with forest-steppe, alpine meadow and perma-
nent cold zones from low valleys to high mountains crests, and the
primary soil type is frigid desert soil (Zhang et al., 2016). This area is
characterized by

large seasonal temperature and precipitation

Elevation (m)

I Needleleaf Forest roplands

[ closed Shrublands [l Urban and Built-Up

|: Open Shrublands |:] Snow and Ice

[ Grasslands [ Barren/Sparsely Vegetated
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(a) The location of the Heihe River basin and the WRF/WRF-Hydro simulation domain. Zoom of the (b) topography and streams

around the headwater of Heihe River, with the location of EC stations, and the (c) vegetation cover around the headwater area of Heihe River,
derived from Multisource Integrated Chinese Land Cover Map from Ran et al. (2012)
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variability. The mean annual temperature is ranging between —3 and
+ 3°C. The annual precipitation varies from 200 to 700 mm, increas-
ing from west to east and increasing noticeably with elevation (Pan
et al., 2012). Most precipitation occurs between May and September,

accounting for more than 80% of the total annual amounts.

2.2 | Dataset

The simulated diurnal surface meteorological conditions are validated
with the China Meteorological Forcing dataset (CMFD). The CMFD
dataset provides the gridded surface meteorological elements at
3-hourly temporal and 0.1-degree spatial resolution. It is produced by
merging records from more than 700 weather stations of China Mete-
orological Administration with various global background data sources
(He et al, 2020). A wide range of validation studies (e.g., Pan
et al., 2014; Yang et al., 2017) suggested that CMFD accurately repre-
sents the spatiotemporal variability of the meteorological condition.
For this reason, CMFD has been widely used for not only driving the
LSMs and hydrological models (e.g, Ma et al, 2019; Yuan
et al., 2018), but also assessing the impact of climate change in China
(e.g., Chu et al., 2015; Zhao et al., 2016).

Measurements at two ground-based alpine hydrometeorological
observatory stations (Figure 1b), namely Arou station and Guantan
station, established within the Heihe Watershed Allied Telemetry
Experimental Research project (Li et al., 2013), are used for validating
the simulated diurnal meteorological variables and energy fluxes. Both
sites use the eddy covariance (EC) method to measure the sensible
and latent heat fluxes near surface. The Arou station (100°27'E,
38°03'N, and 3033 m a.s.l) is established above a flat natural alpine
meadow with the height of 2.8 m. The mean annual temperature at
Arou station is —0.4°C, so that the feedbacks from the soil freeze-
thaw process are monitored. The Guantan station (100°15'E,
38°32'N, and 2835 m a.s.l) is located in a forest ecosystem, with the
height of 20.3 m above ground, underlying with overstory trees of
Qinghai spruce (Picea crassifolia). The canopy height within its foot-
print area ranges from 15 to 20 m. The Guantan EC tower measures
the energy components between the canopy and the atmosphere.
Details on the site information and measurement instruments can be
found in Liu et al. (2011) and Li et al. (2013). The raw 10 Hz data mea-
sured by the EC towers are processed into 30-min values with some
partial gaps primarily due to weather and sensor failures. The data
gaps are filled with the marginal distribution sampling method
(Reichstein et al., 2005). The 30-min averaged fluxes values are fur-

ther aggregated to hourly data for use in the model validations.

23 | WRF and WRF-Hydro modelling

In this study, we carry out two simulations: one with the stand-alone
Advanced Research WRF version 3.7 (Skamarock et al., 2008) and
another with the online coupled WRF-Hydro (Gochis et al., 2015).
Both simulations have the same atmospheric domain setting, physical

parameterizations, lateral boundary forcing and initial conditions. The
coupled WRF-Hydro model considers lateral flow processes in the
land surface and permits the feedbacks from lateral flow to atmo-
sphere. Both WRF and WRF-Hydro runs are performed for the period
2008-2010.

2.3.1 | WREF configuration

The atmospheric lateral boundary conditions are provided by opera-
tional analysis products from the European Center for Medium-Range
Weather Forecast (ECMWF) with a resolution of 0.125° and 6 hourly
temporal intervals. The initial conditions are provided by a 2-year
WREF spin-up simulation to optimize an equilibrium state of soil mois-
ture. Acknowledging a large impact of refined land surface static infor-
mation on the simulated near-surface meteorological fields around
the study area (Gao et al., 2008; Meng et al., 2009), we update the
land cover map by the Multisource Integrated Chinese Land Cover
Map (Ran et al, 2012) and the soil texture map by the Chinese
1:1 000 000 scale Soil Map from Harmonized World Soil Database,
ensuring a comparable underlying condition between the EC sites and
model grid points.

In the atmospheric setting, considering the convection-permitting
modelling has shown an improved diurnal cycle of precipitation simu-
lations (Clark et al., 2016; Woodhams et al., 2018), the atmospheric
domain is set up in a domain of 3 km x 3 km high resolution, with
350 x 350 grids points. The model domain covers the whole basin
and is centred at the headwater area (Figure 1a). The vertical grid is a
terrain-following grid of 40 levels up to a pressure top at 20 hPa. The
adopted model physics are given in Table 1, with convection parame-
terization disabled, as employed in Zhang et al. (2019). In the WRF
simulation, the unified Noah-LSM is used for the representation of
water and energy exchanges at the land surface.

The Noah-LSM is widely used as the land component of climate
and weather forecast models for simulating complex interactions
between the land surface and the atmosphere (e.g., Davison
et al, 2018; Erlandsen et al., 2017). It uses the diffusive form of

Richards' equation and thermal diffusion equation for solving vertical

TABLE 1 Physical parameterizations for the WRF and WRF-
Hydro simulation

Physics Selected scheme
Microphysics WREF single-Moment 6-class scheme (Hong &
Lim, 2006)
Planetary boundary Asymmetric Convective Model, version 2
layer (Pleim, 2007)
Cumulus None

parameterization

Rapid Radiative Transfer Model (Mlawer
etal., 1997)

Dudhia scheme (Dudhia, 1989)
Noah-LSM (Chen & Dudhia, 2001)

Longwave radiation

Shortwave radiation

Land surface
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water and heat transport in 2-m soil depth, with four-layer soil column
of thickness 0.1, 0.3, 0.6, and 1.0 m from soil surface toward the bot-
tom. The Noah-LSM calculates the latent heat flux using the diurnally
dependent Penman potential evaporation-based approach (Chen
et al., 1997; Mahrt & Ek, 1984), and it computes the sensible heat flux
using the bulk heat transfer formulation based on Monin-Obukhov
similarity theory (Chen & Dudhia, 2001). The ground heat flux is esti-
mated following Fourier's law through the temperature gradient

between surface temperature and soil temperature of the first layer.

2.3.2 | WRF-Hydro configuration
An extension package of multi-lateral hydrological processes is pro-
vided in WRF-Hydro, aiming at integrating atmospheric and hydro-
logical prediction system (Gochis et al., 2015). In comparison to the
Noah-LSM in the stand-alone WRF, WRF-Hydro additionally
resolves the lateral movement of water in both surface and subsur-
face. The lateral routing processes in WRF-Hydro are resolved at a
higher-resolution hydrological routing subgrid, which is composed of
high-resolution terrain height, flow direction, channel network with
Strahler stream order and basin grid. In this study, we prepare the
hydrological routing subgrid at 300 m horizontal resolution based on
the Hydrological data and maps based on Shuttle Elevation Deriva-
tives at multiple Scales (HydroSHEDS) dataset. At each model
timestep, infiltration excess and soil moisture content at four layers
of Noah-LSM are disaggregated to this subgrid, then routed
laterally.

The fundamental augmentations in WRF-Hydro include that
(a) the infiltration excess is enabled to remain at the surface as ponded
water, rather than being simply removed as in Noah-LSM in WRF, and
(b) exfiltration is allowed to be generated from a fully saturated soil
column caused by lateral flow. In this study, the saturated subsurface
lateral flow is calculated using the method of Wigmosta et al. (1994)
and Wigmosta and Lettenmaier (1999), as implemented in the Distrib-
uted Hydrology Soil Vegetation Model (DHSVM). It calculates the
quasi-three-dimensional moisture transport which considers the
effects of topography, saturated soil depth, and saturated hydraulic
conductivity of different soil types. A fully unsteady, spatially explicit
diffusive wave routing scheme (Julien et al., 1995; Ogden, 1997)
based on the steepest descent (D8) method is used for overland flow
routing. The overland flow which reaches the channel grid cells is
taken as channel inflow, and the channel water is routed pixel-by-pixel
using an explicit and 1-dimensional diffusive wave formulation
(Gochis et al., 2015). The water drainage from the bottom soil is linked
with an exponential bucked model, which is used for estimating the
contribution of baseflow discharge. Table 2 summarizes all the
improved hydrological processes in the WRF-Hydro model. Above
subsurface routing, overland flow routing, channel routing, and base-
flow modelling are successively carried out in WRF-Hydro modelling.
Once lateral routing processes have been completed, the ponded
water depth and soil moisture content in the 300 m subgrid are line-

arly aggregated back to the 3-km WRF grid. Subsequently, the

TABLE 2 List of the description on the hydrological processes in
WRF-Hydro
Physics
processes Description
Subsurface Exfiltration from fully saturated soil columns
routing contributes to infiltrations capacity excesses

(Wigmosta & Lettenmaier, 1999); Subsurface
lateral flow is computed from saturated layer.

Overland flow Overland flow is subjected when ponded water

routing exceeds a retention depth; Overland flow is
lateral calculated with a fully unsteady, 2-D
diffusive wave formulation (Julien et al., 1995;
Ogden, 1997).
Channel Overland flow the reaching channel grid is pixel-by-
routing pixel routed with 1-D diffusive wave
formulation; No overbank flow and no channel
water losses (Gochis et al., 2015).
Baseflow Drainage from bottom soil is calculated with an

exponential function (Gochis et al., 2015).

spatially redistributed soil moisture feeds back to WRF atmospheric
processes through the next iteration of Noah-LSM.

It is noted that the subsurface flow routing is restrained to a 2 m
soil thickness, in accordance with the soil column described in Noah-
LSM. The deep groundwater process is not resolved, the bucket base-
flow model only aiming at conceptually representing the river base-
flow. The channel flow routing is considered as a one-way coupled
process in WRF-Hydro, so that channel inflow is received from the
overland flow with no reversed retroaction. Therefore, only subsur-
face and overland flow routing are able to affect the atmospheric
dynamics in the coupled WRF-Hydro framework (Fersch et al., 2020;
Senatore et al., 2015).

The WRF-Hydro model allows being directly driven by specific
atmospheric forcing in its “uncoupled mode” as a distributed hydro-
logical model. Using observational input, the WRF-Hydro model can
be optimized with hydrological parameters calibration processes
(Yucel et al., 2015). We manually calibrated the relevant hydrological
parameters in WRF-Hydro based on daily observed streamflow, which
have been shown in Zhang et al. (2019). Further details on the WRF-
Hydro model and its coupling system can be found in Gochis
et al. (2015).

2.4 | Evaluation of model performance

To assess the model performance, we evaluate the WRF and coupled
WRF-Hydro modelling results with the available observational dataset
described in Section 2.2 at monthly, daily and sub-daily (3-hourly and
hourly) temporal scale. The ability of the simulations in reproducing
realistic surface meteorological conditions is assessed by comparing
with CMFD and station data. The root-mean-square error (RMSE),
mean bias deviation (MBD), Nash-Sutcliffe efficiency (NSE), and the
Pearson correlation (r) are used as the performance measures and are

detailed in Appendix A. We validate our simulations results
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comprehensively, addressing particularly biases in the atmospheric

modelling and land surface modelling parts.

3 | RESULTS

In this section, the modelling results of surface meteorological vari-
ables, energy, and water fluxes are described. The analysis starts from
a general evaluation of spatial and temporal variations of simulated
precipitation and temperature, and continues with an evaluation of
surface meteorological variables at a diurnal scale. Afterward, the sim-
ulated diurnal surface energy fluxes are validated against with ground
measurements, then compared at the basin scale, and further charac-
terized spatially.

3.1 | Evaluation of surface meteorological
conditions
3.1.1 | Spatiotemporal variations of daily

precipitation and temperature

WRF and WRF-Hydro simulated daily precipitation and air tempera-
ture for the year 2008 are compared with the CMFD reference as
Time-Latitude Hovmoller diagram in Figures 2 and 3. The comparison
results for the years 2009 and 2010 are similar to those for the year
2008 in terms of patterns and magnitudes, therefore they are not
shown here. Table 3 gives the statistical measures of daily values
between simulations and CMFD for 3 years. As the Heihe River basin
is located at the fringe of the monsoon zone, precipitation intensively
occurs during May to September as short-term events formed by oro-
graphic lifting and convection (Wang et al., 2018; Li et al., 2019; Liu
et al., 2017). Spatially, a high precipitation band is situated in the

mountainous area below 39.5°N due to the mountain blocking effect
(Wang et al., 2017). Both WRF and WRF-Hydro reasonably simulate
the spatiotemporal variations of precipitation in comparison to CMFD
(Figure 2), with a significant daily correlation above 0.77 (p < 0.01)
and spatial correlation above 0.87 (p < 0.01) for the study area. As
shown in Figure 3, the distinct dynamics of temperature are well simu-
lated by both WRF and WRF-Hydro models. The simulated spatio-
temporal patterns of temperature showing a clear gradient from
southern high mountains to the northern flat low area are very similar
to those in CMFD. Statistically, the daily mean temperature shows
both high correlation value of 0.98 (p < 0.01) and NSE value of 0.95
with respect to CMFD, and the spatial correlation of mean tempera-
ture exceeds 0.97 (p < 0.01). The overall spatiotemporal variability of
precipitation and temperature are well captured by both WRF and
WRF-Hydro simulations. However, both models reproduce a slightly
warm bias of temperature about ~0.85°C with respect to CMFD
mean temperature of —3.92°C and wet bias of precipitation about
~0.6 mm/day with respect to CMFD mean precipitation of 1.33 mm/
day, which will be further discussed in the next section.

3.12 |
conditions

Diurnal cycle of surface meteorological

Simulated surface meteorological variables are further evaluated
against the observational dataset at the diurnal scale. The spatially
averaged instantaneous values of 2 m air temperature, precipitation
rate, specific humidity, and 10 m wind speed in the headwater area
are compared with 3 hourly CMFD datasets. The calculated monthly
correlation coefficients and the biases are shown in Figure 4.

The monthly correlation coefficients for 2 m air temperature all
exceed 0.83 (p < 0.01) for both WRF and WRF-Hydro simulations. The

biases of the simulated air temperature are mostly within +0.8°C during
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38¢ NN diagrams displaying the daily precipitation
oY o> in the year 2008 for CMFD, WRF and

WRF-Hydro across the Heihe River basin
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FIGURE 3 Asin Figure 2, but for
daily mean 2-m air temperature

Latitude (°N)

CMFD

TABLE 3 Performance measures of
RMSE, MBD, NSE and r between the WRF WRF-Hydro
simulated and observed daily RMSE MBD NSE r RMSE MBD NSE r
precipitation (mm/d) and 2-m air Precipitation ~ 2.82 0.57 - 078 301 0.61 - 0.77
temperature (°C) spatially averaged for

Temperature 2.05 0.90 0.95 0.98 212 0.82 0.95 0.98

the headwater of Heihe River in the
period 2008-2010

the warm season (i.e., from March to October). However, a warm bias
reaching ~3.5°C is observed in winter season when the average temper-
ature is below —18°C (Figure 4a). Figure 5 further shows the monthly-
averaged diurnal cycle of observed and simulated 2 m air temperature at
two in-situ stations. At the Arou station with a higher altitude, both
models well represent the diurnal variation of air temperature in the
summer as well as the daytime temperature during the winter season
(October to March). However, the night-time temperature in the winter
is generally overestimated by the models, resulting in a smaller magni-
tude of diurnal variation in comparison to the observed data (Figure 5a).
At the Guantan station, the simulated air temperature at the noontime is
slightly higher than the observation (Figure 5b). Nevertheless, the scat-
ter comparisons in Figure 6 and statistical measures in Table 4 show that
both models well reproduce hourly air temperature in the summertime,
with correlation coefficients of 0.91 (p < 0.01), NSE of 0.82, and mean
bias <0.38°C. This confirms the small deviations to the observed records
and small biases and high correlation compared to the gridded dataset
(Figure 4a). It is worth noting that in terms of air temperature, WRF-
Hydro shows slightly better performance (i.e., lower RMSE and mean
bias values) than WRF at two ground stations.

For precipitation, the correlation coefficients are mostly between
0.1 and 0.6. Lower correlation coefficients are found in the dry sea-
son, whereas the mean biases are very small (Figure 4b). The low cor-
relation values obtained for the dry season are mainly due to the fact
that the models do not well represent the occurrence of some short-
time and

low precipitation events. In the summertime, the

overestimation of precipitation shows positive biases up to ~0.1 mm/
h. Nevertheless, moderate correlation coefficients around 0.5
(p < 0.01) suggest that the diurnal precipitation variation is captured
by WRF and WRF-Hydro approaches.

In Figure 4c, simulated specific humidity also shows a close corre-
lation with the CMFD dataset. The calculated correlation coefficients
are all above 0.7 (p < 0.01) and the mean percent biases range from
—20% to +10%.

The correlation of wind speed is mostly between 0.4 and 0.6, with
no clear seasonal patterns. The monthly biases are exclusively posi-
tive, ranging from 0.5 m/s during the summertime to nearly 2 m/s in
December and January (Figure 4d). This positive bias may be related
to subgrid-scale orography conditions not well represented in the
coarser CMFD dataset. The surface pressure, which is not shown in
the figure, displays a correlation above 0.95 (p < 0.01) for all months.

The above results show that both WRF and WRF-Hydro simulations
are able to represent the meteorological conditions in the study region,
especially during the summertime. In the following sections, we focus on

the simulated diurnal surface energy fluxes in the summer months.

3.2 |
stations

Diurnal cycle of surface energy fluxes at EC

The diurnal variations of simulated surface energy fluxes are firstly
evaluated with flux tower measurements. Figures 7 and 8 show the
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hourly comparison of measured and simulated net radiation (Rn),
latent heat flux (LE), and sensible heat flux (H) at the Arou and
Guantan EC stations, respectively. At the Arou station, time series
comparisons indicate that the observed magnitudes of Rn and LE are

well captured by the models, with Rn around 700 W/m? and LE up to

Oct Nov Dec

480 W/m?, whereas the magnitude of H is overestimated (Figure 7).
At the Guantan station, the models simulate a reasonable magnitude
of LE and H, whereas Rn is underestimated during the noontime
(Figure 8). Nevertheless, at both station sites, the occurrences of low

Rn days caused by cloudy weather conditions are quite comparable
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TABLE 4 Performance measures of
RMSE, MBD, NSE and r between WRF WRF-Hydro
simulated and observed hourly 2-m air RMSE MBD NSE r RMSE MBD NSE r
temperature (°C) at the Arou and Arou station 224 038 082 091 221 027 083 091
Guantan stations for June-September of .
2009 and 2010 Guantan station 1.88 0.15 0.84 0.92 1.86 0.10 0.84 0.92
between observations and simulations, which demonstrated that both 3.3 | Diurnal cycle of surface energy fluxes at

WRF and WRF-Hydro well reproduce the inter-daily variations.

The mean diurnal cycles of surface energy fluxes split by month
for two EC stations are shown in Figures 9 and 10. Table 5 lists the
performance measures for simulations versus observations. In general,
the diurnal patterns of surface energy fluxes are well captured in
model simulations, showing comparable averaged values and SD, as
well as the uniform increase and decrease tendencies related to solar
rising and setting. Overall, the simulated Rn is slightly overestimated
at the Arou station by 18 W/m?, whereas it is underestimated at the
Guantan station by —31 W/m?. However, the simulated LE and H are
generally higher than those observed at both station sites. The mean
bias of peak value reaches 50 W/m? for LE and 70 W/m? for H at the
Arou station, and up to 100 W/m? for both LE and H at the Guantan
station. The averaged biases of simulated H and LE are around
15 ~ 20 W/m? and 13 ~ 17 W/m?, respectively. Statistically, all the
energy fluxes in comparison are associated with acceptable NSE
values of 0.24 ~ 0.8 and a high correlation above 0.77 (p < 0.01), indi-
cating both models realistic represent the diurnal variations of surface
energy fluxes.

The diurnal values of the Bowen ratio (H/LE) during daytime are
shown in Figures 9d and 10d. The diurnal Bowen ratio generally
ranges from 0.3 to 0.8 at the Arou station and from 0.4 to 1.5 at the
Guantan station, indicating the relatively sufficient water status in the
underlying vegetation surface, which is consistent with previous
energy partitioning studies at two station sites (Wang, et al., 2019;
Zhu et al., 2014). Comparing to the observations, both simulations
appear to systematically overestimate the turbulent fluxes, but ade-
quately represent the energy partitioning, which may be related to

accurate measurements in EC system, as will be discussed later.

basin scale

The basin-averaged hourly precipitation, Rn, LE, H, and ground heat
flux (G) in the headwater of Heihe River are compared as a function
of the day of the year, for exploring the diurnal cycle features of the
surface energy fluxes. As the diurnal features of surface energy fluxes
show similar interannual variations during the simulation period
2008-2010, Figure 11 only displays the comparison results between
WRF-Hydro and WRF from April to October of the year 2008, con-
taining the onset and retreat period of the East Asian summer mon-
soon. The monthly averaged diurnal cycles of energy fluxes are
additionally shown in Figure 12 for the summer months from June to
September of 3 years.

According to Figure 11a, the simulated summer precipitation
exhibits favourable occurrence in the late afternoon and early morn-
ing, with a minimum at noontime. It is consistent with the previously
observed diurnal precipitation pattern in this area (Li et al., 2019; Liu
et al., 2017). A clear shift of diurnal shape and the magnitude of the
surface fluxes is shown at the end of May corresponding to the mon-
soon onset, with an observed increase of LE and a decrease of H
(Figure 11c,d). As shown in Figure 12 for the rainy season, the noctur-
nal values of LE are close to O, and values of H are around
—5 ~ —10 W/m? during the night, in relation to the negative net radi-
ation and inversed temperature gradient between land surface and
air. Rn increases dramatically during the day and peaks at noontime.
Visibly, G takes a lead of the increase in the morning and reaches its
peak earlier than Rn, LE, and H, then it decreases gradually to stable
and negative values at night. On average, the turbulent fluxes show

distinct differences among the months. The monthly peak values of
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FIGURE 7 Hourly time series (left column) and scatter plot (right column) of simulated and observed (a) net radiation flux Rn, (b) latent heat

flux LE, (c) sensible heat flux H at the Arou EC station in 2009

LE in July and August exceeding 200 W/m?, are generally higher than
LE in June (Figure 12b), however, Rn and H show their highest values
in June (Figure 12c,d). This change of the dominant turbulent fluxes
suggests that LE in the study area is generally controlled by water-
limited conditions rather than by radiation conditions, which is charac-
teristic of the semi-arid region. From September on, both H and LE
are decreased because of the reduction of available energy
(Figure 11c,d). These features of energy fluxes are consistent with
previous measurement analysis (Liu et al., 2011). Furthermore, the dis-
continuous spectra showing in the energy fluxes of LE and H are
inherited from the diurnal cycle of Rn, which is modulated by the

occurrence of precipitation events.

34 |
fluxes

Spatial signatures of diurnal surface energy

The spatial signatures of the diurnal cycle of surface energy fluxes are
suitable for understanding the effect of topography, vegetation, and

soil features captured in the coupled modelling (Xiang et al., 2017).

Since previous sections showed that lateral flow influences the
regional water and turbulent fluxes, it is expected that the spatial vari-
ations of the diurnal energy fluxes are also impacted to some extent.
Figure 13 presents the spatial pattern of the mean diurnal peak value
and peak time of surface energy fluxes from June to September in
2008 for the headwater and its surrounding area. Comparing
Figure 13 to Figure 1b, the peak value of Rn in high mountain peaks is
relatively lower than it in the valley and the flat area, because of
2016; Yu
et al., 2017). The diurnal peak time of Rn shows slight spatial varia-

increased snow cover at higher elevation (Minder et al.,

tions according to the terrain height, close to local noontime. The
peak values of LE and H exhibit a close relationship with vegetation
type (Figure 1c), with high values of LE in the vegetation-covered
areas (e.g., grassland and cropland). In addition, LE in the southeastern
part of the mountain is generally higher than it in the northwestern
part due to the topographic enhancement of precipitation over higher
areas (Pan et al., 2014; Yang et al., 2017; Zhang et al., 2019).

The spatial patterns of simulated LE are compared with the global
and localized datasets in Appendix B. The highest LE occurs around

the intermediate to higher elevation ecosystems in the headwater
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FIGURE 8 Asin Figure 7, but for the Guantan EC station in 2010

area (shown in Figure B1), which is consistent with the previous find-
ing of Gao et al. (2016). At the diurnal scale, the higher peak values of
H are featured in the relatively flat terrain in the middle Heihe River
basin and in the valley of the headwater area. The peak times of LE
and H notably depend on the vegetation types, with a clear delay
toward the afternoon in the barren area. The peak value of G shows
high values at the barren area and low values at the vegetation-
covered mountainous area, which is comparable with the spatial distri-
bution of G estimated from multiple remote sensing data of Li
et al. (2017). The peak time of G displays a distinct relation with
topography, with an apparent delay at the mountain tops with respect
to the flat area.

4 | DISCUSSION

4.1 | Uncertainties in model validations

The objectives of the study include the assessment of modelling
results on reproducing surface meteorological fields and energy fluxes.
As shown in Sections 3.1 and 3.2, the validation results confirm the

reasonable model performance but illustrate the consistent biases in
comparison to the observational-based datasets. Such disparities can
be partly identified as systematic biases, due to the fact that regional
climate modelling is only driven by lateral boundary forcing. Many
studies have indicated that the forcing data of lateral boundary largely
affect the dynamic climate downscaling, in which the uncertainties in
lateral boundary conditions remain in the simulated land surface
dynamics (e.g., Massey et al., 2016; Moalafhi et al., 2017; Rocheta
et al.,, 2017). In addition, the resolution mismatches in both point- and
basin-scale assessment also necessarily produce systematic differ-
ences in the model validations (Bonekamp et al, 2018; Jousse
et al., 2016). Nevertheless, despite the potential systematic biases, the
effect of lateral flow processes can be investigated by intercomparing
the simulation results between the coupled WRF-Hydro and WRF.
The biases shown in model validations also relate to the uncer-
tainties in observational-based gridded datasets. The CMFD data mer-
ges observational records with various gridded data products,
however, the observational stations are mostly situated in lowland
and valleys, and only poorly distributed in high mountainous (He
et al., 2020). With the orographic enhancement, larger uncertainties

exist in the gridded dataset. This is particularly the case for the high-
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alpine region with extremely complex topography, such as the study
area. For example, the satellite-based product is merged in CMFD pre-
cipitation. However, Immerzeel et al. (2015) used an inverse approach
with glacier mass balances to estimate the precipitation over an alpine
catchment in Tibetan Plateau, and found that the high-altitude precip-
itation is more than twice as both station-interpolated and remote
sensing-based precipitation products. Gao and Liu (2013) also con-
cluded that satellite precipitation products generally underestimate
moderate and heavy rainfall over the high mountains in Tibetan Pla-
teau. For the near-surface temperature, Xie et al. (2017) found that
CMFD data exhibits cold biases around —1.5°C on the Tibetan Pla-
teau when observed temperatures are cold. The above-mentioned
underestimation may counteract the biases of summer precipitation
and winter temperature shown in Figure 4.

For the surface energy fluxes, the WRF and coupled WRF-
Hydro simulations overestimate the turbulent fluxes LE and H at
both Arou and Guantan sites. This disparity between simulation and
observation is related to the uncertainties in EC measurements. The

flux measurements in a single EC tower usually suffer from the

energy balance closure problem, with residuals imbalance around
10% ~ 30%, and this lack of energy closure is more pronounced in
half-hourly averaged values (Foken, 2008; Leuning et al., 2012).
However, the energy balance in the model simulations is closed.
Specific to the two EC towers at the Arou and Guantan stations, the
residual imbalance in measured energy fluxes balance exceeds 16%
and 25% in the summer months, respectively (Liu et al., 2011).
Although diurnal energy residuals can be counterbalanced by energy
storage in soil, vegetation and air, a part of imbalance is explicated
by advective fluxes divergence, which generally suggests a possible
underestimation of turbulent fluxes LE and/or H (Chakraborty
et al., 2019; Liu et al,, 2011; Ma et al., 2019; Twine et al., 2000).
Additional uncertainties in the comparison may be noted when the
measured turbulent fluxes are compared to 3 km model grid values,
whereas the flux footprint of the Arou and Guantan EC towers are
primarily representative of an area within a radius of 250 m (Liu
et al,, 2011). As a result, positive biases exhibit constantly in abun-
dant studies when model simulated energy fluxes are compared to
EC measurements (e.g., Aas et al., 2015; Chakraborty et al., 2019;
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TABLE 5 Performance measures of
RMSE, MBD, NSE and r between WRF WRF-Hydro
simulated and observed hourly fluxes RMSE MBD NSE r RMSE MBD NSE r
2 -
(W/m") of Rn, LE, H at Arou for July Arou station Rn 938 180 080 091 917 182 080 091
September in 2009, and at Guantan for
July-September in 2010 LE 62.7 20.4 0.61 0.87 65.1 22.8 0.58 0.88
H 40.4 17.2 0.24 0.81 36.1 14.9 0.40 0.83
Guantan station Rn 136.5 —-31.2 0.80 0.91 136.4 -31.7 0.80 0.91
LE 55.9 15.7 0.38 0.82 55.6 15.2 0.39 0.82
H 64.8 13.6 0.53 0.77 65.4 13.5 0.54 0.77

Fersch et al.,, 2020; Ma et al.,, 2021; Lahmers et al.,, 2020; Xiang
etal., 2017).

4.2 | Impact of the lateral flow in coupled
modelling system

The comparison between WRF and fully coupled WRF-Hydro indi-
cates the impact of lateral flow processes. For the meteorological

elements, both two models show a similar diurnal cycle and per-
formance statistics. As shown in Figure 4, the correlation and bias
values of air temperature and wind speed are quite close, indicat-
ing that the two models simulate very similar variations of tem-
perature and wind elements. This is mainly related to the fact that
the static dataset in both models is identical, which exhibits a sim-
ilar surface roughness length for heat and momentum exchanges
(Dong et al., 2018; Malhi, 1996). For the moisture variables, WRF-
Hydro shows slightly higher correlation and bias in precipitation,
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heat flux LE, (d) sensible heat flux H, and (e) ground heat flux G, spatially averaged for the headwater of Heihe River from WREF (left), WRF-Hydro

(middle), and differences (WRF-Hydro minus WREF, right) for April-October

and slightly lower bias in specific humidity, suggesting that the
diurnal variations of moisture fluxes are affected by the lateral
flow. This more considerable impact of lateral flow on near-
surface humidity than temperature is similar to that of Fersch
et al. (2020).

in 2008

Figures 7-10 show that the variations and mean values in surface

energy fluxes and Bowen ratio between WRF and coupled WRF-

Hydro are similar at two EC station locations. Slight differences in tur-
bulent fluxes (LE and H) are identified at the Arou station, but statisti-
cally not significant. We further inter-compare the simulated top layer
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soil water content with observations at two station sites (Figure 14).
The simulated soil moisture variation at the Arou station is quite com-
parable with the observation. At the Guantan station, model results
show a distinct increase in soil moisture at the beginning of August,
which is associated with the fact that the precipitation is largely over-
estimated from July 27 to August 4, resulting in higher soil moisture
until late September. Shown at both two station sites, it is found that
the WRF and coupled WRF-Hydro simulated top layer soil moisture
values are close, only with a slight difference within 0.03 m®/m?2. Such
slightly modified surface soil moisture does not evidently impact the
turbulent fluxes at the station locations. This is attributed to the fact
that both EC measurements are set up in a relatively flat area (Li
et al.,, 2013; Liu et al., 2011). The hydro grid of 300-m represents a
low topography gradient in these areas, so that the laterally routed
overland and subsurface flow show a reduced influence in the land
surface. A similar small impact on turbulent fluxes was also identified
in Lahmers et al. (2020), who compared the coupled simulations with
flux towers in grassland sites with a 250-m routing grid. As suggested
by Ji et al. (2017) and Yang et al. (2021) in standalone land surface
modelling, the influences of lateral flow are found more obvious when

12 18 0 6
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LSM resolution is higher. Therefore, we expect a stronger impact on
soil moisture and surface fluxes when the terrain routing subgrid is
refined in a very fine grid-scale, for example, 100-m as applied in Fer-
sch et al. (2020).

An appreciable impact of lateral flow on surface energy fluxes
was shown at the basin scale. As shown in Figures 11 and 12, the
diurnal cycles of Rn and G slightly differ between the two models, and
such small differences still offer nearly the same amount of available
energy (Rn - G) in their monthly averaged values. The diurnal differ-
ences in Rn are attributed to differences in the simulated weather
conditions, as shown by the precipitation diurnal differences in
Figure 11a. As suggested by Lahmers et al. (2020), lateral flow in
WRF-Hydro might impact the location of convective precipitation at
the diurnal scale. For the turbulent fluxes, LE in the daytime is notably
higher in WRF-Hydro than that in WRF, and H is accordingly lower
(Figure 11c,d), with a difference in their monthly-mean diurnal peak
values around 50 W/m? in June and 20 W/m? in September
(Figure 12b,c). As shown in Figure 13c,e, the differences in their diur-
nal peak values are mostly distributed at the locations where high

topography gradients are featured (Figure 1b). These are closely
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related to the differences in top layer soil moisture, as displayed in
Figure 15. The WRF-Hydro simulated soil moisture is generally higher
than the WRF simulated one, especially in the headwater area where
the topography-driven spatial redistribution of soil moisture is largest
(Figure 15a). The differences in basin-averaged soil moisture are
around 0.09 m3/m® during June, then decrease to ~0.03 m3/m?® in
September (Figure 15b), generally increase nearly 18%. This reveals
that the lateral flow, mainly the routed overland flow, increases the
memory of soil moisture in the coupled simulation (Arnault
et al., 2019). Accordingly, the increase in soil moisture affects the diur-
nal energy flux partitioning, with an increased fraction of
LE. Nevertheless, the peak times of areal averaged energy fluxes in
the two simulations are almost unchanged.

The lateral flow affects the modelling system through the modifi-
cation of soil moisture, and thus its impact depends on the strength of
the coupling between soil moisture and the atmosphere. For example,
the lateral flow was found to have a more pronounced enhancement
of summer precipitation in West Africa than in Europe (Arnault
et al., 2021), since West Africa is considered as a hot spot of soil
moisture-atmosphere coupling (e.g., Koster et al., 2004). Being charac-
terized by a semiarid-arid environment and high mountain terrain, our
study area is not placed within the hot spots of land-atmosphere cou-
pling (Koster et al., 2004), meanwhile, studies have shown that local
precipitation is mainly modulated by remote atmospheric water trans-
port (e.g., Wang, et al., 2018; Zhang et al., 2021). For this reason, rep-
resenting lateral flow in the WRF model does not considerably change
or degrade the model performance of simulated meteorological vari-
ables and energy fluxes at a diurnal scale over the study area. We
have shown that lateral flow processes spatially increase (decrease) LE
(H) over the hillslopes, however with no apparent impact on their diur-
nal peak time appearance (Figure 13c-f). The magnitude and spatial
heterogeneity of surface energy fluxes are still consistent with the
diverse vegetation ecosystems and the local terrain prescribed in the
model (Figure 1), therefore, suggesting a realistic impact of lateral flow

on diurnal surface energy fluxes.

4.3 | Limitations and perspectives

In the present study, the coupled WRF-Hydro model improves the
realism of hydrological processes in regional climate models by all-
owing lateral water movement near the land surface. Even though the
reliable surface energy fluxes are constrained by facticity of EC mea-
surements and observation limitation, our results show that the
coupled WRF-Hydro simulation very slightly and partly improves the
simulated surface energy fluxes compared to the WRF atmospheric
simulation. Nevertheless, we note that the groundwater lateral flow,
which is not considered in this study, may functionally modulate the
land surface variables via groundwater-surface water interactions,
particularly over the low-lying areas where the groundwater table is
shallow (e.g., Davison et al., 2018; Forrester & Maxwell, 2020;
Maxwell et al., 2015; Sulis et al., 2017). While our model configuration
approximates the hydrological processes across most of the high-

mountain terrain over this headwater area, further coupling
physically-based groundwater schemes can improve the realistic rep-
resentation of hydrological processes over the mountain valley and
lower reaches in the desert (e.g., Wang et al., 2014; Xie et al., 2018).
Moreover, coupling the addition of terrestrial hydrological schemes in
model framework, such as irrigation scheme (e.g., Valmassoi
et al., 2020), channel infiltration (e.g., Lahmers et al., 2019), and fur-
ther two-way channel water-groundwater exchange (Fan et al., 2019),
enables more realistic land-atmosphere feedbacks over the northern
flat arid area.

Being driven by atmospheric lateral boundary only, the simulation
of hydrometeorological variables in WRF-Hydro inherits the uncer-
tainties and biases from atmospheric modelling. Using a model chain
from bias-corrected high-resolution dynamical downscaling to terres-
trial hydrological modelling, or jointly assimilating available observa-
tions in WRF-Hydro modelling can improve the simulation of surface
energy flux (e.g., Abbaszadeh et al., 2020; Tsegaw et al., 2020). Addi-
tionally, the hydrological parameter optimization also restricts the
coupled WRF-Hydro simulation, as the model calibration remains
processed with adjusting conceptualized scaling factors of the most
dominant parameters via offline simulations (Yucel et al., 2015; Zhang
et al., 2019). Incorporating additional calibration tools (e.g., Silver
et al., 2017; Wang, et al., 2019) and ingesting more physical parame-
ters in LSM configuration (e.g., Zhang et al., 2020) for model calibra-
tion, as well as spatializing model parameters (Fersch et al., 2020;
Rummler et al., 2019), may improve the representation of lateral
hydrological processes in the coupled simulation. However, compre-
hensive calibration would require expensive computational demand,
which is currently unrealistic for a longer-term (i.e., seasonal-to-
annual) high-resolution coupled simulation. A trade-off between the
hydrological parameter on model realism and computational availabil-
ity has to be considered. In addition, the current parameterized lateral
flow amounts including overland flow and subsurface flow fluxes are
difficult to validate due to a lack of existing observation. With ade-
quate computational resources along with reliable and extensive
observations, the fully coupled modelling results can be further opti-
mized by adapting model parameters with short-term simulations.

5 | SUMMARY AND CONCLUSIONS

In the pursuit of improving the terrestrial hydrological processes in
regional climate modelling, this study aims at evaluating the perfor-
mance of the fully coupled regional climate-hydrological modelling
system in reproducing the diurnal surface energy fluxes, and ulti-
mately assessing the impact of the lateral flow on the diurnal cycle of
energy fluxes in an alpine catchment with complex terrain. Both WRF
and coupled WRF-Hydro were found to have a reasonable perfor-
mance in reproducing the precipitation and temperature in not only
multi-temporal (daily-to-seasonal) but also varying spatial (point-to-
regional) scales throughout the study area, the Heihe River basin. The
diurnal variations of surface meteorological fields were overall well

simulated by the models, albeit some biases depending on the season
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were found. The simulated diurnal energy fluxes, as well as the hourly
partitioning between sensible and latent heat flux, were comparable
with EC tower observations during the summertime, indicating the
equitable model ability in representing the magnitude and diurnal vari-
ation of the energy fluxes. The spatial patterns of diurnal surface
energy fluxes were distinctly impacted by land heterogeneous surface,
in relation to the diversity of vegetation ecosystems.

As a result of lateral flow, WRF-Hydro mostly increased the latent
heat fluxes and reduced the sensible heat fluxes in their diurnal mag-
nitude at a regional scale, although the net radiation and ground heat
fluxes remained rarely changed. The impact on the diurnal peak time
appearance of surface energy fluxes remained small. At the EC station
points, the impact of lateral flow on the diurnal energy fluxes was
rather concealed, which we attribute to the low topography gradient
at the measurement sites. The results conceivably highlight the non-
negligible role of lateral flow description on the surface energy fluxes
where the topography is featured with complex and rugged terrain.

The results presented in this study are relevant for further
researches which aim at investigating the land-atmosphere interac-
tions employing a regional earth system model. The high resolution
fully coupled modelling is successfully performed here even in extreme
climate gradient, that is, tremendous elevation gradients and heteroge-
neous terrain. The benefits of the coupled model over the conventional
regional weather and climate model, the enabled lateral flow and their
atmospheric feedbacks, do not reduce the model skill of reproducibil-
ity. However, those further considered terrestrial hydrological pro-
cesses improve the realism of earth system interactions, which is a step
forwards in advancing Earth System modelling. This result encourages
further investigations over regions to compass a wide range of climates
and land covers using such a fully coupled atmospheric-hydrological
modelling approach, which is of great importance to an improved

understanding of land surface hydrological processes.
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