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Abstract. Snow albedo is important to the land surface en-
ergy balance and to the water cycle. During snowfall and
subsequent snowmelt, snow albedo is usually parameterized
as functions of snow-related variables in land surface mod-
els. However, the default snow albedo scheme in the widely
used Noah land surface model shows evident shortcomings in
land—atmosphere interaction estimates during snow events on
the Tibetan Plateau. Here, we demonstrate that our improved
snow albedo scheme performs well after including snow
depth as an additional factor. By coupling the Weather Re-
search and Forecasting (WRF) and Noah models, this study
comprehensively evaluates the performance of the improved
snow albedo scheme in simulating eight snow events on the
Tibetan Plateau. The modeling results are compared with
WREF run with the default Noah scheme and in situ observa-
tions. The improved snow albedo scheme significantly out-
performs the default Noah scheme in relation to air temper-
ature, albedo and sensible heat flux estimates by alleviating
cold bias estimates, albedo overestimates and sensible heat
flux underestimates, respectively. This in turn contributes to
more accurate reproductions of snow event evolution. The
averaged root mean square error (RMSE) relative reductions
(and relative increase in correlation coefficients) for air tem-

perature, albedo, sensible heat flux and snow depth reach
27% (5 %), 32% (69 %), 13% (17 %) and 21 % (108 %),
respectively. These results demonstrate the strong potential
of our improved snow albedo parameterization scheme for
snow event simulations on the Tibetan Plateau. Our study
provides a theoretical reference for researchers committed to
further improving the snow albedo parameterization scheme.

1 Introduction

The surface albedo directly determines the proportion of in-
cident solar radiation that is absorbed by the surface and is
an important parameter in climate and land surface mod-
els (LSMs) (Sellers et al., 1996). Small changes in surface
albedo can affect the energy balance in the land—atmosphere
system and can drive both local and global climate change
(Bloch, 1964).

Surface albedo changes dramatically during snowfall and
snowmelt cycles. Much research has been carried out to iden-
tify the factors that influence these changes, including the
effects of terrain shielding, altitude, sky conditions, vege-
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tation, and snow properties such as grain size, liquid water
content, depth, and impurities (Warren and Wiscombe, 1980;
Wiscombe and Warren, 1980; Aoki et al., 2003; Jonsell et al.,
2003; Hansen and Nazarenko, 2004; Liang et al., 2005; Wang
etal.,2015; He et al., 2018a). This body of research has led to
the development of many parameterization schemes for sur-
face albedo (Oerlemans and Knap, 1998; Wang et al., 2007;
Bao et al., 2008; Li and Hu, 2009; Gardner and Sharp, 2010;
Kuipers Munneke et al., 2011; Malik et al., 2014; Dang et al.,
2015; He et al., 2017, 2018b; Meng and Li, 2019; Saito et al.,
2019; Wang et al., 2020). Most snow albedo parameterization
schemes depend on statistical empirical formulas and con-
stant parameters rather than on representing physical snow
albedo feedback processes. To improve the performance of
snow albedo parameterization schemes for simulating land—
atmosphere interactions, Bao and Lii (2009) added consider-
ation of solar zenith angle to a regional climate model, which
resulted in a 1.2 °C temperature increase and considerably
improved the cold bias in East Asia and improved the rep-
resentation of diurnal ground temperature changes in north-
western China. Park and Park (2016) investigated the effect
of vegetation on snow-covered surface albedo and improved
the winter surface albedo estimates from their LSM by in-
cluding leaf and stem indices in the snow albedo parame-
terization scheme, which reduced the root mean square er-
ror (RMSE) by 69 %. Zhong et al. (2017) considered aerosol
radiative effects on snow processes in their simulations and
successfully reproduced the snow albedo and snow depth.
Fresh snow albedo depends on snow depth, and albedo pa-
rameterization schemes that fail to account for this gener-
ally overestimate the snow depth. To address this, Wang et
al. (2020) developed a new albedo scheme for fresh snow,
which accounts for the relationship between fresh snow
albedo, snow grain size and snow depth, resulting in im-
proved snow depth estimates during the snow ablation period
on the Tibetan Plateau. This highlights the importance of ac-
counting for the effect of snow depth on fresh snow albedo.
A coupled land—atmosphere model can provide useful in-
sights into conditions on the Tibetan Plateau, where the ter-
rain is complex and there are few and unevenly distributed
observation stations (Maussion et al., 2011; Yuan et al.,
2016; Norris et al., 2017; Bonekamp et al., 2018; Rahimi
et al., 2019). However, the parameterization scheme for sur-
face albedo in the Noah LSM, which is currently the most
widely used LSM, does not account for all the factors that
influence albedo. It includes many predetermined parame-
ters and an approximate treatment of vegetation, soil and
snow, which can result in some inaccuracies in the estimated
surface albedo (Wen et al., 2011; Liu et al., 2019). For ex-
ample, the surface albedo parameterization scheme in the
Noah LSM considers snow cover and age but ignores other
snow-related factors, such as snow depth, that can drive dra-
matic changes in albedo (Ek et al., 2003). This makes it in-
appropriate to use the Noah LSM to characterize changes in
snow albedo that follow from snowfall and snowmelt pro-
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cesses in complex topographic areas. However, the Noah
LSM appears to be the most readily available snow albedo
scheme for long-term climate modeling research (Rai et al.,
2019). Despite its shortcomings, the Noah albedo parame-
terization scheme does provide substantial improvements to
estimates of the magnitude and timing of both the peak snow-
fall amount and the maximum snow cover extent, following
from the scheme’s consideration of snow albedo decay and
liquid water refreezing (Livneh et al., 2010). The above is-
sues represent opportunities for improvements to be made to
the snow albedo parameterization scheme in the Noah LSM.

The use of an advanced snow albedo parameterization
scheme is crucial for accurate estimation of land—atmosphere
interactions over the Tibetan Plateau, where the snow albedo
effect is extremely strong. It has been shown that the Weather
Research and Forecasting (WRF; Skamarock et al., 2008)
model, when coupled with the default Noah albedo param-
eterization scheme, results in an apparent cold bias over the
Tibetan Plateau (Gao et al., 2015; Meng et al., 2018; Liu
et al., 2019). This bias can be reduced by including albedo
products from the Moderate Resolution Imaging Spectrora-
diometer (MODIS) and an additional snow depth parameter
as independent variables in the Noah albedo parameteriza-
tion scheme (Liu, 2020). This approach is not the same as
assimilating satellite-retrieved snow-related products into the
LSM, which has also been shown to lead to improvements
(Xu and Shu, 2014; Zhang et al., 2014; Lin et al., 2016;
Xue et al., 2019). This improved snow albedo scheme has
been successfully implemented in the WRF model, coupled
with Noah, to simulate land—atmosphere interactions during
a regional heavy snow event on the Tibetan Plateau (Liu,
2020). However, it has not been shown that the improve-
ments that follow from the improved snow albedo scheme
are universal over the Tibetan Plateau, and this should be
studied further. Severe snowfall occurs often over the south-
ern Tibetan Plateau, while snowfall over the eastern Tibetan
Plateau is generally of relatively weak intensity, and the rate
of snowmelt varies widely depending on the heterogeneous
underlying surfaces. This makes it necessary to carry out nu-
merical experiments that focus on snow events over the east-
ern and southern Tibetan Plateau to assess how reliably the
improved scheme can be used to characterize different snow-
fall intensities and snowmelt processes.

In this study, we selected eight moderate to snowstorm
events that occurred over the southern and eastern Tibetan
Plateau to assess the universality of the improvements of-
fered by our improved snow albedo scheme in WRF cou-
pled with the Noah LSM. For each snow event, two numeri-
cal experiments were carried out: one implementing the de-
fault Noah snow albedo scheme and the other implement-
ing our improved snow albedo scheme. The model perfor-
mance was assessed through comparison of the modeled air
temperature, albedo, snow depth, turbulent heat and vapor
fluxes with ground observations. The aim of this study is to
explore the potential of our improved snow albedo param-
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Figure 1. WRF domains of d01 and d02 and CMA observations of daily snowfall amount in colored solid circles for the eight experiments.
The topographical height of dO1 is shaded with black solid circles indicating the locations of the CMA stations and green solid circles
indicating the locations of the CAS stations and the Qilian Mountains integrated observatory network.

eterization scheme to simulate snow events over the whole
Tibetan Plateau more accurately than can be done using the
standard default scheme. We hope that this study will also
provide a useful reference for researchers working to develop
and improve this and other albedo parameterization schemes.

2 Data and methodology
2.1 Description of snow events

We selected China Meteorological Administration (CMA)
national observation stations on the Tibetan Plateau and in
the surrounding regions, with elevations exceeding 1000 m.
This resulted in a total of 502 stations (Fig. 1 shows their dis-
tribution). Snowfall events were identified from the hourly
air temperature and precipitation observations from all 502
stations when the air temperature was below 0°C. Daily
snowfall amounts were calculated using 08:00 BST (Bei-
jing Standard Time) as the start and end time for each day.
The standards to define snowfall grade were taken from the
China Meteorological Standardization Network (http://www.
cmastd.cn/standardView.jspx ?id=479, last access: 3 Septem-
ber 2021). Using these standards, eight different grades of
snowfall event were considered in our study, including mod-
erate, heavy and snowstorm. Most of the snowfall events took
place over the eastern Tibetan Plateau, and some occurred in
a large region across the south and center to the eastern Ti-
betan Plateau. The maximum daily snowfall amount from all
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snowfall events exceeded 8 mm, and four events resulted in
more than 10 mm daily snowfall, making these snowstorm-
grade events. Snow depth is much greater on the southern Ti-
betan Plateau (> 50 cm) than it is on the eastern and central
Tibetan Plateau (<= 20 cm). The description of eight snow-
fall events, including the date and location of moderate- to
snowstorm-grade events, the maximum snow depth and daily
snowfall amount, is detailed in Table 1. The daily snowfall
amounts from the eight snowfall events are shown in Fig. 1.

2.2 Model description and experiment configuration

The WRF model (Skamarock et al., 2008), version 3.7.1,
coupled with the Noah LSM, was used to simulate the eight
snowfall events in this study. It is a fully compressible,
non-hydrostatic model and includes a run-time hydrostatic
option. Vertical levels are determined using a mass-based
terrain-following hydrostatic pressure coordinate, and cal-
culations are performed on an Arakawa C grid. The model
uses second- and third-order Runge—Kutta time integration
schemes and second- to sixth-order advection schemes in
both the horizontal and vertical directions.

The extremely steep terrain on the central and southern Ti-
betan Plateau led to model instability and failure for snowfall
events 3, 7 and 8 when a relatively fine horizontal resolu-
tion of 1km was used; however, the calculations remained
stable when the resolution was increased to 5 km. We there-
fore used two-way nested modeling domains in our model
configuration for snowfall events 1, 2, 4, 5 and 6 and a sin-
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Table 1. Description of eight snowfall events using China Meteorological Administration observations.

Snow events Event 1 Event 2 Event 3 Event4 Event5 Event6 Event7 Event 8

Date of 3-6 Nov  15-17Nov 17-18 Dec 9 Feb 7-8 Mar 16 Mar 26 Mar 30 Mar—

moderate to 2018 2018 2018 2019 2019 2019 2019 1 Apr

snowstorm 2019

Region on the Eastern Eastern Southern, Eastern  Eastern Eastern  Southern, Central,

Tibetan Plateau Central, Central, Eastern
Eastern Eastern

Maximum daily  13.6 9.2 18.7 11 9.3 9.1 8.7 14.3

snowfall amount

(unit: mm)

Maximum snow 18 16 65 20 13 9 53 18

depth (unit: cm)

gle modeling domain for snowfall events 3, 7 and 8. The
coarse domain (d01) was used to simulate synoptic-scale at-
mospheric conditions over 20.0-42.0° N and 69.7-108.0° E
with a horizontal resolution of 5 km. The inner domain (d02)
had a horizontal resolution of 1km, and event 1 occupied
876 x 966 grid cells, event 2 occupied 976 x 1001 cells, event
4 was resolved by 966 x 451 cells, event 5 was calculated
over 781 x 686 cells, and event 6 covered 926 x 881 cells.
The vertical structure of both domains included 35 unevenly
spaced layers and extended up to 50 hPa. The model was con-
figured to use the Noah LSM in dO1 and dO02 to describe all
land—atmosphere interactions, the Thompson scheme to rep-
resent microphysical processes, the Dudhia scheme to rep-
resent shortwave radiation, the RRTM scheme to describe
longwave radiation, the YSU scheme to describe the plane-
tary boundary layer, and only in dO1 to use the Kain—Fritsch
cumulus parameterization scheme for clouds.

We conducted numerical experiments to simulate snow
event 1 (EXP1), event 2 (EXP2), event 3 (EXP3), event
4 (EXP4), event 5 (EXP5), event 6 (EXP6), event 7 (EXP7)
and event 8 (EXPS). The model domains for the experi-
ments are shown in Fig. 1. Each experiment included two
model simulations: one implementing the default Noah snow
albedo parameterization scheme and the other implementing
a new improved snow albedo scheme. The new improved
snow albedo was developed based on a conversion for-
mula from MODIS narrowband spectral reflectance to broad-
band albedo following Liang (2000) and an albedo calcula-
tion formula about fresh snow, firn and bare-ground albedo,
snow age and depth following Oerlemans and Knap (1998).
MODIS broadband albedo and WRF modeled snow depth
and age were used to estimate the related parameters, i.e.,
firn albedo and scales of snow depth and age through non-
linear fitting of the above albedo calculation formula. The fi-
nal nonlinear fitting results produced the new improved snow
albedo scheme; see Eqs. (3) and (4). The snow albedo is pa-
rameterized using Egs. (1) and (2) in the default Noah land
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surface scheme (Livneh et al., 2010) and using Egs. (3) and
(4) in the improved scheme (Liu, 2020):

B
Usnow = max X A, (D
o = Qpg +sc X (asnow - abg) ) (2)
snow = 0.13 + 0.66¢(T58) | 3)
o = Qsnow + (0-19_asnow)e<ﬁ)» 4)

where A and B are constants equal to 0.94 and 0.58, respec-
tively, for snow accumulation periods, and are 0.82 and 0.46,
respectively, for other periods; apg is the background albedo,
which depends on the land cover type; “sc” is snow cover and
ranges from 0 to 1; amay is fresh snow albedo; agpow is snow
albedo; 7 is the snow age in units of days; d is snow depth in
meters.

The fifth-generation European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis data set (ERAS),
with a spatial resolution of 0.25° x 0.25° and 3h tem-
poral resolution, provided initial and boundary conditions
for our numerical experiments. The ERA data were calcu-
lated using 4DVar data assimilation in CY41R2 from the
ECMWF’s Integrated Forecast System, with 137 vertical
hybrid sigma/pressure levels, extending to 0.01 hPa. ERAS
is freely available from the website https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/eraS (3 Septem-
ber 2021). The near-real-time MODIS land cover product
was used to replace the outdated land cover in the WRF pre-
processing system. We ran the model from before the onset
of each snowfall event until and after all snowmelt following
the event had ceased. EXP1 was run from 1 to 8 Novem-
ber 2018, EXP2 was run from 13 to 18 November 2018,
EXP3 was run from 16 to 20 December 2018, EXP4 was
run from 5 to 11 February 2019, EXP5 was run from 2 to
10 March 2019, EXP6 was run from 12 to 18 March 2019,
EXP7 was run from 24 to 29 March 2019, and EXP8 was
run from 28 March to 7 April 2019. The model results were
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output at 3 h intervals, and the first day was used for model
spinup.

2.3 Data for model evaluation and comparison

CMA hourly observations of air temperature and snow depth
from 502 stations were used to assess the WRF model esti-
mates of 2 m air temperature and snow depth that were made
using the improved snow albedo parameterization scheme.
Albedo is a key factor in net radiation calculations and is de-
fined as the ratio of reflected shortwave radiation (upwards)
to received shortwave radiation (downwards). It determines
the distribution of turbulent land surface heat fluxes between
sensible (SH) and latent (LH) heat. There are many me-
teorological observations available that have been continu-
ously recorded on the Tibetan Plateau at atmospheric bound-
ary layer towers, eddy covariance systems (Ma et al., 2018,
2020) and the Qilian Mountains integrated observatory net-
work (Li et al., 2018; Liu et al., 2018; Li, 2019; Liu et al.,
2020; Zhao and Zhang, 2020). These provide in situ data that
are assumed to constitute “truth” for the model validation in
this study. In situ observations of albedo, SH and LH from
11 Chinese Academy of Sciences (CAS) stations/samples
and from 16 stations in the Qilian Mountains integrated ob-
servatory network are used to evaluate the accuracy of the
improved snow albedo parameterization scheme for model-
ing snow events on the Tibetan Plateau. It is reasonable to
compare observations of albedo, SH and LH with model es-
timates at 5 km resolution because there are only a few in situ
observation stations in d02 but a total of 27 observation sta-
tions in dO1. At local solar noon in Lhasa (14:00 BST), the
observed albedo value is closer to the Lambertian albedo that
is described by the WRF model when coupled with LSMs.
We therefore used albedo observations made at 14:00 BST to
evaluate the model-calculated albedo. Quality control codes
1, 2 and 3 were selected when using the Turbulence Knight
version 3 (TK3) software, and O was used when using the Ed-
dypro software to calculate SH and LH. Details of the 27 sta-
tions from the CAS and the Qilian Mountains integrated ob-
servatory network that were used in our study are provided in
Table 2, and their locations on the Tibetan Plateau are shown
in Fig. 1. In order to compare WRF simulations against in
situ observations, sampling the gridded model estimates and
interpolating to given ground stations’ locations were done
by bi-linear interpolation of the four surrounding model grid
points. The RMSE and the correlation coefficient were cal-
culated for the assessment of the model performance in re-
lation to albedo, air temperature, SH, LH, and snow depth
estimates.

https://doi.org/10.5194/hess-25-4967-2021

3 Results
3.1 Air temperature

Albedo is a key factor in determining the net radiation re-
ceived at the surface, which determines the land surface en-
ergy balance and influences air temperature. Scatterplots of
the air temperatures estimated by the WRF model and ob-
served at the CMA stations are shown in Fig. 2. In all eight
modeling experiments, implementing the improved snow
albedo scheme in the WRF model greatly reduces the cold
bias that occurs when the default Noah snow albedo scheme
is used. Where the default Noah scheme results in a warm
bias at the observed lower air temperature for EXP1 and
EXP3, however, the improved albedo scheme does not im-
prove the accuracy of the WRF estimates. Compared with
cold bias caused by the default Noah albedo scheme at the
observed lower air temperature, the improved snow albedo
scheme results in a warm bias for EXP2, EXP4 and EXPS5.
On the whole, scatterplots comparing air temperature obser-
vations from the CMA station with WRF estimates made us-
ing the improved snow albedo scheme estimates show the
data to be concentrated near the ideal fitting line, where the
model has exactly reproduced the observations. Using the
improved snow albedo scheme results in a marked reduc-
tion in the cold bias for the WRF model estimates for EXP1,
EXP2, EXP4, EXP5 and EXP6, and the greatest reduction
in the cold bias, for all eight experiments, occurs for EXP6
(Fig. 2).

To quantify the improvement to air temperature estimates
that follows from implementation of the improved snow
albedo scheme, the RMSE and correlation coefficient were
calculated between CMA observations and model estimates
of air temperature shown in Fig. 3. The differences between
the accuracy of the new scheme and the default scheme are
shown in Table 3. The accuracy of WRF air temperature es-
timates varies between the different snowfall events, varies
between the different snow albedo schemes, and also varies
with model resolution. The lowest air temperature RMSE
and the highest correlation coefficient are 3.1 °C and 0.89,
respectively, and both occur for EXP1. The highest air tem-
perature RMSE and the lowest correlation coefficient occur
for EXP6, reaching 7.2°C and 0.75, respectively. Air tem-
perature RMSE generally ranges from 4.1 to 7.2 °C for the
WREF estimates that were made using the default Noah snow
albedo scheme estimates, with correlation coefficients rang-
ing from 0.75 to 0.88. In contrast, when the improved snow
albedo scheme is implemented in WREF, the RMSE ranges
from 3.1 to 5.6°C, and the correlation coefficients range
from 0.78 to 0.89. Compared with when the default Noah
snow albedo scheme is used, the maximum decrease in air
temperature RMSE when the new scheme is used reaches
2.03 °C, which represents an improvement of 28.1 %, and the
average decrease in air temperature RMSE is 1.2 °C, repre-
senting an improvement of 20.7 %. There is an improvement
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Table 2. Locations of stations from the Chinese Academy of Sciences (CAS) and the Qilian Mountains integrated observatory network and
whether or not observations of albedo, SH and LH were used from each station.

Station  Station Station Latitude Longitude Elevation Using  Using
no. name type °N) (°E) (m) albedo SHand

LH
1 SETS CAS 29.77 94.73 3326  Yes No
2 QOMS CAS 28.21 86.56 4276  Yes Yes
3 QOMS sample CAS 28.31 86.85 4600 No Yes
4 MASWE CAS 38.41 75.05 3668  Yes No
5 Nam Co CAS 30.77 90.99 4730 Yes Yes
6 NASDE CAS 33.39 79.70 4264 Yes No
7 Shuanghu CAS 33.22 88.83 4947 Yes Yes
8 NewD66 CAS 35.43 93.59 4465  Yes No
9 BJ CAS 31.37 91.90 4509  Yes Yes
10 MS3478 CAS 31.93 91.71 4620  Yes No
11 Amdo CAS 32.24 91.62 4695  Yes No
12 Yakou Qilian 38.01 100.24 4148  Yes Yes
13 Arou Qilian 38.05 100.46 3033  Yes Yes
14 Jingyangling Qilian 37.84 101.12 3750  Yes Yes
15 Dashalong Qilian 38.84 98.94 3739 Yes Yes
16 Heihe Remote Sensing Qilian 38.83 100.48 1560  Yes No
17 Huazhaizi Desert Steppe  Qilian 38.77 100.32 1731 Yes Yes
18 Daman Qilian 38.86 100.37 1556  Yes Yes
19 Zhangye wetland Qilian 38.96 100.45 1460  Yes Yes
20 Guazhou Qilian 41.41 95.67 2014 Yes Yes
21 Dayekou Qilian 38.56 100.29 2703 Yes No
22 Dunhuang Qilian 40.35 93.71 993  Yes No
23 Liancheng Qilian 36.69 102.74 2903  Yes No
24 Linze Qilian 39.24 100.06 1402 Yes No
25 Sidalong Qilian 38.43 99.93 3146 Yes No
26 Xiyinghe Qilian 37.56 101.86 3616  Yes No
27 Tianjun Qilian 37.70 98.61 3718  Yes Yes

of more than 11 % in the RMSE for all eight experiments, 3.2 Albedo

with the maximum improvement of 39 % when the new
albedo scheme is used relative to when the default scheme
is used. Implementing the improved snow albedo scheme in
WREF for all eight experiments also increased the correlation
coefficient between observed and modeled air temperature
by 0.01-0.07, which represents an improvement of 1 %-9 %
(Fig. 3, Table 3).

Compared with using the default Noah snow albedo
scheme, using the improved scheme results in improved
model estimates for all eight EXPs, decreasing the air tem-
perature RMSE and increasing the correlation coefficient
when compared with observations. These improvements oc-
cur for air temperature estimates calculated at both 5 and
1 km resolution. The improvement to WRF model estimates
is greater for calculations made at 1 km resolution than at
5 km resolution, and air temperature estimates are more accu-
rate at 1 km resolution than at 5 km resolution by implement-
ing the improved albedo scheme (Fig. 3, Table 3). Therefore,
fine resolution (i.e., 1 km) is strongly recommended for fu-
ture snowfall event modeling studies.

Hydrol. Earth Syst. Sci., 25, 4967-4981, 2021

Using the improved albedo scheme in the WRF model
greatly reduces the cold air temperature bias that otherwise
occurs, indicating an improvement to model performance. It
is necessary to compare albedo estimates with in situ obser-
vations. There are very few observation stations located in
the finer model domain, and so a total of 26 stations in dO1
was used to evaluate the performance of the WRF simula-
tions of albedo at 5 km resolution (Table 2).

Scatterplots comparing observations and WRF estimates
for albedo in the eight experiments, when both the default
and improved snow albedo schemes were used, are shown
alongside our statistical analysis in Fig. 4. Albedo higher
than 0.7 is interpreted as snowfall. Albedo in the range of
0.4 to 0.6 is interpreted as snowmelt. Albedo lower than
0.3 indicates sparse or patchy snow cover at the in situ sta-
tions. For all eight snowfall events, the observed albedo is
concentrated at low values, with a median of 0.24, while
WRF-estimated albedo using the default Noah snow albedo
scheme has higher values, with a median of 0.64. Compared
with albedo estimates calculated using the default scheme,
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Figure 2. Scatterplot of air temperature comparing the CMA observations and model estimates for the eight experiments in the inner (high-
resolution) model domain from WREF, using the default Noah snow albedo scheme (def_scheme, black solid circle) and using the improved
snow albedo scheme (new_scheme, red solid circle). The black solid line is a linear fit to the black solid circles. The green solid line is a
linear fit to the red solid circles. The black dotted line is the line y = x. r is the correlation coefficient between the CMA observations and
the model estimates. The correlation coefficient (r) is significant at the 0.01 significance level.

WREF estimates made using the improved scheme result in
a prolonged snowmelt period, which increases the number
of snowmelt samples and leads to a median albedo of 0.38,
which is closer to that for the in situ observations. The mean
albedo estimated from WRF using the improved scheme is
0.4, which is also closer to the observed mean of 0.3 than the
mean of 0.6 calculated from WRF using the default scheme
(Fig. 4a and b). In general, the accuracy of the WRF esti-
mates when the new scheme is used is closely related to the
observed albedo. Compared with the WRF estimates made
using the default Noah scheme, the WRF estimates made us-
ing the improved scheme greatly reduce the overestimation
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of albedo when the observed values are below 0.6 but seem
to increase the underestimation of albedo when the observed
values are higher than 0.6 (Fig. 4¢).

To further evaluate the accuracy of WRF albedo estimates
when the different snow albedo schemes are used, we cal-
culated the RMSE and correlation coefficients between the
observations and the model estimates (Fig. 5). The RMSE
for the WRF estimates, when compared to the observations,
ranges from 0.32 to 0.38 for the eight experiments when the
default scheme is used and ranges from 0.21 to 0.26 when the
improved scheme is used. Compared with the default Noah
snow albedo scheme, the improved scheme results in a 0.1
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Table 3. RMSE and correlation coefficient (r) for air temperature between CMA observations and model estimates, calculated using the
default Noah snow albedo scheme (def_scheme) and the improved albedo scheme (new_scheme). The difference in RMSE is new_scheme
RMSE minus def_scheme RMSE. The difference in r is new_scheme r minus def_scheme r. P value < 0.05 is the significance test for the

correlation.
EXPs  Model RMSE r
domain def scheme new_scheme Difference Relative def_scheme new_scheme Difference Relative
©0) (°C) (°C) difference difference
EXPI do1 5.11 4.38 —0.73 —143% 0.86 0.88 0.02 2.3%
do2 4.05 3.1 —0.95 —23.5% 0.82 0.89 0.07 8.5%
EXP2 do1 5.9 5.12 —0.78 —132% 0.87 0.88 0.01 1.1%
do2 4.42 343 —-0.99 —22.4% 0.82 0.86 0.04 4.9 %
EXP3 dO1 5.41 4.78 —0.63 —11.6% 0.84 0.85 0.01 1.2%
EXP4 do1 6.47 5.64 —0.83 —12.8% 0.86 0.87 0.01 1.2%
do2 6.02 4.55 —1.47 —24.4% 0.76 0.78 0.02 2.6 %
EXPS do1 6.5 5.2 —1.30 —20.0% 0.87 0.88 0.01 1.1%
do2 5.13 3.13 —2.00 —39.0% 0.83 0.87 0.04 4.8 %
EXP6 do1 6.63 5.36 —-1.27 —19.2% 0.84 0.86 0.02 2.4 %
do2 7.23 5.2 —2.03 —28.1% 0.75 0.78 0.03 4.0 %
EXP7 dO1 6.21 5.06 —1.15 —18.5% 0.88 0.89 0.01 1.1%
EXP8 dO1 6.72 5.25 —1.47 —21.9% 0.85 0.86 0.01 1.2%
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Figure 3. RMSE (a) and correlation coefficient (b) for air temper-
ature (T2) between observations and model estimates in dO1 and
d02. The correlation coefficient is significant at the 0.01 significance
level. For def_scheme and new_scheme, see Fig. 2.
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decrease in the albedo RMSE in EXP1, representing a rela-
tive decrease of 31.3 %, a 0.07 decrease in EXP2, represent-
ing a relative decrease of 21.9 %, a 0.08 decrease in EXP3,
representing a relative 23.5 % decrease, a 0.12 decrease in
EXP4 and EXPS5, representing relative decreases of 33.3 %
and 34.3 %, respectively, a 0.17 decrease in EXP6, represent-
ing a relative 44.7 % decrease, a 0.13 decrease in EXP7, rep-
resenting a relative 37.1 % decrease, and a 0.1 decrease in
EXP8, representing a relative 29.4 % decrease. With the ex-
ceptions of EXP4 and EXPS, correlations between the mod-
eled and observed albedo are significant at the 0.01 signif-
icance level. Implementing the improved albedo scheme in
WREF increases the albedo correlation coefficient by 0.21 in
EXP1, a relative increase of 151 %, by 0.13 in EXP2, a rela-
tive increase of 47.6 %, by 0.13 in EXP3, a relative increase
of 42.5 %, by 0.11 in EXPS, a relative increase of 40.7 %, by
0.28 in EXP6, a relative increase of 114 %, and by 0.04 in
EXP7, a relative increase of 16.2 % (Fig. 5). In general, dur-
ing snowfall and the snowmelt period that follows it, imple-
menting WRF using the improved snow albedo scheme out-
performs implementing WRF using the default Noah scheme
and results in more accurate albedo estimates, demonstrated
by considerable decreases in RMSE and increases in the cor-
relation coefficients.

3.3 Snow depth

There is a feedback between albedo and snow. Snow accu-
mulation and snowmelt influence the proportion of solar irra-
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Figure 5. RMSE in column and correlation coefficient (r) in the
scatterplot for albedo, comparing observations and model estimates.
r_def and r_new mean r between the observations and WRF es-
timates using the default albedo scheme and using the improved
albedo scheme, respectively. Except for EXP4 and EXP8, the cor-
relation coefficient is significant at the 0.01 significance level. For
def_scheme and new_scheme, see Fig. 2.

diance that is reflected; albedo indirectly and non-negligibly
influences snow accumulation and snowmelt by affecting the
land surface energy budget. In this study, we use an im-
proved snow albedo scheme in which albedo is parameter-
ized as a function of snow depth and age. WRF model esti-
mates of albedo calculated using the improved snow albedo
scheme outperform those calculated using the default Noah
scheme when snowfall events are simulated, and this leads
to improved representation of snowfall and the subsequent
snowmelt processes in WRF when the improved scheme is
used. Instantaneous direct measurements of snow depth are
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,0.85-0.899, 0.9-0.949, 0.95-0.999) and model estimates at the same time as observations

recorded during snowfall events and over the subsequent
snowmelt period. We use these to quantity the improvement
that using the new albedo scheme makes to snow estimates
calculated in WRF. We assess this by calculating the RMSE
and correlation coefficient between the model snow depth es-
timates and CMA observations, as shown in Fig. 6.
Comparing the accuracy of WRF snow depth estimates
calculated using the new scheme to the accuracy achieved
using the default Noah scheme, the greatest relative decrease
in RMSE is 41.7 %, which occurs for estimates made at finer
resolution in EXP5. Replacing the default albedo scheme
with the new scheme in WREF results in an average decrease
in snow depth RMSE of 2.2 cm, which is a 13.4 % improve-
ment. In areas covered by the higher-resolution model do-
main, the average RMSE decrease is 2.8 cm, which is a
21.2 % improvement. This shows that the impact of replacing
the albedo scheme with an improved scheme is more signif-
icant for areas in the higher-resolution d02 model domain
than for areas in the coarser d01 model domain (Fig. 6a). Us-
ing the improved albedo scheme in WRF increases the corre-
lation coefficient between observed and modeled snow depth
in areas within the d02 model domain, but this increase is not
consistent for areas in the dO1 domain. The greatest increase,
both relative and absolute, in the snow depth correlation coef-
ficient occurs in the finer simulation domain in EXP1, where
the correlation between observed and modeled snow depth
increases by 0.22, which is a 366.7 % increase. The mean and
relative increases in the correlation coefficient between ob-
served and modeled snow depth for areas in the d02 simula-
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Figure 6. Same as Fig. 3 but for RMSE (a) and correlation coef-
ficient (b) for snow depth (SD). The correlation coefficient is sig-
nificant at the 0.01 significance level, except for dO1 estimates in
EXP6.

tions are 0.14 and 107.8 %, respectively (Fig. 6b). WRF snow
depth estimates are more accurate at finer resolution (i.e.,
1 km resolution) than in coarser simulations (i.e., 5km res-
olution), regardless of which albedo scheme is implemented
(Fig. 6). Implementing the improved albedo scheme in WRF
improves the agreement between model estimated and ob-
served snow depth relative to implementing the default Noah
albedo scheme, as seen by the decreased RMSE and the in-
creased correlation coefficient.

3.4 Turbulent heat and vapor fluxes

Albedo plays a significant role in the land surface energy bal-
ance. It determines the proportioning of net radiation fluxes
between turbulent heat and vapor fluxes. Our study shows
that using the improved snow albedo scheme in WREF results
in a good model representation of surface albedo in simu-
lations of snow events. We now consider whether replacing
the default scheme with the improved scheme may affect the
proportioning of net radiation fluxes between turbulent heat
and vapor fluxes. Since there are very few observation in situ
stations located in the area covered by the finer model do-
main, a total of 14 in situ stations located in the area covered
by dO1 were selected, and WRF estimates of turbulent heat
and vapor fluxes were assessed from simulations calculated
at 5 km resolution (Table 2).
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The diurnal changes in SH and LH recorded in the in situ
observations and calculated in the eight modeling experi-
ments are shown in Fig. 7. The WRF model successfully
captures the diurnal changes in SH and LH, particularly in
EXP1 and EXP2, where the model estimates of SH and LH
are almost equal to the in situ observations. In the nighttime,
the WRF model accurately estimates SH and LH in all eight
experiments. However, during the day WRF consistently un-
derestimates SH in all experiments except EXP1 and EXP2
and estimates LH with varying accuracy when the default
Noah albedo scheme is used. For example, when the default
Noah scheme is used, WRF accurately estimates LH in EXP3
and EXP4 but overestimates LH in EXP5 and EXP6 and un-
derestimates LH in EXP7 and EXPS. Compared with WRF
estimates calculated using the default scheme, WRF simu-
lations calculated using the new albedo scheme result in in-
creased estimates of the turbulent heat and vapor fluxes. This
leads to SH estimates that are closer to observations for ex-
periments EXP3 to EXPS, a greatly overestimated LH for ex-
periments EXP3 to EXP6, and a slightly overestimated LH,
which is closer to observations for EXP7 and EXPS8 (Fig. 7).
In general, WRF estimates of SH are improved through the
implementation of the new albedo scheme relative to the de-
fault scheme, although SH is underestimated during snowfall
events. The impact of the improved albedo scheme on LH es-
timates varies between the different snowfall events, but LH
is consistently overestimated.

The RMSE and correlation coefficient for comparisons
between WRF estimates and observations for SH and LH
are shown in Fig. 8. Compared with when the default Noah
scheme is used, WRF estimates using the improved scheme
result in reduced RMSE for SH estimates in all experi-
ments except EXP7. The absolute (and relative) reductions
are 109Wm~2 (16.2%) in EXPI, 3.9Wm™2 (7.6%) in
EXP2, 11.9Wm~2 (23.8 %) in EXP3, 15.7Wm~2 (21 %) in
EXP4, 17.9W m~2 (17.4 %) in EXP5, 16.6 Wm™?2 (15.8 %)
in EXP6, and 10.0 Wm~2 (10.3 %) in EXP8. There is a rela-
tive increase of 6.5 % in EXP7. Implementing the improved
scheme in WREF significantly increases the correlation coef-
ficients between observed and modeled SH, relative to using
the default scheme, in all experiments except EXP7, where
there is a slight decrease. The largest increase in the SH
correlation coefficient, both absolute and relative, is 0.2 and
51.3 %, respectively, and occurs for EXP5. Implementing the
improved scheme in WREF reduces the SH RMSE by an av-
erage of IO0W m~2, which is an improvement of 13.2 %, and
increases the SH correlation coefficient by an average of 0.1,
which is an improvement of 16.8 % (Fig. 8a). However, re-
placing the default scheme with the improved albedo scheme
results in less accurate estimates of LH and corresponds to an
increase in RMSE in almost all eight experiments, although
the correlation coefficient increases for half of the snowfall
event simulations (EXP3, EXP4, EXP6 and EXP8) (Fig. 8b).

In summary, the improved snow albedo scheme has a sig-
nificant effect on the proportioning of radiative fluxes be-
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tween turbulent heat and vapor fluxes. It significantly outper-
forms the default Noah scheme in relation to SH estimates,
but there is no significant improvement in LH estimates, and
these may be less accurate when the new scheme is used rela-
tive to the default scheme during snowfall and the subsequent
snowmelt period.

4 Discussion

The highly complex topography of the Tibetan Plateau means
that WRF estimates of air temperature, albedo and snow
depth are strongly sensitive to model resolution. Our study
shows that WRF performs much more accurately when run at
a finer resolution (1 km) than at a relatively coarse resolution
(5 km) for snowfall events over the Tibetan Plateau, regard-
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less of which snow albedo parameterization scheme is used.
This difference may be explained by the ability of the model
to resolve complex terrain (Rahimi et al., 2019) and/or by the
implementation of the cumulus convective parameterization
scheme. The more detailed representation of complex terrain
and the explicit representation of convection mean that run-
ning WREF at finer resolution greatly improves model esti-
mates of air temperature, surface pressure, and relative hu-
midity (Singh et al., 2021) and provides small improvements
in the magnitude of daytime convective precipitation (Col-
lier and Immerzeel, 2015). Norris et al. (2017) pointed out
that decreasing the grid spacing from 6.7 to 2.2km likely
improves estimates of mountain precipitation but does not
fundamentally change the representation of the diurnal cy-
cle. They indicated that the key difference between low and
high model resolution is whether or not a cumulus convec-
tive scheme is required. Subkilometer grid resolution has
been investigated in WRF and used for modeling meteoro-
logical variables over complex terrain (Horvath et al., 2012;
Dimitrova et al., 2016). The 500 m resolution configuration
of WREF results in the closest match between the model es-
timates and observations and gives the most plausible spa-
tial distribution of precipitation over the complex topogra-
phy. The performance of the WRF model has been similarly
demonstrated to improve at 500 m, relative to coarser resolu-
tions, for wind and air temperature estimates (Bonekamp et
al., 2018). We therefore strongly suggest that subkilometer
grid resolution should be considered when WREF is config-
ured for simulations covering areas in High-Mountain Asia
in future research.

Our improved snow albedo scheme parameterizes albedo
as a function of snow depth and age by considering the re-
lationship between MODIS albedo and the modeled snow
depth and age. It is more physically plausible than the default
Noah scheme, which considers snow cover, and outperforms
the default Noah scheme for air temperature, snow depth,
albedo and turbulent heat and vapor flux estimates during
snowfall events. However, even when the improved albedo
scheme is used, the RMSE for WRF estimates of albedo at
5km spatial resolution remains around 0.21-0.26, although
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this represents a decrease of 22 %—45 % relative to when the
default albedo scheme is used. It should be noted that the
accuracy of the MODIS albedo retrieval algorithm is lim-
ited during snowfall events and snowmelt periods (Qin et al.,
2011; An et al., 2020) and also that rugged mountain terrain
not only affects the radiation absorbed by the land surface,
but also affects the radiation reflected by the land surface to
the satellite-borne sensor. Multiple reflection and scattering
from adjacent mountains create challenges for the monitor-
ing and retrieval of surface albedo in areas of complex terrain
via remote sensing (Zhang and Gao, 2011; Roupioz et al.,
2014, 2016). This reduces the accuracy of MODIS albedo
retrieval over the complex topographic Tibetan Plateau and
constitutes a limitation of the improved albedo parameter-
ization investigated here, since it relies on MODIS albedo
products. A terrain correction is required for the MODIS
albedo retrieval to further improve the albedo parameteriza-
tion scheme used here. However, it is difficult to establish a
unified terrain correction model due to the large undulations
of the Tibetan Plateau. How to effectively eliminate the in-
fluence of terrain factors from a specific mountain surface
on quantitative retrievals from remote sensing data has long
been a challenge and a focus for remote sensing research.
A further challenge for the assessment presented here is the
sparse and uneven distribution of available in situ albedo ob-
servation data over the bulk Tibetan Plateau. This paucity
of data means that there is a mismatch in spatial resolution
when comparing albedo estimates calculated at 5 km resolu-
tion with in situ observations.

Air temperature is a critical factor that is related to albedo
and determines energy distribution between SH and LH. Us-
ing the improved snow albedo parameterization scheme sig-
nificantly reduces the albedo overestimates during snowfall
events that occur when the default scheme is used, and this
leads to the reduction of the cold air temperature bias in the
model. Therefore, in this study, the improved scheme reduces
the underestimates for SH and improves the performance of
WREF in simulating SH over the Tibetan Plateau relative to
when the default scheme is used. These results indicate that
the accurate simulation of surface albedo is very important
for the accurate simulation of SH.

Implementing the improved albedo scheme results in lit-
tle improvement to estimates of LH calculated, which is re-
stricted by water content and increased only slightly rela-
tive to when the default albedo scheme is used. This may
be explained by the LH parameterization scheme used in
the Noah LSM (Chen and Dudhis, 2001). The total LH in
the Noah LSM has three components (LH from the direct
evaporation from the top surface layer, evaporation of pre-
cipitation intercepted by the canopy and transpiration via the
canopy and roots, respectively). The factors affecting calcu-
lation of LH in the Noah LSM include not only the radiation
balance (which is impacted by albedo), but also soil water,
soil capillary conductivity and vegetation status, i.e., albedo,
surface heat and water vapor exchange coefficient, saturated
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water vapor pressure, specific humidity, surface soil water
content, field capacity, wilting point, canopy resistance, total
precipitation, and canopy interception amount. In our cur-
rent study, we have focused on the snow albedo parameteri-
zation scheme in the Noah LSM by considering the MODIS
albedo product and the additional snow-related variable of
snow depth. Therefore, the influence of our improved scheme
on LH estimates calculated by the LSM is very limited.

Implementing the improved snow albedo scheme in place
of the default scheme greatly decreases the overestimation of
albedo from snowmelt to snow-free processes but does not
remove the underestimation of albedo during snowfall. This
means that the improvements mainly come from snowmelt
and snow-free simulations, and model performance during
snowfall may be worse when the improved albedo scheme is
used. This suggests an opportunity to further investigate how
albedo is characterized by snow depth and age in the snow
albedo parameterization scheme.

5 Conclusions

We conducted several numerical experiments to evaluate the
performance of the MODIS albedo-based snow albedo pa-
rameterization scheme (Liu, 2020) implemented in WREF. We
assessed the RMSE and correlation coefficient between ob-
served and modeled air temperature, albedo, snow depth and
turbulent heat and vapor fluxes for simulations of eight snow-
fall events over the Tibetan Plateau. We compared the ac-
curacy of WREF estimates made using the improved snow
albedo scheme with that of WRF estimates made using the
default Noah scheme, in both cases compared with ground
observations.

The accuracy of WRF estimates of albedo is significantly
improved when the new albedo scheme is implemented. The
default Noah scheme tends towards higher albedo estimates
and cannot accurately capture snowfall and snowmelt pro-
cesses, resulting in a high RMSE and low correlation co-
efficient between modeled and observed albedo. Through
consideration of snow-related variables, such as snow depth
and age, and by being based on MODIS remote sensing
albedo products, the improved scheme estimates albedo more
accurately than the default scheme, improving the albedo
RMSE by around 22 % to 45 %, with an average improve-
ment of 32 %. Similarly, the improved scheme results in an
increased correlation coefficient between modeled and ob-
served albedo. Relative to the default scheme, the correla-
tion coefficient relatively increases by around 16 % to 151 %,
with an average improvement of 69 %. This may contribute
to the relatively better performance of WRF in simulating air
temperatures when the improved albedo scheme is used. The
improved scheme relatively decreases (increases) the air tem-
perature RMSE (correlation coefficient) by 16 % (1.5 %) for
model estimates calculated at 5km resolution and by 27 %
(5 %) for model estimates calculated at 1 km resolution.
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There are mutual feedbacks between snow and albedo.
During snowfall and over the subsequent snowmelt pe-
riod, snow depth and age affect changes in the albedo. The
changes in albedo in turn affect the evolution of snow events
by changing the surface energy budget and the proportional
distribution of net radiation between turbulent heat and vapor
fluxes and finally by changing the type of precipitation. Our
study shows that when the default albedo scheme is replaced
with the improved albedo scheme in WRE, the turbulent heat
and vapor flux estimates increase. The improved scheme sig-
nificantly outperforms the default Noah scheme for SH esti-
mates, with a decrease (increase) in the RMSE (correlation
coefficient) of 10 W m™2 (0.1), representing an improvement
of 13 % (17 %). The overall accuracy with which WREF esti-
mates turbulent heat and vapor fluxes improves when the im-
proved albedo scheme replaces the default scheme, although
there is no significant improvement in LH estimates. This
overall improvement leads to a more accurate reproduction of
the evolution of snowfall events and to more accurate snow
depth estimates. Our study shows that using the improved
albedo scheme in WRF reduces the RMSE and increases the
correlation coefficient between modeled and observed snow
depth, relative to using the default scheme. This improve-
ment is more significant for simulations at 1 km resolution
than for simulations at 5 km resolution, with maximum and
averaged relative RMSE (correlation coefficient) decreases
(increases) of 42 % (367 %) and 21 % (108 %), respectively,
for 1 km resolution simulations.
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