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Abstract

Reliable subseasonal-to-seasonal (S2S) precipitation prediction is highly desired due to the great socioeconomical
implications, yet it remains one of the most challenging topics in the weather/climate prediction research area. As part of
the Impact of Initialized Land Temperature and Snowpack on Sub-seasonal to Seasonal Prediction (LS4P) project of the
Global Energy and Water Exchanges (GEWEX) program, twenty-one climate models follow the LS4P protocol to quantify the
impact of the Tibetan Plateau (TP) land surface temperature/subsurface temperature (LST/SUBT) springtime anomalies on
the global summertime precipitation. We find that nudging towards reanalysis winds is crucial for climate models to generate
atmosphere and land surface initial conditions close to observations, which is necessary for meaningful S2S applications.
Simulations with nudged initial conditions can better capture the summer precipitation responses to the imposed TP LST/
SUBT spring anomalies at hotspot regions all over the world. Further analyses show that the enhanced S2S prediction skill
is largely attributable to the substantially improved initialization of the Tibetan Plateau-Rocky Mountain Circumglobal
(TRC) wave train pattern in the atmosphere. This study highlights the important role that initial condition plays in the S2S
prediction and suggests that data assimilation technique (e.g., nudging) should be adopted to initialize climate models to
improve their S2S prediction.

Keywords Nudging - Initialization method - S2S prediction - Tibetan Plateau-Rocky Mountain Circumglobal wave train -
Climate model - Tibetan Plateau

1 Introduction

The Impact of Initialized Land Surface Temperature and
Snowpack on Subseasonal to Seasonal Prediction (LS4P)
project of the Global Energy and Water Exchanges
(GEWEX) program aims to study the impact of springtime
land surface temperature (LST)/subsurface temperature
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(SUBT) anomalies over high mountain areas on summertime
precipitation prediction locally and remotely, and to improve
process understanding of the driving mechanism (Xue et al.
2021, 2022). During LS4P Phase I, 21 climate models par-
ticipated in simulating the precipitation response in June
2003 to LST/SUBT anomalies over the Tibetan Plateau
(TP) in May 2003. However, many climate models failed to
reproduce the observed anomalies in terms of locations and
magnitudes with Atmospheric Model Intercomparison Pro-
ject (AMIP-type) (Gates et al. 1999) simulations (Xue et al.
2021). This is because climate models are mainly designed
for long-term (decades to centuries) climate research,
emphasizing mean climatology, variability, and future cli-
mate change (Arias et al. 2021). Applying climate models
for subseasonal-to-seasonal (S2S) prediction is beyond their
primary scientific objective and naturally face difficulties
due to inherent limitations, including but not limited to lack
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of good initial conditions (Mariotti et al. 2018; Xue et al.
2021) and the unresolved physical processes with standard
climate resolution (~ 100 km). A specific time (e.g., day,
month) in AMIP-type climate simulations does not represent
the actual one in the observation and the discrepancy arises
due to factors such as model initialization, parameteriza-
tions, forcing data accuracy, and natural variability. There-
fore, climate models generally are not used in S2S studies
that specifically aim to match time-specific observations. In
particular, large discrepancies in the initial atmosphere and
land conditions of climate models relative to observations
could be one potential issue.

The nudging approach, a simple data assimilation
method, has been used to adjust the model state variables
to observational or reanalysis data. It has been proven to
be effective for generating more accurate initial conditions
in climate models. Such method is adopted in climate
simulations for two main purposes: (1) it increases the
signal-to-noise ratio for sensitivity experiments to better
isolate and understand the impact of specific factors on the
climate system (Sun et al. 2019; Tang et al. 2019; Zhang
et al. 2014); and (2) it can be used to evaluate the model
results with observations under constrained atmospheric
conditions as in the hindcast studies (Jeuken et al. 1996;
Phillips et al. 2004; Xie et al. 2012; Ma et al. 2015).

Land initialization and configuration have been identified
as one of the major avenues for improving S2S prediction
(Merryfield et al. 2020). Considering the substantially
greater impact of initial conditions on the S2S scale than
on the climate scale, we hypothesize that better land
initial conditions are necessary for successful LS4P S2S
simulations using climate models. Furthermore, a recent
study (Xue et al. 2022) revealed the importance of the
large-scale pattern (i.e., Tibetan Plateau-Rocky Mountain
Circumglobal (TRC) wave train) in producing adequate
response to the imposed TP LST/SUBT anomalies for a
successful S2S global precipitation prediction. Thus, we
also examine the impact of the better initialization of the
large-scale wave train due to nudging on the global S2S
precipitation prediction.

In this study, we investigate the impact of the nudging
approach on the LS4P simulations using two climate
models: the Department of Energy (DOE) Energy Exascale
Earth System Model (E3SM) version 1 (Golaz et al. 2019;
Rasch et al. 2019) and Community Integrated Earth System
Model (CIESM) (Lin et al. 2020). The selection of the two
models is based on their respective warm (CIESM) and cold
(E3SMv1) biases in surface air temperature compared to
the observation over the TP, which represent two groups of
LS4P climate models that share similar biases (Xue et al.
2021). The remaining sections are arranged as follows. We
briefly introduce the two models and the nudging approach
in Sect. 2. Section 3 presents the impact of the nudging
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approach on atmosphere and land initial conditions and
global summertime precipitation response to the imposed
TP LST/SUBT anomalies, followed by conclusions and
discussions in Sect. 4.

2 Method
2.1 Model description

The Energy Exascale Earth System Model (E3SM) version
1 (E3SMv1; Golaz et al. 2019; Rasch et al. 2019) and
Community Integrated Earth System Model (CIESM) (Lin
et al. 2020) are both fully coupled climate models, including
atmosphere, ocean, sea ice, land, and river transport
components. Following the LS4P protocol (Xue et al. 2021),
we perform the AMIP-type experiments with prescribed sea
surface temperature (SST) and sea ice from observations.
Since the atmosphere and land models are active in AMIP-
type experiments, we briefly summarize the atmospheric
and land schemes used in these two models in Table 1 and
describe their differences below.

The two models are similar in many aspects. Both run
with the spectral element dynamical core (Dennis et al.
2012), with around ~ 100 km horizontal resolution and 72
vertical levels with a top at approximately 60 km in E3SMv1
and 30 vertical levels with a top at approximately 40 km
in CIESM. They share some common parameterizations,
including the Zhang-McFarlane (ZM) deep convection
parameterization (Zhang and McFarlane 1995), the Rapid
Radiative Transfer Model for GCMs (RRTMG) (Iacono
et al. 2008), and the Morrison and Gettelman (MG) cloud
microphysics scheme but with different modifications.
CIESM includes stochasticity and convective microphysics
(Song and Zhang 2011; Wang et al. 2016) in ZM deep
convection scheme. E3SMv1 uses the default two-stream
shortwave radiation scheme and CIESM uses a four-stream
shortwave radiation (Zhang and Li 2013) in RRTMG.
E3SMvl1 uses MG version 2 (Gettelman and Morrison
2015), while CIESM uses MG version 1.5 using a single ice
approach (Morrison and Gettelman 2008; Zhao et al. 2017).

The two models use distinct parameterizations in other
modules. E3SMv1 uses the Cloud Layers Unified by Binor-
mals (CLUBB) (Golaz et al. 2002; Larson and Golaz 2005)
which unifies the treatment of shallow convection, cloud
macrophysics and turbulence. CIESM uses the University
of Washington shallow convection and moist turbulence
schemes (Bretherton and Park 2009; Park and Bretherton
2009) and a probability density function (PDF) based cloud
macrophysics scheme (Qin et al. 2018). The sub-grid oro-
graphic form drag scheme is Turbulent Mountain Stress
scheme (Neale et al. 2012) and BBW04 scheme (Beljaars
et al. 2004; Liang et al. 2017) in E3SMv1 and CIESM,
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Table 1 Atmospheric physical schemes and land model of E3SMv1 and CIESM

Scheme E3SMv1

CIESM

Deep convection

Cloud microphysics MG?2.0 (Gettelman and Morrison 2015)
Improved MAM4 (Liu et al. 2016)

RRTMG

Aerosol
Radiation

Shallow convection
Cloud macrophysics CLUBB
Planetary boundary layer CLUBB
Orographic form drag

Land model ELMvO0 (Golaz et al. 2019)

Zhang-McFarlane scheme with modifications to
accommodate EAM’s resolution (Rasch et al. 2019)

CLUBB (Golaz et al. 2002; Larson and Golaz 2005)

Zhang-McFarlane scheme with stochasticity and convective
microphysics (Song and Zhang 2011; Wang et al. 2016)

MGL.5 with updated cloud ice scheme (Zhao et al. 2017)
Prescribed aerosols (Stevens et al. 2017)

RRTMG with four-stream shortwave radiation (Zhang and Li
2013)

UW shallow convection (Park and Bretherton 2009)
PDF cloud scheme (Qin et al. 2018)
UW turbulence (Bretherton and Park 2009)

Turbulent Mountain Stress scheme (Neale et al. 2012) BBWO04 scheme (Beljaars et al. 2004; Liang et al. 2017)

CLM 4.0 (Oleson et al. 2010)

respectively. For aerosols, E3SMvl1 uses the interactive
aerosol model-—Modal Aerosol Module (MAM4) (Liu
et al. 2016) with some improvements, and CIESM follows
the approach proposed by Coupled Model Intercomparison
Project Phase 6 (Eyring et al. 2016) using the prescribed aer-
osol forcing dataset MACv2-SP (the second version of the
Max Planck Institute Aerosol Climatology) (Stevens et al.
2017). For the two models, the bulk exchange formation is
used to describe the surface exchange of heat, moisture and
momentum between the atmosphere and land, ocean or ice
surfaces (Neale et al. 2012). The coupling of different model
components is handled by CPL7 (Larson et al. 2005; Craig
et al. 2012) in E3SMv1 and Community Coupler Version 2
(C-Coupler2) (Liu et al. 2018) in CIESM. More details about
model performance and other model components of these
two models refer to Golaz et al. (2019) and Lin et al. (2020).

The accuracy of LST/SUBT simulation tightly relies on
how surface radiation and heat fluxes are represented (Huang
et al. 2020). CLM versions 4.0 and ELM version 0 (branched
from CLM version 4.5) use the same basic theories for this
purpose, including the two-stream approximation (Seller
1985), bulk transfer equation (Verhoef et al. 1997), and
heat transfer equation for canopy radiation transfer, heat
fluxes, and soil heat transfer, respectively. However, ELMv(
introduced new features including considering aerosols
and black carbon on snow and adjusting leaf stomatal
conductance and land albedo. These changes result in
differences in energy balance calculations compared to the
previous version (Golaz et al. 2019). Additionally, CLM 4.0
in CIESM incorporated new datasets for soil texture and
organic matter content, which affects LST/SUBT through
changing soil thermal and hydraulic properties.

The E3SMv1 and CIESM use different planetary
boundary layer (PBL) schemes which can influence LST
calculation via affecting turbulence, cloud processes, and
land—atmosphere interactions. The UW turbulence scheme
used in CIESM is specialized in modeling turbulence while

the CLUBB scheme used in E3SMv1 is more comprehen-
sive as it integrates multiple processes, including turbulence,
shallow convection, and cloud macrophysics. Their different
PBL closure assumptions would affect the turbulent flux, and
further redistribute the temperature and moisture in PBL,
which influences the surface fluxes and LST/SUBT. Addi-
tionally, compared to the separate schemes for cloud macro-
physics and turbulence in CIESM, CLUBB better deals with
the sub-grid interaction between cloud and turbulence. The
different cloud parameterizations can also affect the incom-
ing radiation at the surface and further affect the LST/SUBT.

2.2 Experiment setup

Following the LS4P protocol (Xue et al. 2021), each
experiment consists of two simulations to investigate
the impact of springtime TP LST/SUBT anomaly on
summertime precipitation. Firstly, the model runs for two
months starting from May 1st through June 30th, 2003
(EXP1). Because models have large biases over the TP (Xue
et al. 2021), we produce a land mask over the TP based on
the simulation bias of the 2-m air temperature (T2m) and
observed T2m anomaly for May 2003. This land mask is
used to reduce the T2m bias over the TP area. We impose
this mask for all soil layers at the first time step of May
Ist and re-run the model from May 1st through June 30th
(EXP2). The approach to generate the mask is described in
Xue et al. (2021) in detail. The difference between EXP2
and EXP1 (as listed in Table 2) denotes the impact of LST/
SUBT effect.

Nudging method is a data assimilation method that
uses an additional term in the model equations to drive the
model towards a reference state, which can be observed data,
reanalysis, or a higher resolution model result. The equation
for nudging can be expressed as:
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Table 2 List of the experiments

Short name Description Simulation period
for E3SMv1 and CIESM
EXPO Experiment without nudging 1 month (April 1 to April 30)
EXP0O-Nudg  Experiment with nudging As above for CIESM and
4 months (Jan 1 to April 30) for
E3SMvl1
EXP1 Experiment without nudged initial conditions (IC) 2 months (May 1 to June 30)
EXP2 Experiment without nudged IC +imposed TP anomaly As above

0X

2= =FX) -

at

EXP1-NudgIC Experiment with nudged IC
EXP2-NudgIC Experiment with nudged IC +imposed TP anomaly

As above

As above

2012; Tang et al. 2019). The atmospheric nudging process

where X is the state of the model, F is the tendency caused
by dynamic and physical processes. The nudging term is
written as —(X — Xr)/t, where 7 is the nudging relaxation
time scale, and Xr is the reference state. More details about
this approach can be found in Sun et al. (2019), which cov-
ers what data used to constrain the model, what variables to
be nudged at which vertical levels, how large the nudging
strength is and how often to apply nudging, and their impacts
on simulations. In this study, we only nudge the horizontal
winds at all vertical levels, which helps produce a more real-
istic initial condition of large-scale wave pattern, and also
generate more consistent clouds and aerosol properties as
observed (Ma et al. 2015; Zhang et al. 2014). The nudging
is conducted at every model timestep (1800s) to European
Center for Medium-range Weather Forecasting Interim
(ERAI) reanalysis (Dee et al. 2011), which are available at
00Z, 06Z, 12Z and 18Z, and are linearly interpolated to each
model timestep from neighboring time slices. The reanalysis
data are interpolated to the model’s horizontal grid follow-
ing the procedures described in Boyle et al. (2005) and Xie
et al. (2012), which includes adjustments to account for the
different representation of topography. The relaxation time
scale is 6 h following previous studies (Kooperman et al.

of CIESM is illustrated in Fig. 1 as an example.

EXPO is used to generate initial conditions for EXP1
and EXP2 without nudging. No Nudging is employed
in EXP1 and EXP2. The E3SMv1 and CIESM nudging
simulations (termed EXPO-Nudg) start on January 1st
and April Ist, 2003, respectively, and end on April 30th,
2003 (Fig. S2). The EXP0-Nudg run on April 30th is used
to initialize the subsequent EXP1-NudgIC and EXP2-
NudgIC experiments. The difference between EXP2-
NudgIC and EXP1-NudgIC denotes the impact of LST/
SUBT effect after nudging is applied to generate the
initial condition. All simulations used in this study are
summarized in Table 2.

All experiments have six and eight ensemble members
for E3BSMv1 and CIESM, respectively. The ensemble mean
is used for the later analysis. The ensembles are created by
adding white noises in the temperature field of the initial
condition. When creating the land temperature mask, the
simulated 2-m air temperature (T2m) was adjusted with
a lapse rate to account for the differences between the
model’s topography and the elevation of observational
sites (Xue et al. 1996; Gao et al. 2017).

ERAI reanalysis nudging U & V

O ERA reanalysis

= nudging simulation
==+ free running simulation

65 o5 1 1 2 00 06
2003-04-01

Fig. 1 Schematic of the atmospheric nudging process
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2.3 Observational data

We use the composite monthly datasets for global May
T2m and June precipitation (Xue and Diallo 2020)
with the spatial resolution of 100 km for the year of
2003. In this dataset, the T2m and precipitation data
for regions other than China were obtained from the
Climate Anomaly Monitory System (CAMS) and
Climate Research Unit (CRU), respectively. The Chinese
Meteorological Administration (CMA) data was used
for China. The composite datasets are used to quantify
the model’s bias and generate the land mask, which is
applied to evaluate the model’s ability to simulate May
T2m anomaly and June precipitation response. Note that
separate land masks are generated for experiments with
and without nudged initial conditions.

3 Results
3.1 The impact of nudging on initial conditions

In this section, we compare EXPO and EXP0-Nudg experi-
ments in Table 2 to examine the impact of nudging on initial
conditions. The spatial patterns of 2-m air temperature, zonal
and meridional winds at 850 hPa on April 15, 2003 (Fig. 2)
show better agreement with the ERAI data in EXPO-Nudg
than in EXPO of E3SMvl1. These results confirm that the
nudging method is effective. The spatial correlation between
ERAI and E3SMv1 EXP0O-Nudg and EXPO are 0.98 and
0.50, respectively. The time-evolving global mean values
get close to the ERAI value in the entire April, especially
for zonal and meridional winds at 850 hPa because these
two variables are directly nudged to the ERAI data. For the
2-m air temperature, EXPO and EXP0O-Nudg are not very
different from the ERAI because sea surface temperature is

2003-04-15
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Fig.2 Spatial maps of 2-m air temperature (T2m; K), zonal wind at
850 hPa (u850; m/s), meridional wind at 850 hPa (v850; m/s) from
ERAI (a, f, k), the difference between E3SMvl EXP0-Nudg and
ERALI (b, g, 1) and the difference between E3SMv1 EXPO and ERAI
(c, h, m) experiments on April 15, 2003. Panels (d, i, n) show the

days since 2003-04-01

20 30 0 10 20 30
days since 2003-04-01

time-evolving global-mean values from ERAI (black solid), CIESM
EXPO0-Nudg (red solid), CIESM EXPO (red dashed), E3SMv1 EXPO0-
Nudg (blue solid) and E3SMv1 EXPO (blue dashed). Panels (e, j,
o) show the time-evolving spatial correlations (COR) between each
experiment and ERALI data for the three variables
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prescribed with the same observation. Nevertheless, the spa-
tial correlation of 2-m air temperature between EXP0-Nudg
and the observation is slightly higher than that with EXP0
(Fig. 2e). With the nudging approach, the spatial correla-
tion of winds at 850 hPa between the simulation and ERAI
is largely improved (Fig. 2j and o), especially for E3SMv1,
which has a spatial correlation of around 1.0 for all three
variables. The relatively lower spatial correlation of CIESM
EXP0-Nudg and ERAI than E3SMv1 EXPO-Nudg and ERAI
is likely because CIESM only runs one-month with nudging
while E3SMv1 nudges for four months.

We further examine the root mean square error (RMSE)
of the three variables relative to ERAI and available obser-
vations for EXP0-Nudg and EXPO averaging from April
and April 30th, which is the day next to the starting date
of the standard EXP1 and EXP2 experiments. EXPO-Nudg
experiments overall show smaller RMSE than that from

EXPO experiments over the globe, East Asia (5° N-80° N,
40° E-180° E) and TP (26° N-39° N, 73.2° E-104.5° E) for
April and April 30th (Fig. 3). We also find that the RMSE
of April 2-m air temperature is decreased in EXP0-Nudg
experiments when compared with the CMA-CAMS dataset
(marked by unfilled triangles in Fig. 3). Therefore, we con-
clude that applying the nudging approach indeed improves
the mean April atmospheric states and provides a more
realistic atmospheric initial condition for the later standard
LS4P experiments (EXP1-NudgIC and EXP2-NudgIC).
Since the scientific goal of LS4P targets on investigat-
ing the impact of TP LST/SUBT anomaly on the global
surface temperature and precipitation responses, it is nec-
essary to examine whether the nudging approach helps
build a better LST/SUBT initial condition over the TP
for such S28S predictions. We use the observed soil tem-
perature from 15 sites over the TP provided by the China
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Fig.3 Root Mean Square Error (RMSE) of 2-m air temperature
(T2m; K), zonal wind at 850 hPa (u850; m/s) and meridional wind
at 850 hPa (v850; m/s) between CIESM and ERAI (first vertical
line) and E3SMv1 and ERAI (second vertical line) on April 30th,
2003 and monthly mean in April 2003 over the globe (a—c), East
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Asia (5° N-80° N, 40° E-180° E) (d-f), and TP (26° N-39° N,
73.2° E-104.5° E) (g-i). The red triangles denote the results from
EXPO, and the blue triangles denote the results from EXP0-Nudg.
The filled and unfilled triangles are, respectively, compared to ERAI
and CMA-CAMS observation dataset for April 2003
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Meteorological Administration (https://data.cma.cn). The
locations of these sites are delineated in Fig. S1. We com-
pare the upper layer (0-0.8 m) soil temperature from the
two models with the observation (Fig. 4). The models gen-
erally produce strong cold biases of the soil temperature at
all sites. Compared to the experiments without using nudg-
ing (EXPO0), the experiments using nudging (EXP0O-Nudg)
tend to alleviate the cold bias in most sites. It is not only in
LST, but also SUBT in some sites. But the improvement
is relatively smaller than the atmospheric variables, which
are directly nudged. The 0-7 cm soil temperature from
ERALI also shows cold biases compared to the observation,
but the magnitudes of the ERAI bias is weaker than that
from the models at some sites (e.g., sites 51,828, 52,818,
52,602). These results suggest that both ERAI reanalysis
data and the two climate models used here have deficien-
cies in capturing the observed soil temperature, and the
sensitivity experiments with imposed LST/SUBT anoma-
lies over the TP are crucial to understand their impacts on
S2S precipitation prediction.

55598

52866

The model’s ability to correctly simulate synoptic wave
pattern is crucial to capture the impact of LST/SUBT
anomaly on the remote precipitation prediction. Xue et al.
(2022) indicated that those hotspots region along the Tibetan
Plateau-Rocky Mountain Circumglobal (TRC) wave train
show more consistencies among the LS4P climate mod-
els. This wave train starts from the TP through Northern
East Asia and the Bering Strait to the western part of North
America. The TP LST/SUBT influences the precipitation in
the downstream region, including North America, through
a midlatitude wave train signal. To examine the impact of
nudging on the initial synoptic wave pattern, we evaluate
the fidelity of simulated non-zonal geopotential height at
200 hPa on April 30th, 2003 (Fig. 5), which could represent
the initial condition of the wave train. Overall, the experi-
ments without using nudging (EXPO) suffer difficulties in
capturing the ERAI wave pattern. For example, the EXPO
of E3SMv1 shows high-pressure anomalies over western
North America and low-pressure anomalies over eastern
North America, which is opposite from that in ERAI In

52652 56137

Depth [m

-
; [~ %

Depth [m]

—— OBS
% ERAl

==== ‘CIESM: EXPO
= CIESM: EXPO-Nudg

degC

---- E3SMv1: EXPO
—— E3SMv1: EXPO-Nudg

Fig.4 Soil temperature profiles at observational sites shown in Fig. S1. Black: observation; blue dashed: E3SMv1 EXPO; red solid: E3SMv1
EXPO0-Nudg; red dashed: CIESM EXPO; blue solid: CIESM EXP0-Nudg; green asterisk: ERAI
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Fig. 5 Non-zonal geopotential
height at 200 hPa (m) from a
ERAI b CIESM EXP0-Nudg,
¢ CIESM EXP0, d E3SMvl
EXPO0-Nudg, and e E3SMvl
EXPO on April 30th, 2003

180

general, the simulations using nudging (EXP0-Nudg) from
both models improve the simulated wave train pattern over
their counterpart without using nudging (EXPO0). Therefore,
nudging provides a good atmospheric large-scale condition
for simulating the impact of TP LST/SUBT anomaly on pre-
cipitation prediction through teleconnections.

In summary, we establish that the nudging approach
indeed helps generate a better atmospheric and land initial
condition for lower atmospheric temperature and winds,
land soil temperature, and synoptic wave pattern in the two
models. In the next section, we will present the impact of
the better initial conditions on reproducing the springtime
TP LST/SUBT anomaly and characterizing the summertime
precipitation response in the two models.

3.2 The impact on precipitation response to TP LST/
SUBT anomaly

In this section, EXP1 and EXP2 with and without nudging
initial conditions are used. As described in Sect. 2.2, the
pair of 2-month standard experiments (EXP1 and EXP2)
is used to quantify the impact of the imposed May TP soil
temperature anomaly (land mask) on the June precipitation
prediction.

Comparing to the observation, E3SMv1 generally has a
cold bias and CIESM has a warm bias over the TP (Fig. 6).
This indicates that the imposed land mask will reduce
E3SMvl1 cold bias and CIESM warm bias to make them
warmer and colder, respectively, as shown in Fig. 6. The
temperature bias is -0.65 K for EXP1-NudgIC of E3SMvl,
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—2.73 K for EXP1 of E3SMv1, 1.36 K for EXP1-NudgIC of
CIESM, and 1.80 K for EXP1 of CIESM. The LS4P objec-
tive is to examine whether the observed cold May 2003
TP anomaly causes the observed remote June precipita-
tion anomalies over hotspots worldwide. Therefore, EXP1
(cold TP surface) -EXP2 (warm TP surface) for E3SMv1
and EXP2 (cold TP surface) -EXP1 (warm TP surface) for
CIESM are used to examine the effect of cold May 2003
anomaly on the global June precipitation anomaly. The May
temperature response over the East Asia due to the imposed
soil temperature anomalies is shown in Fig. 7. Indeed, the
imposed TP soil temperature anomalies are able to produce
a cooling effect in all experiments (Fig. 7b—d) as indicated in
the observation (Fig. 7a). The spatial map of June precipita-
tion responses and eight hotspots are shown in Figure S3.

We summarize the May 2-m air temperature and June
precipitation responses in Fig. 8 and Table S1. All four
experiments capture the TP cooling, but the absolute mag-
nitudes are smaller (ranging from — 0.22 to — 0.78 K)
than that in the observation (— 1.82 K). Simulations with
nudged initial conditions better capture the precipitation
responses as observed (Fig. 8b, ¢). For example, simula-
tions with nudged IC capture the drying over the North-
west America and the wetting over the Southern Great
Plains, while simulations without nudged IC produce the
opposite signals. Overall, the mean RMSE of precipitation
over all eight hot spots are reduced in simulations with
nudged initial conditions (1.58 mm/day for E3SMv1 vs
1.06 mm/day for E3SMv1 + NudgIC, and 1.50 mm/day for
CIESM and 1.30 mm/day for CIESM + NudgIC).
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Fig.6 The simulated May 2-m
air temperature (T2m; K) bias

T2m bias

T2m bias

(a) E3SMv1: EX-NungC

relative to observation over East
Asia from a E3SMv1 EXP1-
NudgIC; b E3SMv1 EXPI; ¢
CIESM EXP1-NudgIC; and d
CIESM EXP1

(b) E35Mv1: EXP1

Fig.7 The 1st—15th May

2003 2-m air temperature (K)
anomaly relative to the climatol-
ogy from observation (a) and
response due to imposed land
mask for E3SMv1 (b, ¢) and
CIESM (d, e) with (b, d) and
without (¢, e) nudging ICs
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Compared to simulations without nudged ICs, the
produced TP 2-m air temperature anomalies are comparable
(E3SMv1) or even larger (CIESM) in simulations without
nudged ICs (Fig. 8a). However, the June precipitation
responses do not align more closely with the observation
in those simulations without nudged ICs (Fig. 8b, c). This
implies that, besides the ability to reproduce the cooling
temperature anomaly as in the observation, the better initial
condition, especially the large-scale wave train, is important
to reproduce the observational June precipitation responses.

Interestingly, regarding the CIESM model, even if the
nudged initial condition is used, the signals of precipitation
anomaly are wrong for areas like SYRB, NEastAsia and

NW_US. In contrast, E3ASMv1 only produces the wrong sig-
nal for NEastAsia when using the nudged initial conditions.
These model differences are likely related to the different
model physics as listed in Table 1. Meanwhile, after using
the nudged initial conditions, E3SMv1 better maintains the
May temperature anomaly than CIESM. CIESM without
the nudged initial conditions produces a comparable tem-
perature anomaly as the observation. It might be caused by
the altered land-air interaction after the nudging in CIESM,
which makes heat more difficult to be preserved in the soil.
Further investigation and sensitivity analysis are required

@ Springer
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Fig.8 a TP 2-m air temperature anomaly (K) from 1st-15th May
2003 observation, 15-day averaged 2-m air temperature responses in
E3SM and CIESM simulations with nudging ICs (i.e., EXP2-NudgIC
minus EXP1-NudgIC) and E3SM and CIESM simulations without
nudging ICs (i.e., EXP2 minus EXP1) simulations. b, ¢ June pre-
cipitation response (mm/day) over eight hot spots. SYRB: South of
Yangtze River Basin (112-121° E; 24-30° N); NEast Asia: North of

to comprehensively understand the specific reasons behind
the model discrepancy but beyond the scope of this study.

4 Conclusions and discussions

Our study demonstrates the importance of the nudging
approach to produce a more realistic initial condition
to investigate the impact of LST/SUBT anomaly on
subseasonal-to-seasonal (S2S) precipitation prediction with
two climate models. Nudging towards the reanalysis winds,
the model initial conditions (of both atmosphere and land)
become more consistent with observations. Furthermore,
using the nudged initial conditions lead to a more consistent
June precipitation responses to the imposed TP LST/SUBT
anomaly globally while compared with the observation.
Overall, our findings emphasize the important role that more
realistic initial conditions, especially the large-scale wave
train, play when applying climate models for S2S prediction
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East Asia (120-135° E; 40-50° N); E Africa: East Africa (27-37° E;
3°S-8° N); Sahel: Sahel (12° W-13° E; 10.5-16° N); SGP: South-
ern Great Plains (105-90° W; 30-40° N); Central America: Central
America (110-87° W; 13-29.5° N); N South America: Northern
South America (80-51° W; 4-12.5° N); and NW_US: Northwest
United States (124-105° W; 45-55° N). The definitions of hotspots
are referred from Xue et al. (2022)

in the context of mimicking observations for selected time
periods.

The May temperature can quickly deviate from the
nudged initial conditions when models begin to freely run
in May 2003 due to the short memory of the atmosphere.
However, simulations with nudged initial conditions better
capture the June precipitation responses worldwide. This
likely manifests the combined effect of the imposed soil
temperature anomaly, more reasonable initial conditions
(including large-scale circulation patterns) and slightly
better soil temperature profile (then soil memory), which can
help regulate the large-scale circulation and the responsive
wave train that affect the remote S2S precipitation responses.
Although the simulated soil temperature profiles with
nudging are slightly better in some observation sites, they
still have large biases compared with the observation.
Unfortunately, both models lack the nudging capability in
their current land models. When such a capability becomes
available in future versions, we expect that applying the
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nudging approach to the land component might be helpful
to improve initial conditions of the land model and further
improve the S2S precipitation predictions.

Some experiments produce a weaker May 2-m air
temperature anomaly relative to the observation, partly
because the model’s inability to maintain the cold
temperature anomaly for the entire month. This inability
to maintain the cold temperature anomaly for the whole
month may be the cause of the weak precipitation response
over the upstream regions, like Sahel. Previous studies
indicated that the upstream precipitation response is linked
to the zonal and meridional circulation anomalies due to
the anomalous Tibetan heating or cooling (Lu et al. 2018;
Nan et al. 2019), rather than the downstream TRC wave
train (Xue et al. 2022).

In this study, we find that good initial conditions are
critical in successfully simulating the impact of LST/SUBT
on precipitation predictability for climate models. However,
as shown in Fig. 8, the two models still have significant
discrepancies in capturing the precipitation, especially over
hot spots in East Asia. This hints that the climate model’s
skill to capture near downstream relationships may also
require more reasonable representations of the complex
topography and better initialized land components, which
can be achieved by high-resolution models, such as the
high-resolution E3SMv1 (Caldwell et al. 2019) and the
regionally refined E3SM configurations (Tang et al. 2019,
2023). It would be helpful to further explore the impact of
different resolutions on S2S prediction, and evaluate their
contributions compared to the better initial condition as
shown in this study. Considering the high computational
cost of the globally uniform high-resolution model, regional
refined models (e.g., Tang et al. 2019; 2023) provide good
opportunities to explore the model resolution impacts
on S2S prediction in an economic way. Recent studies
(Hoffmann et al. 2019; Hersbach et al. 2020) show that
ERAS5 performs better than ERA-Interim when used in a
nudging simulation, especially for near-surface fields and
precipitation. Incorporating ERAS in the ongoing LS4P
Phase II could help expand on the findings of the current
study and perform a robust cross-validation of results
obtained from ERA-Interim. Furthermore, soil moisture is
also important to generate a realistic initial condition for S2S
prediction (Ardilouze and Boone 2023). Its impacts deserve
further investigations in further LS4P activities.
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