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Abstract: The lagged relationship between Kara—Barents sea ice and summer precipitation in eastern
China is evaluated for Chinese models participating in phase 6 of the Coupled Model Intercomparison
Project (CMIP6). A previous study revealed a dipole rainfall structure in eastern China related to
winter Arctic sea ice variability. Almost all Chinese CMIP6 models reproduce the variability and
climatology of the sea ice in most of the Arctic well except the transition regions with evident biases.
Further, all Chinese CMIP6 models successfully simulate the decreasing trend for the Kara—Barents
sea ice. The dipole centers located in the Yangtze-Huai River Valley (YHRV) and South China
(SC) related to Kara—Barents sea ice variability are simulated with different degrees of success.
The anomalous dipole rainfall structure related to the winter Kara—Barents sea ice variability can
roughly be reproduced by two models, while other models reproduce a shifted rainfall anomaly
pattern or with the sign reversed. The possible delayed influence of sea ice forcing on early summer
precipitation in China is established via three possible processes: the long memory of ice, the long-
lasting stratospheric anomalies triggered by winter sea ice forcing, and the downward impact of the
stratosphere as the mediator. Most Chinese models can simulate the negative Northern Hemisphere
Annular Mode (NAM) phase in early winter but fail to reproduce the reversal of the stratospheric
anomalies to a positive NAM pattern in spring and early summer. Most models underestimate
the downward impact from the stratosphere to the troposphere. This implies that the stratospheric
pathway is essential to mediate the winter sea ice forcing and rainfall in early summer over China for
CMIP6 models.

Keywords: rainfall in China; CMIP; Kara—Barents sea ice

1. Introduction

Sea ice is a crucial component in the Arctic marine system, whose impact on global
weather and climate change is observable. Arctic sea ice variability can prevent momentum,
heat, and moisture exchanges between air and ocean and modulate surface albedo [1-3].
Both the thickness and coverage of ice have shown a dramatic declining trend over the
past decades [4-6]. Sea ice melting weakens westerlies at the upper level and drives the jet
stream to move northward, increasing the risk of heat waves in the summer [7]. Therefore,
special attention should be paid to polar sea ice variability, which has deep implications for
the forecasts of climate and weather extremes in the Northern Hemisphere [8].

Recent studies have shown that atmospheric teleconnection across mid-to-high lati-
tudes can bridge the remote impact of sea ice on extreme weather and climate in Eurasia
and North America [9,10]. The blocking circulation and planetary waves can be ampli-
fied due to the reduced temperature gradient between high and midlatitudes with the
ice loss [11-14]. Other researchers have also documented that winter atmospheric circu-
lation may be affected by autumn-winter sea ice forcing [15-17]. For instance, sea ice
variabilities across Greenland in winter could affect the summer atmospheric circulation
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and therefore lead to rainfall changes in Eurasia [9,13,18]. Anomalous sea ice loss in
the Barents—Kara-Laptev Seas in autumn may lead to extreme coldness in Eurasia in the
following winter [19]. Recent studies have noted the pathways by which stratospheric
anomalies can affect global climate and weather and proposed the influence of gravity
waves [20-22]. Some studies have also revealed the stratospheric changes associated with
ice change [23-25], which could further trigger a downward influence on regional rainfall
and atmospheric circulation. For instance, Yang et al. [25] indicated that the NAM response
in the stratosphere is reversed in spring following sea ice loss in the Kara—Barents Seas,
which is possibly due to the fact that the suppressed waves in winter tend to break out
in the following months and contribute to a weaker polar vortex. This reversal of the
stratospheric circulation anomalies from early winter to spring has also been noticed by
Hu et al. [26]. Other studies have emphasized that the anomalous ice forcing is followed by
a strengthened troposphere—stratosphere interaction [27,28].

Recent studies have explored the possible connections between rainfall anomalies in
the Northern Hemisphere and Arctic ice [29,30]. The Bering and Okhotsk sea ice loss in
spring tends to be followed by the southward extension of Arctic cold air, contributing
to a wetter pattern in southeastern China [31]. The increase (decrease) of Arctic ice in
spring may exert a drier (wetter) pattern in South China and a wetter (drier) pattern in
northeast China [32]. The Barents sea ice variability in June can lead to a triple rainfall
structure across eastern China in August [33]. The potential connections between other
climate elements and sea ice anomalies are also examined, including surface temperature
and haze pollution [34,35].

Several studies have revealed that the Kara—Barents seas are a key region with large sea
ice variability [36-38]. The cold extremes across northern continents are often accompanied
by Kara—Barents sea ice decline [16,38]. The weakening of the winter Siberian high may
also be relevant to the growth of autumn Kara-Barents sea ice, which can, in turn, weaken
the East Asian winter monsoon and lead to increased temperatures in China [39]. Many
studies have indicated that summer climate elements in northeast Asia are also affected
by the Barents sea ice [33,40,41], especially rainfall. For instance, Barents sea ice anomalies
may affect Eurasian atmospheric circulation and the precipitation distribution of East
China in the late spring and early summer [42]. Kara—Barents sea ice variability could also
influence the cyclonic circulation over Siberia and the Kara—Barents seas, which further
cause heatwave events in North China and create favorable conditions for precipitation
over southern North China [43]. Han et al. revealed that the Kara-Barents sea ice variability
in early spring could affect midsummer rainfall in northeast China, which is important for
local agriculture production [44].

Compared with the former phase, the Coupled Model Intercomparison Project Phase 6
(CMIP6) has been improved in several aspects, such as the resolution and the physical
processes [45,46]. A previous study documented that the multimodel ensemble mean
can well represent the trend and the annual cycle of sea ice [47]. However, the possible
teleconnection related to the sea ice variability has not been assessed for CMIP6 models.
Yang et al. [25] established a robust linkage between Kara—Barents sea ice variability and
June precipitation over eastern China. The aim of this study is to fully assess the ability of
Chinese CMIP6 models to capture the lagged sea ice—rainfall relationship between Arctic
sea ice and rainfall in China with an expectation of providing a first-hand reference for
Chinese modeling groups to further improve the overall performance of the models.

The article is constructed as follows: Section 2 describes the datasets and methods
used. Section 3 presents the simulation results for sea ice, rainfall, and their relationship
using Chinese CMIP6 models. The physical processes are also analyzed in this section,
including the sea ice persistency, the atmospheric changes from the troposphere to the
stratosphere related to Kara—Barents sea ice variability, and the possible downward impact
from the stratosphere. Finally, the discussion and conclusions are presented in Section 4.
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2. Materials and Methods
2.1. Baseline Data

Several datasets are used as a baseline to assess the results of the sea ice-precipitation
relationship in ten Chinese CMIP6 models. The monthly data of sea ice concentration
(SIC) is obtained from the UK Met Office Hadley Centre (MOHC), which has a horizontal
resolution of 1° x 1° (latitude x longitude) and spans from 1870 to the present [48]. The
sea ice concentration (SIC) refers to the proportion of the grid area covered by sea ice.
The most recent modern reanalysis from ECMWF (ERAS5) [49] is also adopted in this
study, which has a finer horizontal resolution (0.25° x 0.25°, latitude x longitude) at
37 pressure levels. We downloaded this dataset ata 1.5° x 1.5° resolution from 1979 to
2020 for easy reading and storage. Variables used include meridional winds, zonal
winds, and geopotential (divided by 9.8 to obtain geopotential heights) at 37 pressure
levels. In addition, the precipitation observations are provided by the Climate Prediction
Center Merged Analysis of Precipitation (CMAP) with a 2.5° x 2.5° resolution from
1979 to the near present [50]. Note that the relationship between the circulation and SIC
during 1979-2020 is nearly identical to that during 1950-2014, and only the results using
the data from 1979-2020 are shown to keep consistent with the time span of the available
CMAP data.

2.2. CMIP6 Models and Outputs

Ten Chinese CMIP6 models with historical run data available are used to examine the
performance of the state-of-the-art models in simulating the sea ice-rainfall relationship
and the associated processes. An introduction to the ten Chinese models is briefly listed
in Table 1. The full name, institution, resolution, sea ice, and land surface for each
CMIP6 model are also provided in Table 1. The historical experiment is driven by
observed historical forcings, which range from 1850 to 2014. We extracted the 1950-2014
period from the first historical run to denote the present climate conditions. The analyzed
variables include zonal winds, meridional winds, geopotential heights, precipitation,
and SIC.

Table 1. Ten Chinese CMIP6 models evaluated in this article with available historical run data.

Model Full Name (and Affiliation) Resolution (Top) Sea Ice Model Land Surface Model

Beijing Climate Center Climate T106L46

BCC-CSM2-MR System Model version 2 Medium (1.46 hPa) SIS2 BCC-AVIM2
Resolution (CMA BCC, China) ’

: Beijing Climate Center Earth System T421.26 3

BCC-ESMI Model version 1 (CMA BCC, China) (2.19 hPa) SIS2 BCC-AVIM2
Chinese Academy of Meteorological T106L31

CAMS-CSM1-0 Sciences Climate System Model (10 hPa) SIs1 CoLM
version 1 (CAMS, China)
Chinese Academy of Sciences Earth 1.4° x 1.4° L35

CAS-ESM2-0 System Model version 2 (CAS, China) (2.2 hPa) CICE4 ColM
Community Integrated Earth System  1° x 1° L30

CIESM Model (Thu, China) (2.26 hPa) CICE4 CLM4
Flexible Global
Ocean-Atmosphere-Land System C96L32

FGOALS-3-L Model Finite-volume version 3 Low (2.16 hPa) CICE4 CLM4

Resolution (CAS, China)
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Table 1. Cont.

Model Full Name (and Affiliation) Resolution (Top) Sea Ice Model Land Surface Model

Flexible Global
Ocean-Atmosphere-Land System 2° x 2° 126

FGOALS-g3 Model Grid-point version 3 (2.19 hPa) CICE4 VAS-LSM
(CAS, China)
First Institute of Oceanography Earth ~ FV09L25

FIO-ESM-2-0 System Model version 2 (FIO, China) (2 hPa) CICE4 CLM4
Nanjing University of Information T63147

NESM3 Science and Technology Earth System (1 hPa) CICE4.1 JABACH
Model version 3 (NUIST, China)

. Taiwan Earth System Model version1 FV09L30
TaiESMI (AS-RCEC, Taiwan, China) (2 hPa) CICE4 CLM4

2.3. Methods

The lead/lag regression and composite are employed to examine the potential linkage
between winter ice and early summer precipitation in China after both the seasonal cycle
and the trend in each calendar month are removed from each dataset for each variable.
Several indices are calculated as follows. The area-averaged SIC over 20-90°E and 65-85°N
(i.e., SIC weighted by the cosine of the latitude) refers to the Kara—Barents sea ice index.
Rainfall in two subregions of China is significantly correlated with the Kara—Barents SIC.
One of the regions is the Yangtze-Huai River Valley (YHRYV, 110-122°E, 28-36°N), and the
other is South China (SC, 105-122°E, 22-28°N).

3. Results
3.1. Climatology of SIC and Rainfall in CMIP6 Models
3.1.1. Climatology of the SIC in the Arctic

The mean state of the ice in November—December in observations and 10 CMIP6
models are shown in Figure 1. Yang et al. [25] have shown a larger SIC variability in
November—December than in other months, so we focus on those two months. In obser-
vations, full sea ice is distributed in most of the Arctic Ocean (Figure 1k). Most Chinese
CMIP6 models (excluding CIESM) successfully simulate the distribution of Arctic SIC
(Figure 1a—j). A previous study has suggested that SIC biases are mainly situated in
the Okhotsk, Bering, Barents, and East Greenland Seas [51]. The Kara—-Barents SIC in
FIO-ESM2-0, NESM3, and TaiESM1 is well simulated, while six models (Figure 1a—d,f,g)
overestimate the Kara—Barents SIC. In contrast, the SIC is not reasonably simulated
in CIESM.

Figure 2 shows the variability of Arctic SIC in November and December for Chinese
CMIP6 models and observations. In observations, the regions covered with full ice
show little SIC variability, and the large variability usually appears in the transition
regions (Figure 2k). We also noted that the Kara—Barents Seas show the largest SIC
variability in the subpolar regions. The Chinese CMIP6 models simulate the distribution
of SIC variability with different degrees of success. The maximum centers and ampli-
tudes of SIC in FGOALS-{3-L, FIO-ESM2-20, NESM3, and TaiESM1 are fairly similar
to observations (Figure 2f,h—j). The SIC variability centers are biased equatorward
in four models (Figure 2a—d). The maximum SIC variability in FGOALS-g3 is biased
westward (Figure 2g), while the SIC variability in CIESM is illusively large in most of
the Arctic Ocean.
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Figure 1. Climatology of the Northern Hemisphere SIC in November and December for (a—j) ten
CMIP6 models and (k) observations. The Kara—Barents Seas (20-90°E, 65-85°N) are marked in
the box.

(a) BCC-CSM2-MR (b) BCC-ESM1

0 01 02 03 04 05 06 07 08 09 1

Figure 2. As in Figure 1, but for the standard deviation of the Northern Hemisphere SIC in November
and December for (a—j) ten CMIP6 models and (k) observations.
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3.1.2. Climatology of Early Summer Rainfall

Guo et al. [52] showed that the East Asia summer monsoon (EASM) is significantly
related to the Arctic SIC in spring. It is necessary to test the Chinese CMIP6 models’
performance in simulating East Asia rainfall before the lagged relation between the Arctic
SIC and rainfall is established. Figure 3 shows the variability and the climatology of June
rainfall in East Asia for the CMIP6 models and CMAP observations. The total monthly
precipitation declines from southeast to northwest, and two centers are present in CMAP:
YHRV and SC (Figure 3k). The precipitation variability also decreases from south to north,
and two variability centers are evident. The Chinese models reasonably simulate the general
distribution of the climatology and variability of June rainfall in China (Figure 3a—j). Half
of the Chinese models overestimate the June precipitation in both of the two key regions
(Figure 3a—c,f,g). Three models reproduce the June precipitation in the south well but
underestimate the monthly precipitation in the north (CAS-ESM2-0, NESM3, and TaiESM1;
Figure 3d,ij). Further, the Chinese CMIP6 models also show a similar rainfall variability
distribution to the CMAP observations. Namely, the maximum rainfall variability is mainly
located over the coastal regions and the ocean, and the rainfall variability declines from the
south to the north.

(a) BCC-CSM2-MR (b) BCC-ESMH1 (c) CAMS-CSM1-0
‘_ “

80°E 100°E 120°E 80°E 100°E 120°E 80°E 100°E 120°E

(d) CAS-ESM2-0 (e) CIESM (10%) (f) FGOALS-f3-L
- 7

80°E 100°E 120°E 100°E 120°E 80°E 100°E 120°E
(g) FGOALS-g3 (h) FIO-ESM-2-0 (i) NESM3

80°E 100°E 120°E

(j) TaiESM1

Precipitation (mm)

T I I [ [ I | [ [T
0 10 20 30 40 50 60 70 80 90 100

Figure 3. Climatology (contours; units: mm) and variability (shaded; units: mm) of June rainfall for
(a—j) ten CMIP6 models and (k) CMAP observations. The relatively large rainfall variability centers
are shown in purple boxes, i.e., the YHRV (110-122°E, 28-36°N) and SC (105-122°E, 22-28°N).
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Figure 4 presents the climatology and variability of June rainfall in two focused
regions, namely YHRV and SC. The monthly mean rainfall is ~190 mm in YHRV from
the observations (Figure 4a). Seven models (Figure 3a—d,f,g,i) underestimate the average
rainfall in the YHRYV, while the remaining three models slightly overestimate the rainfall.
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Figure 4. The mean state (gray bars) and standard deviation (error bars) of the June precipitation
(units: mm) in (a) the YHRV and (b) SC for CMIP6 models and CMAP observations.

The average June precipitation in SC is ~250 mm from the observations. The under-
estimated seven models in SC are the same as that in YHRV. The remaining three models
slightly overestimate the June rainfall. Therefore, the Chinese CMIP6 models have a
systematic wet or dry bias across eastern China.

3.2. Physical Analysis of the SIC-China Rainfall Linkage
3.2.1. Relationship between the Kara—Barents SIC and June Precipitation in Eastern China

Several studies have explored how anomalous sea ice may influence atmospheric
circulation and summer rainfall [13,27,29,31,53]. Yang et al. [25] found a potential lagged
link between the Kara—Barents sea ice forcing and June precipitation in China. Figure 5
shows the regressed June rainfall against the SIC index in the Kara—Barents Sea in the
preceding winter for the observations and 10 Chinese CMIP6 models. An observed dipole
rainfall pattern forms in June across East China, and two strong response centers can be
seen: one across YHRV (110-122°E, 28-36°N) and the other across SC (105-122°E, 22-28°N)
(Figure 5k). Namely, a growth (loss) of Kara—Barents SIC in November and December
corresponds to more (less) June precipitation in the north and less (more) precipitation
in the south. However, very few models can simulate the observed sea ice-rainfall rela-



Remote Sens. 2023, 15, 2111

8 of 20

tionship (Figure 5a—j). This dipole rainfall pattern, namely dry in the south and wet in
the north, is just roughly reproduced by two models (Figure 5c,h), although the ampli-
tude is insignificant and weak. FGOALS-g3 simulates an overall opposite pattern to the
observations (Figure 5g). However, a monopole or shifted rainfall patterns appear in other
models in eastern China. BCC-CSM2-MR (Figure 5a) simulates a dry pattern across eastern
China with the increase of sea ice, while the remaining models simulate a uniform wet
pattern (Figure 5d—f,j). A wet pattern is reasonably captured in the north, but the signals
are missing in the south in BCC-ESM1 (Figure 5b). NESM3 simulates a westward-shifted
wet rainfall anomaly pattern. The simulated rainfall response to the Kara—Barents SIC
diverges among the CMIP6 models, and it is common for the ten Chinese CMIP6 models to
underrepresent the sea ice—rainfall relationship.

(a) BCC-CSM2-MR

(b) BCC-ESM1

(c) CAMS-CSM1-0

L
50°N = F 50°N L 50°N ] o
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Figure 5. Lagged regression of June rainfall (units: mm) against the standardized Kara-Barents SIC
index in November-December for (a—j) ten CMIP6 models and (k) CMAP observations. The purple
boxes mark the YHRV (110-122°E, 28-36°N) and SC (105-122°E, 22-28°N) regions. Regressions are
highlighted with dots if they are above the 95% confidence level.
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3.2.2. The Persistency of Ice

The connection between winter SIC in the Kara-Barents Seas and summer rainfall has
been established in the reanalysis. However, it is still unclear how this pathway forms. The
possible lagged impact of SIC is due to its long memory [25]. The evolution of the regressed
standardized bimonthly Arctic SIC in the Kara—Barents Seas (20-90°E, 65-85°N) from early
winter to early summer against the bimonthly (November-December mean) SIC index is
shown in Figure 6 for the observations and 10 Chinese CMIP6 models.

(a)

——o0BS
——BCC-CSM2-MR
——BCC-ESM1
CAMS-CSM1-0
——CAS-ESM2-0
——CIESM
——FGOALS-f3-L
—FGOALS-g3
——FI0-ESM-2-0
——NESM3
TaiESM1

0
[ [ [ [ [
Nov Dec Jan Feb Mar Apr May Jun
Year

(b3) BCC-CSM2-MR  (b4) BCC-CSM2-MR

X2 i ; ol
' £ | .

I I [
-04 -03 -0.2 -0.1 -0.05 0.05 0.1 02 03 04

Figure 6. (a) Regressed bimonthly Arctic SIC anomalies against the Kara—Barents SIC index in
November-December for ten CMIP6 models and observations as a representation of the SIC persis-
tency. (b—e) Spatiotemporal evolution of regressed SIC anomalies from early winter to early summer
against the standardized Kara—Barents SIC index for three typical CMIP6 models and observations.
The regression is marked by black contours if it is above the 95% confidence level.
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In general, both the observations and models show a persistent weakening of SIC
anomalies from November to June. From November to January, the Kara—Barents SIC
anomalies weaken gradually but still do not diverge among the CMIP6 models. The self-
persistency of SIC in two models (NESM3 and TaiESM1) is too strong, while it is too low in
six models (Figure 1a—e,g). The overestimated (underestimated) SIC represents a longer
(shorter) memory of SIC in models, which might lead to an underrepresentation of the
SIC teleconnection. The seasonal evolution of the Kara—Barents SIC in FGOALS-{3-L and
FIO-ESM-2-0 is similar to the observations.

The spatial distribution of SIC is largely biased from observations for nearly all mod-
els. The SIC variability is relatively independent in the Kara—-Barents Seas in observa-
tions, while models simulate a relatively large covariance between Kara—Barents SIC and
other Arctic regions (Figure 6b—e). The Kara—Barents SIC anomalies are significant in
November-December and persist in January—February in observations. The area and cov-
erage of SIC anomalies show significant shrinkage in March—April but still remain until
May-June (Figure 6e). Three typical models are selected to examine the persistency of
SIC in the Kara—Barents Seas, which respectively represent the too-strong, too-weak, and
more realistic SIC memory in the Kara—-Barents Seas as compared with observations. All
three models simulate a larger SIC variability in the Arctic Ocean. Namely, the SIC vari-
ability is much larger in the models than in observations outside the Kara—Barents Seas.
Therefore, the SIC variability in the Kara—Barents Seas from the CMIP6 models shows a
larger dependence on that in other Arctic regions.

3.3. A Perspective from the Stratosphere—Troposphere Coupling
3.3.1. Stratospheric Circulation Anomalies following SIC Forcing

Figure 7 illustrates the concurrent regression of stratospheric circulation anomalies in
November-December at 10 hPa against the Kara—Barents SIC index in November-December
for both the CMIP6 models and the reanalysis. Significant height anomalies instantly occur
in the stratosphere following the variability of Kara—Barents SIC in November-December
(Figure 7k). The anomalous height structure exhibits a positive annular mode pattern in
the Northern Hemisphere (NAM), corresponding to the strengthening of the stratospheric
polar vortex. Previous studies have also identified a similar response in the stratosphere
to the SIC decline over the Arctic [23,24,54]. Most of the Chinese CMIP6 models simulate
a positive phase of the NAM in January—December. Specifically, most models reproduce
a negative height anomaly patch over the Arctic. However, the NAM-like response is
reversed in CIESM (Figure 7e). The positive NAM-like response is present in six models
(Figure 7a—d,i,j). Three models (Figure 7f-h) simulate a strong wave-like response: the
anomalous high and low distribute evenly in the circumpolar region. Those biases in the
stratospheric anomalies associated with Kara—Barents SIC variability are possibly related
to the biased in the mean state of the Arctic SIC and the too-strong covariance of the
SIC variability.

Yang et al. [25] indicated that the NAM response in the stratosphere is reversed in
spring, which is possibly due to the fact that the suppressed waves in winter tend to break
out in the following months and contribute to a weaker polar vortex. Hu et al. [26] also
revealed this reversal of the stratospheric circulation anomalies from early winter to spring.
The lead/lag regression of the bimonthly mean geopotential heights at 10 hPa in May—June
against the Kara—Barents SIC index in November—December is illustrated in Figure 8 for the
CMIP6 models and the reanalysis. Contrary to the stratospheric response in November and
December, negative height anomalies are simulated in midlatitudes in May-June, while
weak positive height anomalies can be seen in the Arctic stratosphere, most of which can be
described by the negative phase of the NAM in the reanalysis (Figure 8k). The proficiency of
the CMIP6 models is divergent in reproducing the negative NAM response. Nearly half of
the models (Figure 8b,c,e,h,j) can reproduce the anomalous high in the Arctic stratosphere,
with the most skillful one being TaiESM1 (Figure 8j). However, four models (Figure 8a,f,g,i)
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simulate a reversed height anomaly pattern. One model (Figure 8d) shows little anomalous
height change.

(a) BCC-CSM2-MR (b) BCC-SM1

(i) TaiESM1

7N
ey

[
-50 —-40 -30 -20 -10 -5 5 10 20 30 40 50

Figure 7. Concurrent regression of bimonthly mean heights at 10 hPa (units: gpm) in
November-December against the standardized Kara—Barents SIC index for (a—j) ten CMIP6
models and (k) observations. Regressions are highlighted with dots if they are above the
95% confidence level.
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(a) BCC-CSM2-MR (b) BCC-ESM! (c) CAMS-CSM1-0
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Figure 8. Lead/lag regression of bimonthly mean geopotential heights at 10 hPa (units: gpm) in
May-June against the standardized Kara—Barents SIC index in early winter for (a—j) ten CMIP6
models and (k) observations. Regressions are highlighted with dots if they are above the
95% confidence level.

3.3.2. Tropospheric Circulation Anomalies following SIC Forcing

Figure 9 shows the regressed atmospheric circulation in November—December at
200 hPa against the Kara-Barents SIC index in November—-December for both the CMIP6
models and the reanalysis. Similar to the stratospheric pattern, the midlatitudes are
covered with anomalous highs, and the Arctic Ocean is covered with anomalous lows in
the reanalysis from November to December (Figure 9k). The observed tropospheric height
anomaly pattern also highly resembles the positive NAM pattern, although the high band in
the midlatitudes is split, possibly due to the interference of the direct tropospheric response
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to SIC forcing. Namely, the Kara—Barents Seas is the region where the maximum negative
height anomalies are observed. The negative height anomalies over the Kara-Barents Seas
are simulated with different degrees of success (Figure 9a—j). The low response to the SIC
forcing is biased from the Kara—Barents Seas in CAS-ESM2-0, which can be attributed to
biases in the SIC variability. Three models (Figure 9a,i,j) simulate a too-homogenous low
anomaly pattern. In contrast, the high responses are realistically present over northern Eurasia
and around Greenland in four models (Figure 9b,e—g). Namely, the tropospheric response
behaves in a wave train pattern emitting from the Kara—Barents Seas linked with the thermal
forcing, although the NAM pattern is clearly observed from the stratosphere. Yang et al. [25]
suggested that the tropospheric response in midwinter and spring is a combination of the
stratospheric pathway and tropospheric wave train directly forced by SIC forcing.

(a) BCCSM2-MR (b) BCC-ESM1

-50 —-40 -30 -20 -10 -5 5 10 20 30 40 50

Figure 9. Concurrent regression of bimonthly mean heights at 200 hPa (units: gpm) in November—
December against the standardized Kara-Barents SIC index for (a—j) ten CMIP6 models and
(k) observations. Regressions are highlighted with dots if they are above the 95% confidence level.
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Tropospheric height anomalies in the summer following Kara—Barents SIC forcing are
shown in Figure 10 for the CMIP6 models and observations. Different from the response
in the winter, a positive local height anomaly lobe forms in May and June following a
SIC growth in the Kara—Barents Seas (Figure 10k). A negative lobe can be seen over
northeast Asia, while a positive lobe forms in the adjacent ocean near Japan. However,
most models cannot simulate the wave train across the Kara—Barents Seas, Asia, and the
Pacific. Specifically, illusive anomalous lows from the Kara—Barents Seas to East Asia
and the northeast Pacific are simulated by six models (Figure 10a,b,d f,g,ij). All CMIP6
models simulate a less organized wave train response than seen in the observations. The
overestimated covariance between the SIC in most regions of the Arctic mask the pure
impact of the SIC forcing from the Kara-Barents Seas. Very few models except FIO-ESM-2-0
can simulate the low response in northeast Asia and the high response in Japan.

(a) BCCSMZ-MR (b) BCC-ESM1

180

180

180

-50 —-40 -30 -20 -10 -5 5 10 20 30 40 50

Figure 10. Lead/lag regression of bimonthly mean geopotential heights at 200 hPa (units: gpm) in
May-June against the standardized Kara—Barents SIC index in early winter for (a—j) ten CMIP6 models
and (k) observations. Regressions are highlighted with dots if they are above the 95% confidence level.
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Figure 11 presents the lead /lag regression of circulation anomalies at 700 hPa during
May-June against the Kara—Barents SIC index in early winter. In consistence with the height
anomaly lobes at 200 hPa, an anticyclone forms over the northeastern Pacific Ocean, and
an anomalous cyclone appears in northeast China, respectively. The northerly anomalies
appear in eastern China, west of the cyclone, and converge with the southwesterly anoma-
lies in YHRV (Figure 11k), which successfully explain the local wet conditions in June.
Most models fail to simulate the anomalous anticyclone over the northwest Pacific and the
cyclone over northeast China (Figure 11a—g). BCC-CSM2-MR simulates an anomalous anti-
cyclone over the sea and an anomalous cyclone in northern China. Southerly anomalies also
appear over the eastern coasts of China and converge with the northwesterly anomalies in
YHRV. Although the circulation centers are not evident in CAS-ESM2-0, the southwesterly
anomalies from SC to YHRYV are reproduced. Three models (FGOALS-g3, NESM3, and
TaiESM1) simulate the southeasterly anomalies over eastern China, which bring abundant
moist air. Two models (BCC-ESM1 and CAMS-CSM1-0) simulate anomalous northeaster-
lies in the north and anomalous southwesterlies in the south, corresponding to the local
increased precipitation for those two models. The convergence between southeasterlies
and northeasterlies in SC is modeled by CIESM, corresponding to the local wet conditions.
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Figure 11. Lead/lag regression of winds (units: m s~!) and divergence (units: s~!) anoma-
lies at 700 hPa in May-June against the standardized Kara—Barents SIC index for (a—j) CMIP6
models and (k) observations. The purple boxes mark the YHRV (110-122°E, 28-36°N) and
SC (105-122°E, 22-28°N) regions.
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3.3.3. Possible Delay via the Troposphere-Stratosphere Coupling

The potential sea ice-rainfall relationship can also be explained in view of cryosphere—
troposphere-stratosphere coupling. Troposphere-stratosphere interactions are strongly
related to the stratospheric polar vortex [24]. Figure 12 illustrates the regressed circum-
polar wind against the Kara—Barents SIC index in early winter. The polar vortex in the
stratosphere instantly strengthens from November to February when the Kara—Barents SIC
increases (Figure 12k). The strengthened polar vortex is followed by its weakening in the
spring. The anomalies in the stratosphere and the sign reversal from anomalous westerlies
to easterlies show a gradual downward propagation. In winter, the downward-propagating
signal can reach the near-surface, while it can only reach the upper troposphere in spring
and early summer. Most models largely underestimate the intensifying response of the vor-
tex (Figure 12a—j). The high-level response to the SIC forcing is missing in CAMS-CSM1-0,
and the strengthening response of the vortex is too fast and short in BCC-CSM2-MR
and NESM3.
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(a) BCC-CSM2-MR

1 1 —— 1
2 I 2 Qj/ 1 VT 2]
s 5] E 54 \/ |II = 5
R E B t 5
@ 1 k o 1 - @ 7
5 50 % ] S 504 \-\/ 5 50
2 1001 2100 1 8 100
£ 2004 & 2004 £ 2004
500 4 500 4 500 +
1000 T T T T T T 1000 T T T T T T 1000 T T T T T T
Nov Dec Jan Feb Mar Apr May Jun MNov Dec Jan Feb Mar Apr May Jun Mev Dec Jan Feb Mar Apr May Jur
Manth Manth Month
(d) CAS-ESM2-0 . (e) CIESM ) (f)y FGOALS-3-L
_ s 000 H '| N 2] I]I Uj | _ 2_|\Q‘Jy ]I ... [} I|
F \ F 5 | £ 5 \
£ = 104 ) | £ 104 { 1
o : @ 204 s 201 \\)
=1 Y = 50— = 50_
g £ 38 / ¢ 1%
o o 1 [ 1
500 — 500 1
T T T T T T 1000 T T T T T T 1000 T T T T T T
Nov Dec Jan Feb Mar Apr May Jun MNov Dec Jan Feb Mar Apr May Jun Nov Dec Jan Feb Mar Apr May Jur
Manth Maonth Month
] (g) FGOALS-g3 . (h) FIO-ESM-2-0 ; (i) NESM3
B T u T 2T T I'.I 1\/ ]I T ey /
F 5 Fos{i b i \ g5
< 5 S RN S8
@ b @ o [ @ 1/
2 507 2 507 _/ 2 507
2 1001 £ 100 8 100
£ 2001 £ 2001 £ 200+
500 4 500 4 500 4
1000 T T T T T T 1000 T T T T T T 1000 T T T T
Nov Dec Jan Feb Mar Apr May Jun Nov Dec Jan Feb Mar Apr May Jun Nov Dec Jan Feb Mar Apr May Jur
Manth Meonth Month
() TaiESM1 , (k) UBON
2 N 24 J AN R
— | = o
£ 5 | L R\ g 5-//\ :
£ 04— i £ 104 |/|’/|\ ;
s 201 DR @ 204 A i
2 40+ 2 S04 | e
2 100+ - - 2 1004 -0
£ 200 . £ 200 /
500 4 500 4~—_
1000 1000

MNov D‘ec Jén F(I:b M‘ar A;)r M:'iy Jun

Month Month
Figure 12. Lead/lag regressions of the zonal-mean zonal winds at 60°N from 1000-1 hPa (units:
m/s) against the standardized Kara-Barents SIC index in early winter for (a—j) CMIP6 models and
(k) observations. The solid and dashed contours represent the westerlies and easterlies, respectively.
Regressions are highlighted with dark/light shadings if they are above the 90%/95% confidence level.

Only two models (BCC-ESM1 and CIESM) can simulate the positive zonal wind
anomalies in the winter, but the wind reversal is missing. Anomalous easterlies are ob-
served before May and June throughout the stratosphere and troposphere. Three models
(BCC-CSM2-MR, NESM3, and TaiESM1) simulate the easterly anomalies before May and
June, although the seasonal evolution of the wind anomalies shows slight biases from
observations. In short, the observed stratosphere-troposphere—cryosphere coupling is not
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simulated in most CMIP6 models, which further limits the reproducibility of the linkage
between the SIC forcing and rainfall in China. It is still a challenge for the modeling groups
to improve the SIC simulation, especially for the air-SIC interaction over the Arctic.

4. Conclusions

The possible effect of SIC forcing in the Kara—Barents Seas on summer rainfall in China
has been observed in previous studies. However, the general performance of the CMIP6
models in reproducing the SIC-rainfall relationship has not previously been examined. A
better understanding of the SIC—rainfall relation and its simulation in models is necessary
for model development. The main findings of this article are as follows.

The long-term climatology and variability of Arctic SIC are compared for ten Chinese
CMIP6 models. The full SIC is located in most of the Arctic Ocean, where the SIC variability
is very small in winter. The largest SIC variability is mainly situated along the edge of the
Arctic SIC and the transition between the Arctic Ocean and continents—open sea water.
A typical region is the Kara—Barents Seas, where the observed SIC variability is evident
and relatively independent from that in other Arctic regions. Most models reasonably
simulate the overall SIC distribution, and six models slightly overestimate the SIC in the
transition zone. However, models tend to simulate too large a SIC covariance between the
Kara-Barents Seas and other Arctic regions.

The long-term mean and variability of June precipitation in eastern China are also
examined for CMIP6 models as compared to CMAP. All models simulate the general
distribution of rainfall climatology and variability: both the variability and the climatology
of rainfall in China decrease from the southeast to the northwest. However, the rainfall
variability in most models is larger than in observations.

The relationship between Arctic SIC in winter and rainfall in summer over East China
is also investigated for models. In observations, the Kara-Barents sea ice anomaly is linked
to the dipole rainfall structure in eastern China afterward. When sea ice increases, the
YHRV becomes wetter, and the SC becomes drier, respectively. This dipole rainfall pattern
is simulated with varying success. The dipole rainfall structure can only be simulated
by two models, although they underestimate the central amplitude of rainfall anomalies
connected to SIC forcing. The remaining models simply simulate a monopole or a shifted
rainfall pattern as compared with observations.

Possible factors for the missing SIC-rainfall relationship in the models include the
biases in the long memory of the Arctic SIC, underrepresentation of the circulation related
to the SIC anomalies, and misrepresentation of the stratosphere-troposphere coupling. In
observations, the Kara—Barents sea ice anomaly remains from November to June, while the
models behave with a widespread persistency of the SIC anomalies. Further, the observed
variability of Kara—Barents SIC is relatively independent of that in other Arctic regions,
while the SIC variability in the Kara-Barents Seas simulated by models covary with that in
other Arctic regions, which dampens the mere influence of the Kara-Barents SIC forcing.

The atmospheric circulation anomalies forced by the Kara—Barents SIC variation
change with the season. An annular mode pattern instantly forms in winter, which is
reversed in the stratosphere in spring. In early summer, the annular mode response in the
troposphere is entangled with a wave train excited across the Kara—Barents Seas, Asia, and
the Pacific. Due to the convergence of anomalous southwesterly and northeasterly winds
over YHRYV, a dipole pattern (wet YHRV-dry SC) is eventually generated in June. In early
winter, the positive NAM response is simulated in most models, while the negative NAM
is not easy to reproduce in spring for most models. The models are also unable to simulate
the reversal of the stratospheric NAM response, and the tropospheric wave-like pattern is
also shifted or missing in the models.

Most Chinese models produce the general distribution of the concurrent stratospheric
circulation anomalies related to the SIC anomalies in early winter. However, CMIP6 models
still do not well resolve the lagged impact of SIC on midlatitude circulation and rainfall
in China. The reproducibility of the SIC variability in the Kara—Barents seas is still low at
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present, and the overestimated coherence of the Arctic SIC is commonly present in models.
Further, biases in the stratospheric response to SIC further increase uncertainties in the
response of tropospheric circulation from winter to summer via stratosphere—-troposphere
coupling. Considering biases in the stratosphere, rainfall, and sea ice are still widely present
in the models, it is still a challenge for Chinese modeling groups to further improve the
stratosphere-troposphere—cryosphere coupling simulation.
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