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ABSTRACT

The East Asian Summer Monsoon (EASM) plays a pivotal role in redistributing water across East Asia, including contributing a
considerable flood risk due to the potential for localized extreme precipitation. To gain insights into future EASM changes, it is
crucial to explore the dynamics of a core driver of extreme precipitation during the EASM, the Mei-yu front (MYF). While prior
studies have examined various aspects of EASM in climate models, the comprehensive assessment of the dynamically important,
that is, MYF remains largely unexplored. In this study, we evaluate the Mei-yu front representation in 38 CMIP6 models from
May to August using the ECMWF Reanalysis version 5 (ERAS5) as reference. Our findings reveal that several CMIP6 models
struggle to accurately reproduce the MYF climatology, with performance varying by month. By categorizing models based on
the east-west bias of MYF position in May, we identify distinct monthly evolutions in these biases during the EASM season.
Our study shows a significant association between the misrepresentation of the MYF climatology in CMIP6 models and the
misrepresentation of the Western North Pacific High, particularly its western edge. Other potential sources of biases are based
on the misrepresentation of other large-scale circulation patterns, such as the South Asian High, and are also investigated.
Furthermore, the performance evaluation of different aspects of the EASM is compared to previous studies, and the transferabil-
ity of those principle evaluation findings is discussed.

1 | Introduction caused more than 100 billion RMB direct economic loss (Wei

et al. 2020), was observed in 2020 (Ding et al. 2021). A good

Understanding any potential changes in precipitation over East
Asia is important as it has a significant impact on the socio-
economic development and human life of over 1.6 billion peo-
ple (United Nations 2022). One of the major drivers of extreme
precipitation in this region is the so-called Mei-yu front (MYF),
which is a core dynamical feature of the East Asian Summer
Monsoon's (EASM) regional establishment. It is responsi-
ble for over 45% of total summer rainfall in the lower-middle
Yangtze River valley (Ding and Chan 2005). In particular, a
record-breaking amount of extreme Mei-yu precipitation, which

understanding of the physical mechanisms that could lead to the
occurrence of similar events would be crucial in the context of
hazard evaluation, especially to increase the hazard prepared-
ness for potential future climate conditions.

Many studies have investigated the potential changes in vari-
ous aspects of the EASM, such as the occurrence probability of
the related extreme precipitation events (Zhou et al. 2021; Wu
et al. 2023), and the large-scale circulation patterns in East
Asia (Wainwright et al. 2021; Yang et al. 2022; Horinouchi
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et al. 2023) in the future climate using climate model simula-
tions from the Coupled Model Intercomparison Project phase
5/6 (CMIP5/6). Many of the above studies utilized multi-model
ensembles (MME) of CMIP5/6 models to generate a mean es-
timate. These approaches aim to exploit the available model
simulations to capture uncertainties in the potential changes
across different scenarios and models, and thus provide a
mean projection of the EASM in an anthropogenic future cli-
mate. However, besides the issue of model dependency (Kuma
et al. 2023), the projections based on MME strongly depend
on the capability of the individual models to correctly simu-
late various features of the EASM as well as the respective
dynamical features and large-scale circulation. Consequently,
to understand the usefulness of MME-based statements, it is
necessary to understand the individual model's ability to sim-
ulate these specific aspects of the EASM.

Nevertheless, studies focussing on the evaluation of an individual
model's capability of simulating specific aspects of the EASM do
reveal many models might have significant biases, including the
variability of regional to large-scale circulation. Park et al. (2020)
investigated the long-term change in the EASM lifecycle of 32
CMIP6 model historical simulations using precipitation. They have
shown that in general CMIP6 models underestimate the intensity
of monsoon precipitation and have limited ability to simulate the
climatological EASM precipitation evolution and its variability, but
there are a few models that can simulate the rainband propaga-
tion and the long-term intensification of EASM precipitation rela-
tively well. Piao et al. (2023) analysed the climatological northern
boundary of the EASM, which is defined as the 2mm/day isoline
of the extended summer (May to September) precipitation, in the
historical simulation of 45 CMIP6 models and they found that the
northern boundary of the EASM for most models is too far north
in comparison to observations. This, in turn, produces a northward
bias in the summer precipitation pattern. The cause of these biases
is linked to the westward extension of the Western North Pacific
Subtropical High (WNPSH) and the northward shift of the subtrop-
ical westerly jet (Piao et al. 2023). Bu et al. (2022) evaluated the bo-
real summer circulation patterns in the Asian region, using 500 hPa
geopotential height, of 140 variants of CMIP6 model simulations
from 23 different models using a self-organising map approach.
They identified a large spread in skill to re-produce the large-scale
circulation pattern in Asia. They further pointed out that using
model outputs with low skill could lead to errors in extreme event
evaluation. While these studies focused on various aspects of the
EASM, to the authors’ knowledge, none of them evaluated one of
the major dynamical mechanisms in triggering extreme precipita-
tion over East Asia, that is, the MYF. An evaluation of MYF cli-
matology in climate models is important: While the climatological
spatial distribution of precipitation during the EASM season in
climate models could be similar to reanalysis, they exhibit notice-
able discrepancies in their representation of the core dynamical
mechanism—the MYF. These discrepancies appear in MYF inten-
sity, as well as its longitudinal and zonal positioning across models
(Figure S1). This would indicate that the EASM-related precipita-
tion in climate models would be correct for the wrong reasons. This
would in fact produce potentially misleading statements about the
potential future climate change of extreme precipitation.

Furthermore, Ng et al. (2022, 2024) developed a causality-
guided statistical approach to skilfully derive extreme MYF

precipitation based only on indices of known large-scale cli-
mate modes. They speculated that the performance of the
causality-guided statistical approach could be improved if
more observations were available. They further suggested that
the application of the so-called Unprecedented Simulation
of Extremes with Ensembles (UNSEEN) approach (Osinski
et al. 2016; Thompson et al. 2017; Ng and Leckebusch 2021)
could be used to increase the number of observations by using
physically consistent event sets generated by climate models.
This suggestion could only apply if the MYF climatology in
climate models is similar to observations. However, to the
authors' knowledge, this has not been systematically investi-
gated yet.

An investigation of the representation of the MYF in climate mod-
els is thus necessary as it would address one of the major issues in
generating reliable actionable information from climate models—
even though the historical simulation of certain climate models
can generate similar climatological EASM precipitation patterns
as in reanalysis and observations, are these models generating
the correct precipitation pattern because of the correct reasons?
If these models are not generating the pattern for the correct rea-
sons, then incorrect information from these models could be used
in hazard evaluation. Consequently, it would hinder the hazard
preparedness for potential future climate conditions.

This study aims to fill this gap with the following objectives: (1)
evaluation of how well the representation of the MYF climatol-
ogy is in 38 CMIP6 models in the core EASM period of May to
August; (2) investigation of the potential links between biases
in the representation of the MYF climatology in climate mod-
els and biases in the presentation of certain circulation patterns,
such as the North Pacific High (NPH); (3) exploration of the
transferability of the performance evaluation of (mis)represen-
tation of different facets of climate models that are closely asso-
ciated with the EASM.

The study is organized as follows: The description of data and
methods can be found in Section 2. Results of the evaluation of
the representation of CMIP6 MYF climatology and analyses of
the potential sources of biases in CMIP6 simulations are pre-
sented in Section 3. A brief discussion, including the origin of
the biases and transferability of performance evaluation, can be
found in Section 4, while Section 5 presents our summary and
concluding remarks. The full names of acronyms used in this
study can be found in Appendix A.

2 | Data and Method

The European Centre for Medium-Range Weather Forecasts
(ECMWEF) fifth generation reanalysis (ERAS5) data (Hersbach
et al. 2020), for the period 1979-2014, is used as the reference
climatology. Historical (1979-2014) simulations of 38 CMIP6
(Eyring et al. 2016) models (Table 1) are evaluated. Instead of
using output from only one member from each of the available
models, we make use of all available model members, which are
accessible to us, to construct an ensemble climatology for each
model. This approach reduces the possibility of analysing an
outlier member and consequently better captures the potential
systematic bias of themodels.
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TABLE1 | Listof CMIP6 model outputs used in this study.

TABLE1 | (Continued)

Number of

Number of

Model members Reference Model members Reference
ACCESS-CM2 1 Bi et al. (2020) NESM3 1 Cao et al. (2018)
ACCESS-ESM1-5 1 Ziehn et al. (2020) NorESM2-LM 1 Seland et al. (2020)
AWI-ESM-1-1-LR 1 Sidorenko NorESM2-MM 1
et al. (2015), Rackow SAMO-UNICON 1 Park et al. (2019)
et al. (2018)
TaiESM1 1 L t al. (2020b
BCC-ESM1 1 Wu et al. (2020) a ec et al. (20200)
UKESM1-0-LL 16 Sellar et al. (2019
CanESM5 1 Swart et al. (2019) ellar etal. )
Note: Simulation outputs with incomplete coverage of years were not used.
CESM2 9 Danabasoglu
et al. (2020)
CESM2-WACCM 3 The MYF was detected by a scheme developed by Befort
CMCC-CM2-HR4 1 Cherchi et al. (2019) et al. (2016, 2017). This scheme is an extension of the Baiu front
CMCC-CM2-SR5 1 .detec.tl-on §cheme developed by To.mlta e.t.al. (2011). The MYF
identification scheme locates the daily position of the MYF by de-
CMCC-ESM2 1 tecting the minimum of the product of the meridional gradient
CNRM-CM6-1 10 Voldoire et al. (2019) of.tl'le daily equivalent potential temperature afld .the specific hu-
midity at the 850hPa level. The detailed description of the MYF
CNRM-ESM2-1 5 Séférian et al. (2019) detection scheme is available in Ng et al. (2022). Since the detec-
EC-Earth3 1 Déscher et al. (2022), tion scheme returns a latitude-longitude position of the MYF at
Massonnet a given time, to enable easier and better comparison of the MYF
EC-Earth3- 1 et al. (2020) position climatology between ERA5 and CMIP6 historical sim-
AerChem ulations, a monthly climatological MYF detection density is cal-
EC-Earth3-CC 1 culated. Analogous to the so-called cyclone track density (Befort
et al. 2020; Ng and Leckebusch 2021), the MYF detection density is
EC-Earth3-Veg-LR 1 defined as the number of times the MYF is detected within a 2.5°
FGOALS-f3-L 1 He et al. (2020) radius of a given grid box per month. Based on this definition, the
. MYF detection density can also be interpreted as the probability of
FGOALS-g3 1 Liet al. (2020) observing the MYF in a specific grid box in a particular month. For
GFDL-CM4 1 Held et al. (2019) example, for the same grid box, if the model MYF detection den-
d 11 sity is 0.5 and the ERA5 MYF detection density is 0.8, it indicates
HadGEM3-GC31-LL 3 Wll 1ams the MYF is 30% more likely to be found at this grid box in ERAS in
HadGEM3- 4 And etal. (2018)’ comparison to the model. Consequently, this allows us to evaluate
GC31-MM ndrews et al. (2020) the representation of the climatological spatial distribution of the
MYF position in CMIP6 model thly basis.
IITM-ESM 1 Swapna et al. (2018) posttion o fode’s on a monthly basis
INM-CM4-8 1 Volodin et al. (2018) For a quantitative assessment of the deviation of the CMIP6-derived
INM-CMS5-0 1 Volodin et al. (2017) monthly MYF detection density c.hmatolofgy 1n. a bas1n—.w1de per-
spective, the monthly MYF detection density climatological mean
IPSL-CM6A-LR 9 Boucher et al. (2020) centre of action (hereinafter CoA) is introduced. This is defined
IPSL-CM6A-LR- 1 as the Weighte.d mean Position, that isi latitude. and l.ongitude, of
INCA the monthly climatological MYF detection density weighted by the
value of the MYF detection density itself. We define the MYF de-
KACE-1-0-G 1 Lee et al. (2020a) tection density climatology of a model as having a significant bias
MIROCS6 1 Tatebe et al. (2019) in latitude (longitude) if the CoA latitude (longitude) anomaly is
larger than 1°N (1°E) or smaller than 1°W (1°S).
MPI-ESM-1-2-HAM 1 Tegen et al. (2019),
Neubauer
et al. (2019) 3 | Results
MPI-ESM1-2-HR 1 Gutjahr et al. (2019)
3.1 | Evaluation of the Monthly Mei-yu Front
MPI-ESM1-2-LR 1 Detection Density Climatology
MRI-ESM2-0 1 Yukimoto

et al. (2019)

(Continues)

The monthly MYF detection density shows significant model-
to-model variability during the season (cf. Figure 1 example
for June; Figure S2 for all other months; both figures show
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anomalies relative to ERAS5). To provide a clearer view of the
time-varying nature of the model bias, in Figure 2 we show
the CoA latitude anomalies and CoA longitude anomalies for
CMIP6 models in different months as a scatter plot.

For the May MYF detection density climatology (Figure S2a),
17 models show significant northward bias (Figure 2a), in
particular for East China. This indicates that the onset of the
MYF season in these 17 models, that is, extreme precipitation
over the Yangtze River basin, occurs much earlier than in ob-
servations in these models, which usually occurs in late June.
Furthermore, 17 models show significant eastward bias in the
position of MYF detection density climatology (Figure 2a). For
the June MYF detection density climatology (Figure S2b), the
significant northward bias persists in 12 models and eight mod-
els show significant southward bias (Figure 2b). Meanwhile, the
significant eastward bias in the position of MYF detection den-
sity climatology remains for 16 models, with four models hav-
ing a CoA longitude anomaly larger than 4° E. For the July and
August MYF detection density climatology (Figure S2c,d), the
number of models with significant northward bias reduces to
seven and six, respectively (Figure 2c,d). The number of mod-
els with significant southward bias increases to 11 for the July
MYF detection density climatology (Figure 2c), whereas only six
models have significant southward bias for the August MYF de-
tection density climatology (Figure 2d).

Furthermore, 38 CMIP6 models can be divided into two groups—
Westward Bias (WB; blue letters in Figure 2) and Eastward Bias
(EB; red letters in Figure 2), based on whether their CoA longi-
tude anomalies in May are less than 0°E (Group WB) or greater
than 0°E (Group EB). Although the definition of the groups might
seem arbitrary, the time evolution of the CoA position biases has
very different behaviour. First, a comparison of the bias of CoA
longitude position in May and June shows that models in group
WB tend to reduce their westward bias, whereas models in group
EB tend to increase their eastward bias (Figure 2a,b). Second,
for the July and August MYF detection density climatology, the
eastward bias of 18 models in group EB worsens, with five and
seven models having CoA longitude anomalies larger than 6°E,
respectively (Figure 2c,d). The IPSL-CM6A-LR-INCA model has
the largest eastward bias with ca. 8°E and ca. 10°E for the July
and August MYF detection density climatology, respectively. This
is partially due to the fact that some models generate much fewer
and/or shorter occurrences of the MYF in comparison to ERAS
(Figure S2c). While some models show significant southward
bias, few models demonstrate biases over central north China
(Figure S2c,d). In comparison to the previous months, models
in group EB have a much larger increase in eastward bias than
models in group WB. There are two factors that contribute to the
positional bias of the MYF: (i) the zonal extent of the MYF; and (ii)
the occurrence rate of MYF formation. These factors are linked to
physical processes, which are discussed in Section 3.2.

The time evolution of the mean MYF detection density position
bias of group WB and group EB demonstrates very different be-
haviour (Figure 3). While models in both groups tend to have
increasing CoA longitude biases in the subsequent months,
the magnitude of increase from May to August for group EB
is 3.11°E, which is ca. 3.06 times larger than the magnitude of
increase from May to August for group WB, which is 1.02°E

(Figure 3). In addition, models in group WB have a CoA lon-
gitude bias less than 1.1°E independent of the month of inter-
est, whereas models in group EB have significantly larger CoA
longitude biases (Figures 1 and 2). The group behaviour also
suggests that the biases of MYF detection density are directly
related to certain systematic deficiencies in the models, which
could be identifiable as early as May. Consequently, a potential
source of bias is investigated in Section 3.2.

To quantitatively summarize the relative bias of the MYF po-
sition in CMIP6 models, rankings (Table 2) were done based
on root mean squared differences (RMSD) between MYF de-
tection density climatology of CMIP6 historical simulations
and ERAS5 for each month within the East Asia domain (90°-
150°E; 15°-60°N) (Figure S2) as well as an overall ranking
using the mean RMSD of all months. Consequently, based on
the overall ranking, EC-Earth3-CC, EC-Earth3-Veg-LR, EC-
Earth3-AerChem, CMCC-CM2-SR5 and TaiESM1 belong to
the top five models.

Besides the north-south bias in the MYF detection density,
many models have an east-west bias of the westward extent in
MYF detection density climatology and from the impact per-
spective, a significant amount of precipitation associated with
the MYF occurs over China, where the east-west bias occurs.
Similar rankings could be created using a domain focusing
on East China (90°-125° E), yet the resultant rankings for the
respective months are very similar to the rankings shown in
Table 2 with a Kendall tau correlation coefficient (r) ranging
from 0.84-0.94 for the respective months as well as the over-
all ranking. Furthermore, with the exception of a few outliers,
models in group WB have higher rankings than models in group
EB (Table 2). Around 85% of the models in group WB can be
found in the top half of the ranking table, whereas only 11%
of the models in group EB can be found in the top half of the
ranking table. Since the grouping criteria are based purely on
the CoA longitude anomaly, this confirms that the main devia-
tions in the MYF detection density climatology often occur over
the East China domain, which is where the eastward bias of
the MYF detection density occurs. Those models in group WB
that do not fit into this observation, such as AWI-ESM-1-1-LR,
MPI-ESM-1-2-HAM, INM-CM4-8 and IITM-ESM, either have
noticeable westward biases (CoA longitude anomaly < —1.96°E)
in July and August and/or large northward biases (CoA latitude
anomaly >2.1°N) in May and June. On the other hand, CNRM-
ESM2-1 and CNRM-CM6-1 are the models in group EB that can
be found in the top half of the ranking table. While their overall
CoA anomalies might be displaced to the east, they have rela-
tively good ability in producing MYF with similar frequency and
position over the eastern edge of the front (Figure S2xxv,xxvi).

It should be noted that models in the same model family (c.f.
Figure 2; Kuma et al. 2023) tend to have similar rankings with
the exception of the models in the CESM family. For exam-
ple, models in the HadGEM family, such as ACCESS-CM2,
ACCESS-ESM1-5, HadGEM3-GC31-LL, HadGEM3-
GC31-MM, KACE-1-0-G and UKESM1-0-LL, are ranked at
37, 35, 32, 30, 36 and 33, respectively. This might suggest there
is a systematic bias in the representation of the East Asia at-
mospheric circulation in the HadGEM system. A discussion
regarding the systematic bias can be found in Section 4.
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FIGURE1 | (i-xxxix) Monthly Mei-yu front (MYF) detection density climatology anomaly between CMIP6 historical simulations and ERAS for
June. Positive (warm colour) and negative (cold colour) indicate more and less likely to observe MYF in a model simulation than ERAS, respectively.
The grey lines indicate the zero contours. Panels (i-xx) show models in group westward bias in alphabetical order. Panels (xxi-xxxviii) show models
in group eastward bias in alphabetical order (see Table 2 for group labelling). Panel (xxxix) shows the multi-model ensemble mean. Panel (x1) shows
the ERAS5 monthly MYF detection density climatology of the respective month. Black dots indicate the difference of MYF detection density between
model and ERAS are significant at 0.05 level based on ¢-test. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE2 | Scatter plot of the centre of action anomaly of CMIP6 models with respect to ERAS5 for (a) May, (b) June, (c) July and (d) August. Blue
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3.2 | Potential Sources of Climatological MYF Throughout the EASM season, the western edge of the NPH
Detection Density Biases in CMIP6 Simulations retreats eastward, and the centre of action of the western

edge shifts northward (Figure S3). This leads to increases in
To investigate the source of the bias in the CMIP6 MYF detec-  the northward extent of moisture transport (Figure S4), and
tion density climatology, the representation of the North Pacific =~ the position of moisture convergence is thus shifted to the
High (NPH) in the respective models has been examined. This is northern part of East Asia; consequently, there is a northward
because the western edge of the NPH, that is, WNPSH, is known propagation of the MYF during the EASM season. Since the
to have a significant influence on the formation and position of =~ MYF forms in a specific large-scale atmospheric configura-
the MYF (Ding et al. 2020). Furthermore, it plays a major rolein  tion, the deviation of the representation of the NPH in CMIP6
controlling the large-scale atmospheric flow configuration over ~ models from ERAS5 (Figure S5) will result in deviations of the
East Asia. MYF detection density climatology in CMIP6 models relative
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FIGURE 3 | The evolution trajectory of the mean group position bias of group westward bias (blue) and group eastward bias (red). The numbers
indicate group mean CoA position anomalies of the month. [Colour figure can be viewed at wileyonlinelibrary.com]

to ERAS (Figure S2) due to changes in moisture transport
(Figure S6).

3.2.1 | Representations of North Pacific High
for Groups Westward Bias and Eastward Bias

In order to highlight the contrast in the circulation differences
between models in groups WB and EB, monthly climatological
composite anomalies are constructed using models with signif-
icant CoA east-west positional bias (Figures 4 and 5). While
there is intra-model variability in the climatological geopotential
height anomalies (Figure S5), these composites provide a clearer
picture regarding the potential source of biases of the MYF de-
tection density in models for the respective groups and thus in-
crease the interpretability of the results. Furthermore, almost
all the models in group EB have significant CoA eastward bias
for all months of interest (Table S1), whereas models in group
WB have either significant CoA westward bias or no significant
east-west bias in CoA, with the exception of EC-Earth3-Veg-LR
and CMCC-CM2-HR4 where significant eastward bias in CoA is
identified in August (Table S1).

Figure 4 shows composites of 850hPa geopotential height
anomalies of group EB (Figure 4a,d,g,j) and group WB
(Figure 4b,e,h,k), with respect to ERAS5 monthly climatology. In
the EB composites (Figure 4a,d,g,j), except for the May compos-
ite, there exist spatially extensive negative anomalies over the
west of the central north Pacific; whereas in the WB compos-
ites (Figure 4b,e,h,k), there exists a basin-wide dipole pattern
with positive anomalies in the north and/or northwest side of
the north Pacific, and negative anomalies in the south and/or

southwest side of the north Pacific. Comparing the 850 hPa geo-
potential height composites of EB and WB (Figure 4c,f,i,l) shows
a dipole pattern where negative/positive anomalies are observed
in the northern/southern side of the north Pacific, showing a
systematic difference between the NPH representation for the
models with eastward CoA bias and westward CoA bias.

To quantitatively assess and diagnostically analyse the relationship
between the deviation of the NPH representation and deviation of
the MYF detection density climatology in the CMIP6 models rel-
ative to ERAS, the cross-model Pearson's correlation coefficient
(r) between CoA and the WNPSH indices (Lu 2002), WNPSH-W
and WNPSH-N are used. The WNPSH-W and WNPSH-N are de-
fined as the 850hPa geopotential height anomalies, with respect
to ERAS5, averaged over 10°-30°N, 110°-150°E (black box in
Figure S3a), and 30°-40°N, 120°-150°E (green box in Figure S3a),
respectively. These indices, WNPSH-W and WNPSH-N, are rec-
ognized for their ability to capture the westward and northward
extension of the western edge of the NPH, respectively.

The east-west bias of the MYF detection density in the CMIP6
models during June to August shows a significant correlation
with the WNPSH-N indices, as indicated in Table 3, where the
correlation coefficient (r) ranges from —0.456 (p-value =0.0040)
to —0.535 (p-value=0.0005). At first glance, this may appear
counterintuitive, as one might expect that the westward exten-
sion of the WNPSH would be more related to the east-west bias
of the MYF detection density. However, this relationship is in
fact reasonable. The calculation domain of WNPSH-N covers
the region of Japan, the southern part of the Sea of Japan, and
the Yellow Sea. This region aligns with the largest differences
in the composite of geopotential height anomalies between EB
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TABLE 2 | Table of rankings of the goodness of CMIP6 models in simulating Mei-yu front (MYF) climatology based on root mean squared
differences (RMSD) between monthly MYF detection density climatology of CMIP6 model historical outputs (1979-2014) and ERAS5 (1979-2014)
for the East Asia domain (90°-150° E) of different months from May to August as well as the overall ranking based on the mean RMSD of the model
across all months.

Model Group Overall May June July August
EC-Earth3-CC WB 1 4 4 2 1
EC-Earth3-Veg-LR WB 2 1 1 7 5
EC-Earth3-AerChem WB 3 2 6 6 2
CMCC-CM2-SR5 WB 4 6 2 3 9
TaiESM1 WB 5 9 5 1 3
CMCC-ESM2 WB 6 3 3 9 8
EC-Earth3 WB 7 5 8 10 4
CMCC-CM2-HR4 WB 8 10 9 4 7
NorESM2-LM WB 9 12 10 8 10
NorESM2-MM WB 10 14 15 5 6
MPI-ESM1-2-HR WB 11 11 7 11 14
NESM3 WB 12 8 13 15 11
MPI-ESM1-2-LR WB 13 19 12 12 13
INM-CM5-0 WB 14 18 14 13 12
CanESM5 WB 15 7 11 20 17
AWI-ESM-1-1-LR WB 16 17 19 17 16
CNRM-ESM2-1 EB 17 16 18 18 20
CNRM-CM6-1 EB 18 21 17 19 19
BCC-ESM1 WB 19 13 16 29 26
MPI-ESM-1-2-HAM WB 20 34 23 14 18
INM-CM4-8 WB 21 36 28 16 15
SAMO-UNICON EB 22 23 20 22 22
FGOALS-f3-L EB 23 33 21 21 21
GFDL-CM4 EB 24 15 35 26 24
CESM2 EB 25 32 26 25 23
CESM2-WACCM EB 26 31 27 24 28
IPSL-CM6A-LR-INCA EB 27 29 24 28 31
IPSL-CM6A-LR EB 28 28 22 32 33
MIROC6 EB 29 24 25 35 30
HadGEM3-GC31-MM EB 30 27 34 30 27
MRI-ESM2-0 EB 31 26 29 33 29
HadGEM3-GC31-LL EB 32 20 30 34 36
UKESM1-0-LL EB 33 30 32 31 35
FGOALS-g3 EB 34 37 31 23 25
ACCESS-ESM1-5 EB 35 35 33 27 32
KACE-1-0-G EB 36 25 36 36 34
ACCESS-CM2 EB 37 22 37 37 37
IITM-ESM WB 38 38 38 38 38

Note: Group indicates the sub-setting based on centre of action longitude anomalies in May (see main text for detailed description). The table has been reordered based
on the overall rankings of MYF detection density.
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FIGURE4 | Composites of 850hPa geopotential height anomalies (in unit of gpm) of models with significant eastward bias (EB; left column) and
significant westward bias (WB; middle column) in centre of action with respect to ERA5; and the composite of the difference in 850 hPa geopotential
height between these two bias groups (right column). The green contours show the ERA5 850hPa geopotential height climatology of the respective
months. The number of models (V) used in composite is shown on the top left of the respective panels. [Colour figure can be viewed at wileyonlineli-

brary.com]

and WB in the Western North Pacific (Figure 4). In other words,
the WNPSH-N effectively captures the core differences between
these two patterns.

In the case of EB, there are spatially extensive negative geopo-
tential height anomalies over the western central North Pacific
from June to August (Figure 4d,g,j). This leads to an anoma-
lous east/northeasterly moisture flux and positive anomalous
moisture divergence within the region of the climatological
MYF detection density in ERAS5 (Figure 5d,g,j), while the
positive anomalous moisture convergence can be found in
the south/southeast of the region of the climatological MYF
detection density in ERAS. This promotes the establishment
of the MYF in the south/southeast of the climatological posi-
tion of the MYF detection density (Figure S2) while hindering
its westward extension due to reduced moisture flux in the
region.

In the case of WB, a basin-wide dipole pattern emerges with
positive geopotential height anomalies in the north and north-
west side of the North Pacific and negative geopotential height
anomalies in the south and southwest side of the North Pacific
(Figure 4b,e,h,k). The positive geopotential anomalies strengthen
and expand southward as the season progresses. This leads to an
increase in east/southeasterly anomalous moisture flux over the
Western North Pacific (WNP), particularly over the East China
Sea, and an increase in anomalous convergence over the conti-
nental east China while there is a decrease in convergence over
the East China Sea and the Yellow Sea (Figure 5b,e,h k). This
phenomenon suppresses the eastward extension of the MYF due
to a lack of eastward moisture flux and weaker moisture conver-
gence over the ocean, resulting in the WB pattern.

To summarize, the evolution of the east-west MYF detection
density bias in CMIP6 models can be understood as follows: For
EB, as the EASM season progresses, the negative geopotential
height anomalies over the western central North Pacific develop
and persist while the western edge of the NPH shifts northward
(Figure S3). This indicates that the NPH in CMIP6 models in
the group EB is consistently weak, leading to weaker moisture
flux and convergence into the observed MYF detection region,
but stronger moisture convergence over the southeastern side of
the observed MYF detection region. For WB, the dipole pattern
in the geopotential height anomalies in the north of the central
Pacific strengthens as the EASM season progresses. This leads
to a reduction of the moisture flux and moisture convergence
over the eastern side of the observed MYF detection region.

3.2.2 | Representations of North Pacific High
for North-South Centre of Action Bias

Similar analyses, as in Section 3.2.1, have been conducted for
the monthly climatological composite anomalies constructed
using models with significant CoA northward bias (NB) and
south bias (SB) (Figures 6 and 7). It should be noted that, for a
given model, there is no clear link between east-west CoA bias
and north-south CoA bias (Table S1).

Figure 6 shows the NB (Figure 6a,b,e,h) and SB (Figure 6c,f,i)
composites of 850hPa geopotential height anomalies, rela-
tive to the ERAS5 monthly climatology. In the NB composites
(Figure 6a,b,e,h), it can be seen that there are large-scale pos-
itive geopotential height anomalies over the north/northwest-
ern side of NPH and relatively weak negative geopotential
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of the difference in 850hPa moisture flux anomalies (quivers) and moisture flux divergence anomalies (colour contours) between these two bias

groups (right column). The yellow contours with hatches show the region of climatological Mei-yu front detection density in ERAS5 of the respective

months that is above 0.5. The number of models (N) used in composite is shown on the top left of the respective panels. [Colour figure can be viewed

at wileyonlinelibrary.com]

height anomalies over the tropical central north Pacific, but
this does not extend to the East China Sea. The positive geo-
potential height anomalies strengthen and expand to the
south in June, then retreat and weaken in July and August
(Figure 6b,e,h). On the other hand, there are large-scale neg-
ative anomalies over the central and western north Pacific,
which also extend to the East China Sea and East China, in

the SB composites (Figure 6c,f,i). At the same time, positive
anomalies to the north of the NPH grow larger and stronger
as the season progresses. Comparing the 850 hPa geopotential
height composites of NB and SB (Figure 6d,g,j) shows large
positive anomalies extending to east China and the East China
Sea while negative anomalies grow on the north/northwestern
side of the NPH.
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The north-south bias of the MYF detection density in CMIP6
models is also associated with the WNPSH. In May, there is
a significant correlation between the north-south bias of the
MYF detection density in CMIP6 and WNPSH-N (r=0.569, p-
value=0.0002; Table 3). Given that the only north-south bias in
May is in NB, the physical explanation can be understood as fol-
lows: In CMIP6 models, due to the large positive 850hPa geopo-
tential height anomalies in the north/northwest of the NPH and
negative anomalies over the central and western North Pacific
(Figure 6a), anomalous south-westerly (easterly) moisture flux
over east (south) China, along with anomalous moisture conver-
gence (divergence), promotes (suppresses) the formation of the
MYF over East (South) China (Figure 7a). Consequently, this leads

TABLE 3 | Pearson's correlation coefficient of the centre of action
latitude (longitude) anomalies versus climatological Western North
Pacific Subtropical High indices calculated using all models.

CoA latitude  CoA longitude
Month Indices anomalies anomalies
May WNPSH-W 0.174 0.083
WNPSH-N 0.569* -0.219
June WNPSH-W 0.355* —-0.122
WNPSH-N 0.494* —0.456*
July WNPSH-W 0.407* —0.089
WNPSH-N 0.259 —0.535*
August  WNPSH-W 0.231 —0.156
WNPSH-N —-0.069 —0.498*

Note: Asterisks indicate correlations are significant at 0.05 levels.

NB

50 1 (@) N = 17

May

to a northward bias in the MYF detection density climatology in
CMIP6 models. The positive 850hPa geopotential height anom-
alies in the north/northwest of the NPH are well represented by
WNPSH-N.

In June, the north-south bias of the MYF detection density in
CMIP6 models is significantly correlated with both WNPSH-N
(r=0.494, p-value=0.0016) and WNPSH-W (r=0.355, p-
value=0.0289). This correlation is linked to the extensive
positive and negative geopotential height anomalies over the
western edge of the NHP for the NB and SB cases, respectively
(Figure 6b,c). For NB (Figure 7b), anomalous easterly moisture
flux over the western North Pacific and the East China Sea sup-
presses the formation of the MYF at lower latitudes. In the case
of SB (Figure 7c), anomalous northerly/easterly/north-easterly
moisture flux over East China, the East China Sea, and the
south of Japan, combined with weak moisture convergence, sup-
presses the MYF formation at observed climatological latitudes.
Meanwhile, enhanced moisture convergence in the southern
part of the Western North Pacific facilitates the MYF formation,
leading to SB. Figure 7d highlights the major differences in the
climatological 850 hPa moisture flux between NB and SB. There
is significantly more (less) moisture flux and moisture conver-
gence over the northern (southern) part of the MYF domain,
contributing to the north-south bias.

In July, the north-south bias of the MYF detection density in
CMIP6 is significantly correlated with WNPSH-W (r=0.407,
p-value=0.0111), but not with WNPSH-N (r=0.259, p-
value =0.1157). Positive geopotential height anomalies appear
in the north/northwest of the NPH in both NB and SB compos-
ites (Figure 6e,f), within the calculation domain of WNPSH-N.
Conversely, negative and positive geopotential height anomalies
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FIGURE 6 | AsinFigure 4, but composites are constructed based on models with significant northward bias (NB) and significant southward bias

(SB) in centre of action (CoA). Since no model has significantly southward bias in CoA in May, the May composite of significant southward bias and

the difference between these two bias groups are not produced. [Colour figure can be viewed at wileyonlinelibrary.com]|
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develop over the south/southwest of the NPH in SB and NB, re-
spectively, which fall within the calculation domain of WNPSH-W.
For NB, anomalous moisture convergence, coupled with anom-
alous southerly/southwesterly moisture flux over continental
China, promotes MYF formation at higher latitudes, despite
anomalous moisture divergence over the Yellow Sea (Figure 7e).
In the case of SB (Figure 7f), anomalous easterly/northeasterly
moisture flux, along with anomalous moisture divergence over
East China, the Yellow Sea, and the East China Sea, suppresses
MYF formation in the north. Figure 7g highlights the major dif-
ferences in the climatological 850 hPa moisture flux between NB
and SB. As in June, there is more (less) moisture flux and mois-
ture convergence over the northern (southern) part of the MYF
domain, contributing to the north-south bias. While similar
observations can be made for the August composites (Figures 6
and 7), the north-south bias of MYF detection density in CMIP6
is not significantly correlated with WNPSH-W (r=0.231, p-
value =0.1635) or WNPSH-N (r=—0.069, p-value =0.6796). This
indicates other factors are contributing to the biases.

To summarize, the evolution of the north-south MYF detec-
tion density bias in CMIP6 models can be understood as fol-
lows: For NB, the persistent large-scale positive geopotential
height anomalies over the north/northwestern side of the NPH,
which covers the East China Sea, lead to positive anomalous

moisture convergence north of the observed MYF detection re-
gion; whereas for SB, the development of negative anomalies of
geopotential height over the East China Sea is linked to negative
moisture convergence anomalies in the observed MYF detection
region and positive moisture convergence anomalies south of
the observed MYF detection region.

4 | Discussion

4.1 | Potential Source of North Pacific High Bias in
Climate Models

As shown in Section 3, the biases in the western edge of the NPH
make significant contributions to the bias in the MYF detection
density (Table 3). These biases may occur independently as well
as simultaneously depending on the configuration of WNPSH
as the monsoon season progresses. We have also shown that the
eastward bias of the MYF detection density is linked to the rep-
resentation of the NPH being weaker and smaller, particularly
over the western Pacific region, in the models (Figure 4d,g,j).
Consequently, models with weak and small NPH tend to have
lower rankings, such as models from the HadGEM family.
Rodriguez et al. (2017) and Rodriguez and Milton (2019) stud-
ied the EASM circulation bias in the climate simulations of a
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variation of HadGEM2 (Williams et al. 2015) and a variation
of HadGEM3 (Williams et al. 2018), respectively. Rodriguez
et al. (2017) found that one of the systematic circulation errors in
the HadGEM2 climate simulations is a weakening of the sum-
mer WNPSH, which leads to an underestimation of the south-
westerly monsoon flow over the region, and a similar bias was
found in HadGEM3 (Rodriguez and Milton 2019). Such bias
ultimately affects the regional moisture transports and the rep-
resentation of the monsoonal rainfall over China in the models.
Through sensitivity experiments, Rodriguez and Milton (2019)
identified the circulation error in the model that is associated
with the excessive moisture divergence in the tropical bound-
ary layer over the Maritime continent due to the deficiencies
in tropical convection. They suggest that improvements in the
convective parametrization scheme, such as the use of CoMorph
(see appendix A of Daleu et al. 2023), could improve the repre-
sentation of convective activity over the Maritime continent and
consequently improve the representation of the WNPSH and the
regional circulation and hence the representation of the MYF.

4.2 | Other Potential Sources of Bias

As shown in Table 3, the WNPSH indices can only explain roughly
30% of the variance in the CoA anomalies. This implies that other
sources of bias are present, of which one important one will be dis-
cussed in the following, not meaning that there may not be other,
further important bias sources. For example, the South Asian High
(SAH; Ning et al. 2017) is another synoptic-scale atmospheric pat-
tern, which is known to have a strong influence on the moisture
supply to the EASM over East China. Ning et al. (2017) have shown
that the strength (or the size) and orientation of SAH are closely
related to extreme rainfall over east China during the EASM pe-
riod. This, in essence, contributes to the moisture flux that is re-
quired for the formation of the MYF. Following Ning et al. (2017),
the SAH is defined as the region of 200hPa geopotential height
above at least 12,500gpm within the South Asia domain.

Figure S7 shows the climatological SAH in ERA5 and the CMIP6
models. Comparing the SAH evolution in ERAS5 (Figure S7xl)
with the SAH evolution in the MME mean of the CMIP6 mod-
els (Figure S7xxxix), the SAH in the CMIP6 MME mean is only
observed in July and August, whereas the SAH can be identified
in ERAS since June. Furthermore, the size, and consequently the
strength, of the SAH in the CMIP6 MME mean is much smaller
and weaker than the SAH in ERAS. On the other hand, the CMIP6
inter-model variability of SAH is large (Figure S7). Some mod-
els, such as CMCC-CM2-HR4, CMCC-CM2-SR5, CMCC-ESM2,
CanESM5 and ACCESS-ESM1-5, have developed SAH in May,
although the positions are largely displaced. While some mod-
els, such as IPSL-CM6A-LR, never develop a SAH for the entire
summer, other models, such as CESM2 (Figure S7xxiii), generate
exceptionally large and strong SAH in comparison to ERAS5. This
demonstrates that SAH could be another major source of bias.

4.3 | Transferability of Results for Performance
Evaluations?

As outlined in the Introduction, several studies (Park et al. 2020;
Bu et al. 2022) have examined the representation of different

facets of climate models that are closely associated with the
EASM. These aspects include the evolution of EASM precip-
itation (Park et al. 2020) and the regional circulation patterns
in Asia (Bu et al. 2022). An intriguing question arises: can the
performance of a model in one aspect of the EASM be used to
infer its performance in other aspects of the same phenomenon?
In this section, we undertake a comparative analysis of the per-
formance rankings established in prior research and our cur-
rent study.

The rankings from Park et al. (2020) have been rederived in
our analysis, based on the pattern correlation coefficient be-
tween the Hovmoller diagram of observed precipitation and the
Hovmoller diagram of CMIP6-simulated EASM precipitation
(see tab. 4 of Park et al. 2020). Similarly, the rankings from Bu
et al. (2022) have been rederived, which are considered a com-
prehensive metric that assesses the performance of each model
(see tab. 2 of Bu et al. 2022), averaged across all variants of the
same model. These rederived rankings are relative to a common
set of models investigated across multiple studies and are com-
piled in Table S2.

Notably, our analysis reveals that models demonstrating good
climatological representation in regional circulation patterns,
such as CanESMS5, do not necessarily exhibit corresponding
excellence in climatological representation of EASM precipita-
tion or the MYF. Conversely, models with robust climatological
representation of MYF, like TaiESM1, may not excel in repre-
senting the regional circulation patterns or EASM precipitation.
Furthermore, it is evident that these rankings exhibit low (but
significant) to no correlations with each other (Table S3). This
observation underscores that model rankings are not transfer-
able and are specific to the particular aspects under investiga-
tion within each study. This demonstrates the complexity of
the EASM.

5 | Summary and Conclusion

This study investigates the climatological representation of the
MYF in 38 CMIP6 models in the period of May to August with
respect to ERAS5 using the MYF detection density and identifies
the sources of bias. We found that many CMIP6 models cannot
produce the MYF detection density climatology as observed in
ERAS5 and the performance of the models in simulating the MYF
varies with the month of interest. The 38 CMIP6 models can be
divided into two groups based on the east-west MYF detection
density bias in May: models with bias less than 0° E (Group WB)
or greater than 0°E (Group EB). These groups have distinct evo-
lution pathways where models in Group WB, in general, have
limited eastward bias in comparison to models in Group EB, and
this observation holds for all months of interest. Based on the
mean RMSD of MYF detection density over all months, we have
identified models with the overall best and worst representation
of MYF climatology.

We investigated the source of bias in the MYF detection den-
sity by looking into the representation of the NPH of the CMIP6
models using 850hPa geopotential anomalies as well as the
WNPSH indices (Lu 2002). We have shown that models with
EB have spatially extensive negative anomalies over the west of
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the central north Pacific, whereas models with WB have a basin-
wide dipole pattern with positive anomalies in the north and/or
northwest side of the north Pacific and negative anomalies in
the south and/or southwest side of the north Pacific.

Through cross-model correlation analysis between WNPSH in-
dices and CoA longitude anomalies, we quantitatively show that
the June-August east-west bias in the MYF detection density
is significantly linked to the northward extension of the west-
ern edge of the NPH. Similar analyses have been performed
to understand the north-south bias of the MYF detection den-
sity where the WNPSH indices have been shown to be useful
in capturing the essential anomalous patterns in the 850hPa
geopotential height anomalies. This is related to the anomalous
850hPa moisture flux transport promoting and limiting the
east-west extension of the MYF. Other potential sources of bias
based on misrepresentation of the large-scale circulation have
been discussed.

Furthermore, we have demonstrated that a successful model
evaluation of certain aspects of the EASM does not necessar-
ily translate well into other aspects of the EASM. This is due to
the complexity of the EASM circulation. Further investigation
is necessary to identify the source of biases in different aspects
of EASM circulation from different models, which would con-
sequently improve individual model ability in representing ex-
treme events in the EASM.
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Acronym

Full name

WNPSH-N
WNPSH-W

Lu's (2002) north index of WNPSH

Lu's (2002) west index of WNPSH

Appendix A
Table of Acronym
Acronym Full name
CMIP Coupled Model Intercomparison
Project
CoA The monthly MYF detection density
climatological mean centre of action
EASM East Asian Summer Monsoon
EB Eastward bias
ECMWF European Centre for Medium-Range
Weather Forecasts
ERA5 The fifth generation ECMWF
reanalysis data
MME Multi-model ensemble
MYF Mei-yu front
NB Northward bias
NPH North Pacific High
r Pearson's correlation coefficient
RMSD Root mean squared differences
SAH South Asian High
SB Southward bias
WB Westward bias
WNPSH Western North Pacific Subtropical
High
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