The Cryosphere, 16, 4985-5000, 2022
https://doi.org/10.5194/tc-16-4985-2022

© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

The Cryosphere

Impacts of snow assimilation on seasonal snow and meteorological

forecasts for the Tibetan Plateau

Wei Li!2, Jie Chen'-2, Lu Li?, Yvan J. Orsolini*, Yiheng Xiang’, Retish Senan®, and Patricia de Rosnay®

I'State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan, China
ZHubei Key Laboratory of Water System Science for Sponge City Construction, Wuhan University, Wuhan, China
3NORCE Norwegian Research Centre, Bjerknes Centre for Climate Research, Bergen, Norway

INILU — Norwegian Institute for Air Research, Kjeller, Norway

SInstitute of Heavy Rain, China Meteorological Administration (CMA), Wuhan, China
®European Centre for Medium-Range Weather Forecasts (ECWMF), Reading, UK

Correspondence: Jie Chen (jiechen @whu.edu.cn)

Received: 23 April 2022 — Discussion started: 23 May 2022

Revised: 16 November 2022 — Accepted: 16 November 2022 — Published: 16 December 2022

Abstract. The Tibetan Plateau (TP) contains the largest
amount of snow outside the polar regions and is the source of
many major rivers in Asia. An accurate long-range (i.e. sea-
sonal) meteorological forecast is of great importance for
this region. The fifth-generation seasonal forecast system of
the European Centre for Medium-Range Weather Forecasts
(SEASS) provides global long-range meteorological fore-
casts including over the TP. However, SEASS uses land ini-
tial conditions produced by assimilating Interactive Multi-
sensor Snow and Ice Mapping System (IMS) snow data only
below 1500 m altitude, which may affect the forecast skill of
SEASS over mountainous regions like the TP. To investigate
the impacts of snow assimilation on the forecasts of snow,
temperature and precipitation, twin ensemble reforecasts are
initialized with and without snow assimilation above 1500 m
altitude over the TP for spring and summer 2018. Signifi-
cant changes occur in the springtime. Without snow assim-
ilation, the reforecasts overestimate snow cover and snow
depth while underestimating daily temperature over the TP.
Compared to satellite-based estimates, precipitation refore-
casts perform better in the west TP (WTP) than in the east
TP (ETP). With snow assimilation, the reforecasts of snow
cover, snow depth and temperature are consistently improved
in the TP in the spring. However, the positive bias between
the precipitation reforecasts and satellite observations wors-
ens in the ETP. Compared to the experiment with no snow as-
similation, the snow assimilation experiment significantly in-
creases temperature and precipitation for the ETP and around

the longitude 95° E. The higher temperature after snow as-
similation, in particular the cold bias reduction after initial-
ization, can be attributed to the effects of a more realistic, de-
creased snowpack, providing favourable conditions for gen-
erating more precipitation. Overall, snow assimilation can
improve seasonal forecasts through the interaction between
land and atmosphere.

1 Introduction

The Tibetan Plateau (TP) is often regarded as the Third Pole
due to high altitudes and complex terrains (Qiu, 2008), and
it plays an important role in the atmospheric circulation of
the Northern Hemisphere, regulating mid-latitude westerlies
and the Asian monsoon system (Yang et al., 2014, 2019;
Chen et al., 2020). In addition, the TP is the headwater of
many major rivers in Asia, such as the Indus, Brahmapu-
tra, Yellow, Yangtze and Lancang—Mekong rivers. Thus, it
is also regarded as the Asian water tower (Immerzeel et al.,
2010; Kuang and Jiao, 2016). Considering the special role
of the TP, an accurate long-range (i.e. seasonal) meteorolog-
ical forecast in this region would provide a reliable meteoro-
logical background for the downstream regions and further
bring huge socioeconomic benefits through the prediction of
meteorological and hydrological processes (Hansen, 2002;
Shafiee-Jood et al., 2014; Clark et al., 2017; Ceglar et al.,
2018; Li et al., 2019).
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The fifth-generation seasonal forecast system of the
European Centre for Medium-Range Weather Forecasts
(ECMWF; SEASS) is a forecast model configuration of
ECMWF’s Integrated Forecasting System (IFS) comprising
the IFS atmosphere model coupled to the NEMO (Nucleus
for European Modelling of the Ocean) 3.4 ocean model and
LIM2 (Louvain-la-Neuve Sea Ice Model). A comprehensive
description of SEASS is provided by Johnson et al. (2019).
The SEASS provides operational meteorological forecasts
for a lead time of up to 7 months with an ensemble of 51
members. Reforecasts with 25 members over the histori-
cal period (1981-2016) are used for the calibration of op-
erational forecasts. These reforecasts have also been used
to evaluate the ability of SEASS in forecasting temperature
and precipitation. For example, Wang et al. (2019) com-
pared SEASS with its predecessor in the Australian conti-
nent and found that a large improvement was achieved in
forecasting daily maximum temperature and precipitation,
yet with little improvement in daily minimum temperature.
Gubler et al. (2020) found that the SEASS was reliable in
forecasting temperature and precipitation in many regions
of South America affected by El Nifio-Southern Oscillation
(ENSO) variability. In addition, Ehsan et al. (2020) showed
that SEASS could capture the observed climatological mean
and variability patterns of peak summer monsoon precipita-
tion over Pakistan, despite being biased over complex topog-
raphy zones. Chevuturi et al. (2021) indicated that SEASS
performed well in forecasting the dynamical features of a
large-scale monsoon 1 month ahead.

The impact of rapid snow variability over the TP during
winter and spring on medium-range to subseasonal forecasts
has recently been investigated by W. Li et al. (2018, 2020).
On a longer seasonal timescale, the impact of the snow ini-
tialization in seasonal prediction system — in particular in
SEASS5 — has not been evaluated, especially in the spring.
Considering the special climate and topography in this re-
gion, a first evaluation of SEASS forecasts for the surface
fields is needed — and also for precipitation. More impor-
tantly, the SEASS forecasts were produced without assim-
ilating the Interactive Multisensor Snow and Ice Mapping
System (IMS) snow data above 1500 m, including over the
TP. The same restriction applies to ERAS5 reanalyses and
to operational ECMWF medium-range forecasts (Orsolini et
al., 2019). Although IMS snow cover assimilation improves
snow and surface representation, it has a complex impact on
the atmospheric forecasts. The impact of restricting the as-
similation of IMS snow data below 1500 m was detailed in
de Rosnay et al. (2014). They showed that the new ECMWF
snow analysis combining improvements in the analysis ap-
proach (Optimal Interpolation (OI) vs. Cressman method)
and data pre-processing and quality control (IMS snow cover
product resolution and implementation of a 1500 m altitude
threshold) had an overall positive impact on the atmospheric
forecast skill, with the root mean square error forecast for
the 1000 hPa geopotential height improved by 1%—4 % in
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the short range (forecasts until day 4). This altitude threshold
has been used since its implementation in November 2010,
including in the recent IFS cycles used for ERAS (41r2)
and in the current operational cycle. However, IMS snow
cover assimilation in mountainous areas is constantly eval-
vated to address the complex feedback between the surface
and the atmosphere. Moving towards coupled assimilation
ECMWF aims at enhancing the consistency between the dif-
ferent Earth system components, which will allow for better
exploitation of observations which are sensitive to the sur-
face (such as snow cover). Moreover, assimilating the IMS
snow data, but only below 1500 m altitude, might influence
the forecasting ability over the TP (Wang et al., 2020; Lin
et al., 2021), and the inclusion of IMS above an altitude of
1500 m might be beneficial to seasonal forecasts at the re-
gional scale.

In order to investigate the impacts of snow assimilation
over the TP on the forecasting ability of the SEASS, twin
initialized forecast experiments with and without the IMS
snow data assimilation (DA) above 1500 m were conducted
as a case study for the year 2018. The orography threshold
for using IMS observations in the snow assimilation system
was removed specifically from the TP region and maintained
elsewhere. The configuration for these experiments is largely
similar to the current SEASS but with lower atmospheric
(~0.44°) and ocean (~ 1°) resolution and a newer IFS model
cycle (CY45R1; ECMWE, 2018). Using these twin exper-
iments, this case study investigates how snow assimilation
over the TP influences the long-range prediction of snow,
temperature and precipitation over the TP.

2 Study area

This study focuses on the TP within China (25—40° N, 73—
105° E; Fig. 1). Regions where the orography is >1500 m
account for 98.7 % of the whole study area. Precipitation is
influenced by the westerlies, the South Asian and the East
Asian summer monsoon systems (Schiemann et al., 2009;
Yao et al., 2012; Yang et al., 2014). Specifically, precipita-
tion in the southeastern TP is under the control of the warm
and humid Indian monsoon (D. Li et al., 2020), with the
multiyear-averaged precipitation being more than 2000 mm
and most of the precipitation concentrated between May and
September. As moisture transport is blocked by high moun-
tains, precipitation in northwestern TP is reduced to less than
50 mm (Curio and Scherer, 2016). In addition, the multiyear-
averaged temperature changes from 20 to below —6 °C from
southeast to northwest. The climate pattern in the eastern TP
(ETP) is usually considered to be wet, while it is usually con-
sidered to be dry in the western TP (WTP). Considering the
high spatial variability in the precipitation and temperature
in the TP, the study area for our analysis was divided into
the ETP and the WTP by longitude at 95° E, according to
previous studies (Qian et al., 2003; D. Li et al., 2020).
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Figure 1. The location and elevation of the Tibetan Plateau (TP) and the location of climate observation stations.

3 Methods and data
3.1 Forecast experiments design

The configuration of the twin experiments for this case study
in the year 2018 is similar to the current SEASS (Johnson et
al., 2019) but with lower atmospheric (~ 0.44°) and ocean
(~ 1°) resolution and a newer IFS model cycle (CY45R1).
The ocean and sea ice initial conditions for the twin experi-
ments were provided by the new operational ocean analysis
system OCEANS (Zuo et al., 2019). The atmospheric and
land initial conditions for both experiments were obtained
from dedicated analysis experiments with the ECMWF Land
Data Assimilation System (LDAS). Details about the LDAS
can be found in Dee et al. (2011) and de Rosnay et al. (2014).
Here, we use twin forecast experiments that differ only in the
land initial states produced by two analysis experiments; the
control experiment included the assimilation of daily, 4 km
IMS snow cover below 1500 m globally, as in SEASS, while
the sensitivity experiment (the DA experiment) included, in
addition, assimilation of the same IMS snow cover above
1500 m. Both analysis experiments were conducted from
1 November 2017 to 30 April 2018, using IFS cycle 45R1
in a weakly coupled land—atmosphere data assimilation con-
figuration. The IMS snow data assimilation method relies on
a two-dimensional optimal interpolation approach which is
used to analyse the IFS land surface model (HTESSEL; Bal-
samo et al., 2009; Dutra et al., 2010) snow depth, with the
adjustment of snow density when fresh snow is added by
positive increments. Full details on the snow data assimila-
tion method are provided in the IFS documentation CY45R1
(Part II: Data assimilation, Chapter 9; ECMWE, 2018).
Using the two analysis experiments as initial land states,
the twin forecast experiments produced two ensemble re-
forecasts with a spatial resolution of 0.44° and 25 ensem-
ble members. To generate the 25-member ensemble, initial
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condition perturbations to atmosphere and ocean initial con-
ditions and perturbations to the atmospheric model were ap-
plied. Perturbing the initial conditions was used to represent
uncertainty in the initial state and to increase the ensemble
spread. Among all members, ensemble member 0 was initial-
ized from unperturbed atmospheric initial conditions, while
in other members, all upper-air fields and a limited set of
land fields (snow, soil moisture, soil temperature, skin tem-
perature and sea ice temperature) were perturbed. The per-
turbation of the atmospheric model was use to represent un-
certainty from missing or unresolved subgrid-scale processes
(e.g. clouds, convection, radiation and turbulence) which had
to be parameterized (Palmer, 2012).

Both reforecasts start from 1 April 2018, with a lead time
of 4 months, i.e. from 1 April to 31 July 2018. In order to
analyse the seasonal changes in the reforecasts with snow DA
and without, 1 April to 31 May is defined as spring, while
1 June to 31 July is defined as summer. The output tempo-
ral resolution ranges from 6 to 24 h, depending on the vari-
able. In this study, we analysed the impacts of snow assimila-
tion over the TP on the snowpack state (snow cover fraction,
snow depth and snowfall) in addition to near-surface vari-
ables (land surface albedo, 2m air temperature, 10 m wind
and total precipitation, i.e. liquid and snowfall) and upper-air
variables (geopotential height and temperature at 600 hPa).

3.2 Data

Since IMS snow data were assimilated in the twin analysis
experiments, the performance of IMS snow data was evalu-
ated. The IMS snow data used in this study were retrieved
from the National Snow and Ice Data Center (NSIDC) and
has a resolution of 4km. More details about this dataset
can be found in https://nsidc.org/data/g02156 (last access:
16 November 2022). In this study, the high-resolution binary
IMS snow data were post-processed as following steps to ob-
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tain the lower-resolution fractional IMS snow cover. First,
the raw IMS snow data were resampled to a resolution of
0.005° (1/100 of the resolution of the reforecasts) based on
the nearest cell. Second, a grid with same horizontal resolu-
tion of the reforecasts was produced. In each cell of the grid,
there were 10000 pixels of the IMS snow data as the reso-
lution of the IMS snow data after resampling was 1/100 of
that of the cell. The number of pixels which were covered by
snow was counted and then divided by 10000 to obtain the
ratio of the snow-covered pixels in each cell. Finally, the ra-
tios of the snow-covered pixels in every cell of the grid were
calculated to obtain the IMS snow cover fraction with same
horizontal resolution of the reforecasts.

A daily snow cover fraction dataset for TP (hereinafter
TPSCF) provided by China National Cryosphere Desert
Data Center was used as observation. The dataset was pro-
duced based on MODIS normalized snow index data, with
a spatial resolution of 500 m, combining the terrain data
and a variety of snow cover estimation algorithms to re-
alize the re-estimation of snow cover under the condi-
tions of cloud cover. The dataset only has data from Jan-
uary to June in each year. More details about this dataset
can be found at https://www.scidb.cn/en/detail?dataSetld=
633694460970008576&dataSetType=journal# (last access:
16 November 2022). Moreover, a daily snow depth
dataset for TP (hereinafter TPSD) produced by Yan et
al. (2021) was also used. The TPSD dataset was de-
rived from the fusion of snow probability data and the
long-term series of snow depth dataset over China and
has a spatial resolution of 0.05°. More details about the
TPSD dataset can be found at http://data.tpdc.ac.cn/zh-hans/
data/0515ce19-5a69-4f86-822b-330aal 1e2a28/ (last access:
16 November 2022).

In addition, gridded temperature and precipitation from
multiple sources were used to benchmark the ability of the
twin reforecasts because of sparse meteorological stations in
the TP. The gridded temperature dataset (CNOS5.1) was gen-
erated based on the 2416 meteorological stations in China
by Wu et al. (2017) and had been used in many other stud-
ies (Xu et al., 2009). The CNOS5.1 temperature dataset is at
the daily scale and has a spatial resolution of 0.25°. The
gridded precipitation includes a Global Precipitation Mea-
surement (GPM), which is an international satellite mission
launched by the National Aeronautics and Space Administra-
tion (NASA) and the Japanese Space Agency (JAXA; Hou et
al., 2014). The spatial and temporal resolutions of the GPM
are 0.1° and half-hourly, respectively. The GPM has been
compared with other satellite precipitation products in many
studies (Guo et al., 2016; Tan and Duan, 2017; Prakash et al.,
2018) and ranks top among them. Besides the gridded data,
in situ temperature and precipitation observations in TP were
also used. There are 64 meteorological stations in total, and
most of them are located in the ETP. The gauged data were
quality-controlled and provided by the China Meteorological
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Data Service Center and were also used in the generation of
the CNO5.1 dataset.

4 Results

4.1 Changes in snow variables with the snow
assimilation

Considering that the only difference between the twin fore-
cast experiments is whether we are assimilating IMS above
1500 m over the TP or not, the snow cover is first analysed to
evaluate the effects of the snow assimilation. The spatial dif-
ferences in snow cover fraction between IMS and TPSCF and
between the ensemble reforecasts and TPSCF in spring are
presented in Fig. 2a—c. For most places on the TP, the snow
cover fraction of IMS and the two reforecasts are larger than
the TPSCF snow cover fraction. The differences between the
IMS and TPSCF snow cover fraction (IMS minus TPSCF)
are smaller than 0.4 for most places. The snow cover fraction
of the control reforecasts is significantly larger than the TP-
SCF snow cover fraction around the boundary of the WTP
and ETP where the differences (the control reforecasts mi-
nus TPSCF) are larger than 0.6. Meanwhile, the differences
in snow cover fraction when the DA reforecasts minus TP-
SCF are smaller than 0.4 for most places, which is consistent
with the differences between IMS and TPSCF. Figure 2d-
f presents the spatial differences in snow cover fraction be-
tween the two reforecasts. In both the spring and the whole
period, with added snow assimilation, the snow cover frac-
tion of the DA reforecasts is significantly smaller than that of
the control reforecasts for most places on the TP, especially
for the ETP and around the boundary of the WTP and ETP.
However, in summer, the differences between the two refore-
casts are small and range from —0.1 to 0.1 for most places.
Overall, the positive bias in snow cover is much reduced in
the DA reforecasts, at least in the spring.

The time series of snow depth from 1 April to 31 July
for the two ensemble reforecasts and TPSD are presented in
Fig. 3. The snow depth was averaged over the domain (i.e. the
WTP and ETP), and the times series were smoothed by a 5d
moving window. The blue area and line represent the ranges
and ensemble mean of the control reforecasts, respectively,
while the orange area and line represent the ranges and en-
semble mean of the DA reforecasts, respectively. The black
line represents TPSD data. Both in the WTP and ETP, the
ensemble means of the snow depth of the two reforecasts are
higher than those of the TPSD data. However, the snow depth
of the DA reforecasts is closer to the TPSD data than that
of the control reforecasts. The differences in snow depth be-
tween the two reforecasts decrease with time. In the WTP
(Fig. 3a), the snow depth of the control reforecasts is higher
than that of the DA reforecast for the whole period, while in
the ETP, the snow depth of the two ensemble reforecasts is
almost the same in the summer. Although the snow depth of
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Figure 2. (a—c) The spatial differences in snow cover fraction between IMS and TPSCF and between the ensemble reforecasts and TPSCF
in spring. (d-f) The spatial differences in snow cover fraction between the two reforecasts (the DA reforecasts minus the control reforecasts).
The stippled regions show the statistical significance of the differences identified by the 7 test at a 5 % significance level.

the two ensemble reforecasts has an overall downward sea-
sonal trend, the snow depth of the DA reforecasts increases
around 15 April.

Figure 4 presents the spatial differences in snow depth be-
tween the ensemble reforecasts and TPSD and between the
two reforecasts. The spatial differences in snow depth are
similar with those in snow cover fraction in spring. Gener-
ally, the snow depths of the two reforecasts are higher than
the TPSD snow depth for most places of the TP. However,
in both the spring and the whole period, the snow depth of
the control reforecasts is significantly higher than the TPSD
snow depth around the boundary of the WTP and ETP in the
southern TP. The differences in snow depth between the two
reforecasts (the DA reforecasts minus the control reforecasts)
range from —60 to 6 cm. The positive bias in snow depth is
also much reduced in the DA reforecasts, which is consistent
with the decreases in snow cover fraction due to the added
assimilation of IMS snow cover. The snow depth of the DA
reforecasts is less than that of the control reforecasts at the
5 % significance level for most places on the TP, especially
for the ETP and around the boundary of the WTP and ETP in
the southern TP. As for summer, the spatial distributions of
snow depth are similar between the two reforecasts. The dif-
ferences between the two reforecasts range from —6 to 6 cm
for most places of the TP.
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level.

Since the changes in snow cover lead to changes in land
surface albedo after snow assimilation, Fig. 5 (top row)
presents the spatial differences in land surface albedo be-
tween the two ensemble reforecasts. In either the spring or
the whole period, the land surface albedo of the DA re-
forecasts is smaller than that of the control reforecasts for
most places of the TP, especially for the ETP and around the
boundary of the WTP and ETP in the southern TP. The dif-
ferences in land surface albedo between the two reforecasts
(the DA reforecasts minus the control reforecasts) range from
—0.2 t0 0.04 for most places on the TP. The significant differ-
ences in land surface albedo between the two reforecasts are
mainly observed in regions where the absolute differences
are larger than 0.04. While in summer, the differences in land
surface albedo after snow assimilation range from —0.04 to
0.04 for most places of the TP.

Considering that the snow depth of the reforecasts changes
significantly after snow assimilation, the spatial differences
in snowfall between the two ensemble reforecasts are also
analysed (Fig. 5, bottom row). In either the spring or the
whole period, the snowfall of the DA reforecasts is more than
that of the control reforecasts in the southeastern TP, espe-
cially around the boundary of the WTP and ETP, while the
results are reversed in the WTP. Moreover, the differences
in snowfall between the two reforecasts range from —0.2 to
0.8 mmw.e., and the spatial differences are statistically sig-
nificant at the 5 % significance level mainly for regions where

The Cryosphere, 16, 4985-5000, 2022

the differences are larger than 0.3 mm w.e. In summer, the
snowfall of the DA reforecasts is more than that of the con-
trol reforecasts in the southwestern TP, while the results are
reversed in the northeastern TP. The differences in snowfall
between the two reforecasts range from —0.2 to 0.2 mm w.e.
for most places on the TP.

In summary, the main points are that snow assimilation
reduces the positive biases of the snow cover fraction and
snow depth in spring over most areas of the TP, while its
impact is limited in the summer, and all the snow variables
change significantly after snow assimilation for the ETP and
around the boundary of the WTP and ETP in the southern
TP. The reduced snow cover fraction leads to a diminished
surface albedo.

4.2 Evaluation of the temperature and wind reforecasts
4.2.1 Evaluation of the temperature reforecasts

Figure 6 presents the daily temperature time series from
1 April to 31 July for the two ensemble reforecasts and
CNOS5.1 data. The temperature reforecasts were averaged
over the domain (i.e. the WTP and ETP), and the time se-
ries was smoothed by a 5d moving window. The black line
represents CNO5.1 data. In the WTP (Fig. 6a), the ensem-
ble means of the temperature reforecasts are lower than the
CNO5.1 temperature. However, the DA reforecasts are in ex-
cellent agreement with the CNOS5.1 temperature at the initial

https://doi.org/10.5194/tc-16-4985-2022
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between the two ensemble reforecasts (the DA reforecasts minus the control reforecasts). The stippled regions show the statistical significance

of the differences identified by the # test at a 5 % significance level.

time (thereby reducing the large initial bias as expected from
a decreased snowpack) and are slightly closer to CN05.1 in
the first month and a half. In the ETP (Fig. 6b), the initial bias
reduction is even larger (about 5 K), and while the ensemble
means of temperature reforecasts are lower than the CN05.1
temperature for most of the time, they remains closer to the
CNO5.1 temperature for about 1.5 months. The temperatures
show little change between both reforecast ensemble means
after June, which is consistent with the lack of change in the
snowpack in summer.

The basin-averaged Spearman’s correlation coefficients
(CCs) and mean absolute errors (MAEs) of daily tempera-
ture between the two ensemble reforecasts and CNO5.1 data
are presented in Fig. 7. The CCs here are calculated for tem-
poral correlations. The plus sign in the figure represents the
outlier when calculating the metrics. In the WTP, the CCs of
temperature are higher than 0.80, and the MAEs are smaller
than 4.2 °C. After snow assimilation, the median and mean
values of the CCs and MAEs are smaller. In the ETP, the
CCs are higher than 0.78, and the MAEs are smaller than
3.6°C. As for the WTP, the MAEs of the DA reforecasts
are smaller than those of the control reforecasts, indicating
that the snow assimilation improves the temperature fore-
casts. Furthermore, the correlations and mean error in daily
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temperature between the temperature reforecasts and CN05.1
temperature are lower in the ETP than in the WTP.

Figure 8 presents the spatial differences in daily tempera-
ture between the ensemble reforecasts and CNO5.1 data and
between the two reforecasts. In spring, the temperature re-
forecasts are lower than the CNOS5.1 temperature for most
places of the TP. After snow assimilation, the reforecasts be-
come closer to the CNO05.1 temperature, especially for the
ETP and around the boundary of the WTP and ETP. In sum-
mer, for most places of the TP, the temperature reforecasts
are lower than the CNO5.1 temperature, and the spatial dif-
ferences in daily temperature between the two reforecasts
range from —0.4 to 0.4 °C. For the whole period, the spatial
differences between the temperature reforecasts and CNOS5.1
daily temperature are similar to those in spring. The most
distinctly spatial characteristic is that the temperature of the
DA reforecasts is significantly higher than that of the control
reforecasts for the ETP and around the boundary of the WTP
and ETP. Moreover, the spatial differences between the tem-
perature reforecasts and CNO5.1 daily temperature are sta-
tistically significant at the 5 % significance level for places
where the absolute differences are larger than 2.0 °C, while
the statistically significant regions of the spatial differences
between the two reforecasts are mainly concentrated in re-
gions where the differences are larger than 1.2 °C.
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Figure 6. The daily temperature time series averaged over the do-
main from 1 April to 31 July for the two ensemble reforecasts and
CNOS5.1 data in the (a) western Tibetan Plateau and (b) eastern Ti-
betan Plateau.
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Figure 7. The Spearman’s correlation coefficient and mean absolute
error in daily temperature between the two ensemble reforecasts and
CNO05.1 data.

4.2.2 Changes in wind field and upper air variables
with the snow assimilation

It is noticeable that the significant differences in snow vari-
ables between the two reforecasts, while present over most
of the TP in the spring, nevertheless maximize for the ETP
and around the boundary of the WTP and ETP in the south-
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ern TP (Figs. 2, 4 and 5), which is consistent with the spatial
changes in temperature (Fig. 8). Furthermore, besides the lo-
cal impacts of snow assimilation on temperature, the wind
field is also influenced by the snow assimilation. Therefore,
the changes in 10 m horizontal wind field after snow assimi-
lation are also analysed (Fig. 9). With snow assimilation, the
wind speed of the DA reforecasts is much larger than that of
the control reforecasts in the ETP in either the spring or the
whole period. Moreover, the closer to the centre of the ETP,
the larger the wind speed increase. By contrast, the added
snow assimilation has little impact on the 10 m wind field in
summer as the snowpack state changes little in the meantime.

Figure 10 presents the geopotential height and tempera-
ture at 600 hPa. The geopotential height at 600 hPa is used
to analyse the cyclonic anomalies with added snow assimi-
lation. In spring or the whole period, the geopotential height
at 600 hPa of the DA reforecasts is lower than that of the
control reforecasts for the whole TP, especially for the ETP
and around the boundary of the WTP and ETP. The signif-
icant differences in geopotential height at 600 hPa between
the two reforecasts are mainly observed in regions where the
absolute differences are larger than 4 gpm (geopotential me-
tres). The results are consistent with convergence and ascent
and are also consistent with past results in previous study.
Zhang et al. (2021) found that a cyclonic anomaly over TP,
i.e. increased low-level convergence and ascent, was in re-
sponse to decreased snow cover in late spring.

The temperature at 600 hPa is also presented to further ex-
plain the changes in wind field with added snow assimila-
tion. It can be seen that, in spring and the whole period, the
temperature at 600 hPa of the DA reforecasts is higher than
that of the control reforecasts for most areas of the TP, es-
pecially for the ETP and around the boundary of the WTP
and ETP. Hence, the local signal in surface temperature ex-
tends throughout the lower troposphere. The spatial differ-
ences in temperature at 600 hPa are similar to those of the
geopotential height at 600 hPa but reversed, i.e. the temper-
ature increases when the geopotential height decreases. This
increase in temperature implies convergence and ascent. The
low pressure and convergence are consistent with the in-
crease in horizontal wind speed (Fig. 9).

4.3 Evaluation of the precipitation reforecasts

Despite the notable improvements in the predicting snow and
surface temperature in the snow assimilation forecasts, at
least in the first month and a half, it remains to be seen if
these translate to precipitation. Actual predictability studies
with dynamical prediction systems stressed that a more re-
alistic land initialization improves surface temperature fore-
casts, but the impact on precipitation remains weaker (Koster
et al., 2010, 2011). Figure 11 presents the total daily precip-
itation time series from 1 April to 31 July for the two en-
semble reforecasts and the GPM data. As for snow depth
and temperature, the precipitation reforecasts were averaged
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Figure 9. The spatial differences in 10 m horizontal wind field (m s~ 1) between the two ensemble reforecasts (the DA reforecasts minus the

control reforecasts). The shaded contours are wind speed.

over the domain (i.e. the WTP and ETP), and the time series
was smoothed by using a 5 d moving window. The black line
represents GPM data. In the WTP, the ensemble mean pre-
cipitation for the two ensemble reforecasts generally has the
same seasonal tendency as the observations, albeit that the
weekly variability is smaller. There is no obvious difference
in the ensemble mean precipitation between the two refore-
casts. However, in the ETP, the ensemble mean precipitation
of the DA reforecasts is higher than that of the control refore-
casts, especially during a few episodes occurring mostly be-
fore 1 June. This increase could hence be related to the snow
and circulation changes which were most pronounced over
ETP in the spring. Moreover, the ensemble mean precipita-

https://doi.org/10.5194/tc-16-4985-2022

tion of the two reforecasts is much more than GPM precipita-
tion before 25 June, which is in line with the excess precipi-
tation in the reanalyses system and climate and forecast mod-
els, which has been mentioned in Orsolini et al. (2019) and
Su et al. (2013). Although the ranges of two reforecasts are
similar, those of the control reforecasts cover the GPM data
better in both the WTP and ETP. However, the upper limits
of the ranges of the DA reforecasts are pretty high around
3 June, while the GPM precipitation is small.

The temporal CCs and mean absolute relative errors
(MARES) of daily precipitation between the two ensemble
reforecasts and GPM data are presented in Fig. 12. It can
be noticed that the correlations between the precipitation re-
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Figure 10. The spatial differences in geopotential height (geopotential metres — gpm) and temperature (°C) at 600 hPa between the two en-
semble reforecasts (the DA reforecasts minus the control reforecasts). The stippled regions show the statistical significance of the differences

identified by the ¢ test at a 5 % significance level.

forecasts and GPM precipitation become lower after snow
assimilation, especially for the ETP. However, the median
and mean values of the MAREs become smaller after snow
assimilation in the WTP, while the results are reversed in
the ETP. In general, the temporal correlations are lower, but
the relative error is larger in the ETP than in the WTP. The
changes in the median and mean values of the MAREs are
also larger in the ETP than in the WTP. Furthermore, the
variation ranges of the CCs and MARESs are larger for the
DA reforecasts than for the control reforecasts.

The spatial differences in daily precipitation between the
ensemble reforecasts and GPM data and between the two re-
forecasts are displayed in Fig. 13. In spring, the reforecasts
underestimate daily precipitation in the ETP, while they over-
estimate daily precipitation in the WTP. The precipitation of
the DA reforecasts is more than that of the control refore-
casts in the southeastern TP, especially around the boundary
of the WTP and ETP. In summer, the spatial distributions for
the two reforecasts are quite similar. The two ensemble re-
forecasts underestimate daily precipitation in the central TP,
while overestimating daily precipitation in other regions, es-
pecially in the southern TP. Moreover, the precipitation of
the DA reforecasts is more abundant than that of the control
reforecasts in the WTP, while it is less in the ETP. As for
the whole period, the spatial differences between the precip-
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itation reforecasts and GPM daily precipitation are similar
to those in spring. The most significant spatial characteris-
tic is that the precipitation of the DA reforecasts is larger
than that of the control reforecasts around the boundary of
the WTP and ETP in the southern TP. In addition, the spatial
differences between the precipitation reforecasts and GPM
daily precipitation are statistically significant at the 5 % sig-
nificance level over the whole TP, while those between two
reforecasts are only statistically significant for regions where
the differences are larger than 0.3 mm.

5 Discussions

Twin reforecasts with and without snow assimilation above
1500 m over the TP were conducted in this case study in
spring 2018 to investigate how snow assimilation influences
the long-range prediction of snow, temperature and precip-
itation over the TP. Three snow variables (i.e. snow cover
fraction, snow depth and snowfall) and land surface albedo
were firstly analysed. The results indicate that the snow cover
fraction and snow depth of the two ensemble reforecasts are
larger than the observations, i.e. the TPSCF snow cover frac-
tion and TPSD snow depth, for most places on the TP. How-
ever, the snow cover fraction and snow depth of the DA re-
forecasts are less than those of the control reforecasts for
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Figure 12. The Spearman’s correlation coefficients and mean abso-
lute relative error in daily precipitation between the two ensemble
reforecasts and GPM data.

most places of the TP, especially for the ETP and around
the boundary of the WTP and ETP, which means that the
snow cover fraction and snow depth for the DA experiment
are closer to the observations. Because of the more realistic,
reduced snow cover fraction for the DA experiment, the land
surface albedo is also smaller for most places of the TP, es-
pecially for the ETP and around the boundary of the WTP
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and ETP in the southern TP. However, the snowfall of the
DA reforecasts is larger than that of the control reforecasts
for the ETP and around the boundary of the WTP and ETP
in the southern TP, leading to an increase in the time series
of snow depth in spring both in the WTP and ETP for the DA
experiment.

For temperature, the two ensemble reforecasts can cap-
ture the seasonal tendencies of the observed temperature. The
temporal correlations of the reforecasts are higher than 0.78
over the TP when compared with the CN05.1 temperature.
Usually, it is difficult to have high correlations in seasonal
forecasting; here, the results probably come from the marked
seasonal cycle. However, the reforecasts tend to underes-
timate daily temperature. The snow assimilation improves
mean error but decreases correlations of the temperature re-
forecasts when comparing with the CN05.1 data. As the data
assimilation is performed for snow variables rather than tem-
perature directly, the decrease in correlations of temperature
reforecasts might be attributed to the changes in complex
regional thermodynamics processes. Moreover, the temper-
ature of the DA reforecasts is considerably higher than that
of the control reforecasts, especially for the ETP and around
the boundary of the WTP and ETP. It is worth noting that, in
regions where the snow cover fraction, snow depth and land
surface albedo are smaller, the temperature is higher. The de-
creased snowpack of the DA reforecasts means that less heat
is required for snowmelt (Datt et al., 2008; Duffy and Ben-
nartz, 2018), and the smaller land surface albedo means that
more heat is absorbed by the Earth, which together lead to
the higher temperature. The two reforecasts converge in the
average daily temperature time series after a month or so,
possibly resulting from the additional snowfall and cooling
in the DA reforecasts.

When using the GPM precipitation as a benchmark, the
precipitation reforecasts perform better in the WTP than in
the ETP, with higher temporal correlations and smaller mean
error in the WTP. With the snow assimilation, the biases be-
tween the precipitation reforecasts and GPM precipitation
become larger in the ETP while smaller in the WTP, and the
temporal correlations between the precipitation reforecasts
and GPM precipitation become smaller. The smaller corre-
lations and larger biases of the precipitation reforecasts in
the ETP after snow assimilation may be partly caused by the
uncertainties in observations. The bulk of the precipitation
over the TP falls as snow in winter and spring, but the GPM
products tend to underestimate snowfall which may result in
underestimation of total precipitation (Behrangi et al., 2014;
Immerzeel et al., 2015). However, the snowfall reforecasts
become larger after snow assimilation, especially in the ETP
and around the boundary of the WTP and ETP, which may
further lead to the smaller correlations and larger biases be-
tween the precipitation reforecasts and GPM precipitation.
In addition, the precipitation of the DA reforecasts is signifi-
cantly larger than that of the control reforecasts in the south-
eastern TP, especially around the boundary of the WTP and
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ETP, which is similar to the spatial changes in temperature
reforecasts. With the higher temperature, the evaporation in-
tensity becomes higher, and more moisture is carried to the
atmosphere (Zhang et al., 2019; Yong et al., 2021), provid-
ing conditions for the more precipitation. Moreover, it can be
noticed that the largest differences in snowfall between the
two reforecasts (the DA reforecasts minus the control refore-
casts) reach 0.8 mm w.e., while those in precipitation reach
1.8 mm, meaning that most of the increased precipitation is
in the form of rainfall.

Although a comprehensive assessment of the impacts of
added snow assimilation above 1500 m over the TP on the
long-range prediction of snow, temperature and precipita-
tion was conducted, some issues remain. For example, the
impacts of snow assimilation on the circulation (including
upper air) on the subseasonal to seasonal timescale, i.e. on
the subtropical jet and downstream wave train and monsoon
development remains to be investigated. This study focuses
on surface level and explores how the snow assimilation
influences snow, temperature and precipitation predictions
through the relations among snow, temperature and precip-
itation. Future studies will be done on pressure levels and
further investigate the impacts of snow assimilation on the
circulation. Moreover, bias-correction methods (e.g. quan-
tile mapping) are usually applied to improve temperature and
precipitation predictions (ThemeBl et al., 2011; Chen et al.,
2013). As this study puts more emphasis on the impacts of
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snow assimilation, bias-correction methods can be consid-
ered in future studies to further improve the skill of seasonal
forecasts.

6 Conclusions

Twin reforecasting experiments for spring and summer 2018
with IMS snow DA below 1500 m globally, while the other
had additional IMS snow DA above 1500 m over the TP, were
used to investigate the impacts of snow assimilation on sea-
sonal snow and meteorological forecasts over the TP. The
main conclusions can be drawn, as follows:

1. The snow cover fraction and snow depth of the two en-
semble reforecasts are larger than the observations for
most places of the TP. With the snow assimilation, the
snow cover fraction and snow depth of the reforecasts
are closer to the observations. With snow assimilation,
the snow cover fraction and snow depth are less for the
ETP and around the boundary of the WTP and ETP than
that from the control reforecasts, and the land surface
albedo of the DA reforecasts is also smaller than that of
the control reforecasts for the regions where the snow
cover fraction reduces. However, the snowfall of the DA
reforecasts is more than that of the control reforecasts
for the ETP and around the boundary of the WTP and
ETP in the southern TP.
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2. When using the CNO5.1 temperature as benchmark, the
two ensemble reforecasts can capture the seasonal ten-
dencies of the observed temperature. However, the re-
forecasts tend to underestimate daily temperature. The
added snow assimilation improves the mean error but
decreases correlations of the temperature reforecasts
when comparing with the CNO5.1 data. The tempera-
ture of the DA reforecasts is significantly higher than
that of the control reforecasts for the ETP and around
the boundary of the WTP and ETP due to the decreased
snowpack and smaller land surface albedo after snow
assimilation. Given its feedback on snowfall and snow
depth, it appears important for the forecast models to
capture the effect of land—atmosphere interaction upon
precipitation to receive all the benefits of improved
land—surface initial conditions. Besides, the increase in
surface temperature extends throughout the lower tropo-
sphere, triggering ascent, convergence and higher wind
speed.

3. When using the GPM precipitation as benchmark, the
precipitation reforecasts perform better in the WTP than
in the ETP. With the snow assimilation, the biases be-
tween the precipitation reforecasts and GPM precipita-
tion become larger in the ETP and smaller in the WTP,
which may partly be because of the uncertainty from
the GPM observations. The precipitation of the DA re-
forecasts is significantly larger than that of the control
reforecasts for the ETP and around the boundary of the
WTP and ETP, as the higher temperature in these re-
gions enables more moisture to be carried to the atmo-
sphere. Moreover, most of the increased precipitation is
in the form of rainfall.

Data availability. The Interactive Multisensor Snow
and Ice Mapping System snow data can be found at
https://doi.org/10.7265/N52R3PMC (last access: 16 Novem-
ber 2022; U.S. National Ice Center, 2008). The daily
snow cover fraction dataset for Tibetan Plateau (TPSCF)
is available at https://doi.org/10.11922/sciencedb.457 (Qiu
et al., 2017). The daily snow depth dataset for Tibetan
Plateau (TPSD) produced by Yan et al. (2021) can be
found in  https://doi.org/10.11888/Snow.tpdc.271743.  The
CNO05.1 dataset is provided by Wu et al. (2017). The
global precipitation measurement (GPM) can be found at
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