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Abstract

This study presents a comprehensive and quantitative evaluation on the mean state of summer
atmospheric circulation over East Asia. Attention is paid to the South Asian high (SAH),
western North Pacific subtropical high (WNPSH) and Indian low (IL) at upper, middle and
lower troposphere, respectively. 31 state-of-the-art climate models from phase 5 of the
Coupled Model Intercomparison Project (CMIP5) are used as example for the analysis. Most
models can basically simulate the three closed-circulation systems (CCSs), although there is a
certain inter-model spread and an underestimation of their intensity. In terms of geographic
location, models have the best performance for SAH and the poorest performance for
WNPSH. The latter shows generally a south-westward shift compared to NCEP reanalysis.
Five atmospheric fields (zonal and meridional wind at 850hPa, geopotential height at 500 and
100hPa, and sea level pressure) are inspected and generally well reproduced in models, with
Taylor-S indices all larger than 0.84 for 90% of the models. The best performance is for
500hPa geopotential height with an average Taylor-S index of 0.98. Models skill in
simulating the sea level pressure is the lowest. It shows however a significant positive
correlation with models’ resolution. Almost all models underestimate 100hPa geopotential
height over East Asia, mainly due to the common cold bias in the troposphere. As a whole,
CCSM4, CNRM-CM5, CESM1-CAMS5 and NorESM1-M are identified as high-skill models

for simulating the East Asian atmospheric circulation. High-skill models show a better
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simulation of precipitations in East China as well, with 21.3% decrease of dry biases in
Southeast China. It is also shown that the physical explanation for this linkage resides in the
center position of the western North Pacific subtropical high which determines the quality of
850hPa winds and water vapor transport in Southeast China.

Keywords: Atmospheric circulation, Closed-circulation systems, CMIP5 models, Western
North Pacific subtropical high, Indian low, South Asian high, Monsoon precipitation

1. Introduction

Atmospheric general circulation, allowing energy and water vapor redistributed over the
Earth, is the most important ingredient controlling climate variation at both global and
regional scales. It contains a certain number of closed-circulation systems (CCSs) which can
be either permanent or temporal and exert profound impacts on regional climate. Many
studies in the literature use this concept to investigate regional climate variability (e.g.
Akiyama, 1975; Gamble et al., 2008; Hammeed and Riemer, 2012; Han and Wang, 2007;
Khon and Mokhov, 2006; Li et al., 2011; Rossby, 1939; Seo et al., 2013; Sun et al., 2017;
Wang et al., 2012).

For East China, past studies revealed three dominant CCSs in summer. They are the Indian
low, western North Pacific subtropical high and South Asian high. They have significant
impacts on the regional precipitation. For example, moisture from the tropical oceans is
transported to East China through the southerly flow at western periphery of the western
North Pacific subtropical high. Rainfall occurs at the northwestern margin of the western
North Pacific subtropical high where warm moisture and cold air from high latitudes
convergent (Han and Wang, 2007; Liu et al., 2014; Meehl et al., 2005; Preethi et al., 2017;

Zhou and Yu, 2005). A stronger Indian Low, accompanied by a stronger water-vapor
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transport at low latitudes, leads to increased rainfall in North China (Zhang, 2001; Liu and
Ding, 2008; Ren et al., 2011).

Global climate models (GCM) are primary tools for climate predictions and future climate
projections. Evaluating the performance of atmospheric circulation in GCMs can increase our
confidence for future projection. A lot of researches directly took atmospheric fields when
evaluating models performance for the Asian monsoon (e.g., Duan et al., 2013; Gong et al.,
2014; Jiang and Tian, 2013; Jiang et al., 2015b; Jiang et al., 2016; Li et al., 2018; Song and
Zhou, 2014a, 2014b; Sperber et al., 2013; Xu et al., 2017; Wei et al., 2014; Zhou et al.,
2018a). But they rarely paid attention to models performance in terms of CCSs and their
consistency with the relevant atmospheric fields. For those studies focusing on the South
Asian high and the western North Pacific subtropical high (He and Hu, 2015; Liu et al., 2014;
Qu and Huang, 2014; Tian et al., 2016; Xue et al., 2016), there is a general lack of
consideration of models systematic cold biases which makes geopotential height lower. It is
worthy to note that some recent studies used eddy geopotential height to measure the western
North Pacific subtropical high, which partially overcomes the issue of geopotential height
rise under global warming (He et al., 2015; He et al., 2018; Huang and Li, 2015a; Huang et
al., 2015b; Wu and Wang, 2015). However, all types of biases cannot be corrected through
the concept of eddy geopotential height.

Wang et al. (2007, 2010) proposed an alternative algorithm dealing with a closed-circulation
system, which provides a unified definition of indices, including center position and intensity,
to suitably describe closed-circulation systems. The algorithm, together with a few

adaptations and ameliorations, is described in next Section.
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Our main objective of this study is twofold. Firstly, we need to document CMIP5 models
performance in simulating the mean state of atmospheric fields and main closed-circulation
systems over East Asia, and to study how models consistency is among different evaluated
targets. Secondly, we want to investigate how biases in atmospheric circulation exert impacts
on biases in precipitation.

The paper is organized as follows: Section 2 shows the data and methodology. Section 3
presents a comprehensive assessment and consistency comparison of the atmospheric fields
and the major closed circulation systems. Section 4 discusses the influence of simulated
atmospheric fields and closed circulation systems on the simulated precipitation in eastern

China. Section 5 gives final conclusions for the whole work.

2. Data and Methods

2.1. Models, Simulations and Reference Data

Our study area covers a large zone in East Asia, 10-70°N, 60-160°E. The regional mean state
of atmospheric circulation is evaluated for 45 years, from 1961 to 2005. Variables from 31
CMIP5 models are used in this study, including monthly geopotential height at 100hPa
(Z100) and 500hPa (Z500), zonal (U850) and meridional (\V850) wind at 850hPa, sea level
pressure (SLP), atmospheric temperature, and daily precipitation accumulation. Only one
historical run is chosen for each model (rlilpl) to make the evaluation unbiased. Table 1
shows relevant basic information of these CMIP5 models. To facilitate the comparison, a bi-

linear interpolation scheme was used to transform variables from their native grids to a 2.5
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2.5° common grid. The three closed-circulation systems evaluated in this study are listed in
Table 2.

In terms of observation used as reference, we use reanalysis data from National Centers for
Environmental Prediction-National Center for Atmospheric Research (NCEP/NCAR) with
the resolution of 2.5 x 2.5°. For precipitation, a high-quality gridded dataset deduced from

surface stations in China with the resolution of 0.5 x 0.5° is used as reference (Chen et al.,

2010).

2.2. Model Performance Metrics

2.2.1. Taylor Diagram

Taylor Diagram (Taylor, 2001) is designed to assess the matching degree of spatial pattern
between models and the reference. It is a diagram summarizing the centered (spatial mean
removed) root-mean square error (RMSE), correlation coefficient R and ratio oy of standard
deviations (RSD) between models and the reference. Two of the three parameters are
independent and the third one can be deduced. Taylor-S index (Taylor, 2001) uses the two

independent parameters to form a combined indicator useful for quantitative evaluation:

: 4(1+R)
(of+1/05)* (1+Ro)

1)

where Ry is the maximum correlation attainable (Ro = 1 in this study).

2.2.2. Indices for describing closed-circulation systems

A complete set of Closed-Circulation-System Indices (CCSI) proposed by Wang et al. (2007,

2010) is used to quantitatively describe closed-circulation systems, including center position

This article is protected by copyright. All rights reserved.



(Ac, ) and intensity P. In previous studies using CCSI, the critical isobar (the largest closed
iso-line) fo in the calculation of CCSI was generally determined by a predefined
climatological value (e.g. Ren et al., 2011; Sun et al., 2013, 2017; Wang et al., 2012). In
order to reduce the bias of f, selection, the most outside closed iso-line of the closed-
circulation system is defined as the critical isobar fo in this study. Q is the domain where the
main body of the closed circulation system locates. Computational domain D is the common
area of (L and fo. Take the western North Pacific subtropical high from NCEP data as an
example, the geopotential height at 500hPa is shown in Fig. 1. Q is the blue box domain
(110-180°E, 0-40°N), critical isobar fo is the outer edge of the cyclone circulation (5860gpm
shown here as bold black contour), and D is the shaded domain. For the South Asian high and
the Indian low, the search domains () are (110-180°E, 10-50°N) and (30-100°E, 10-40°N)
respectively.
By denoting r as the positions vector for the grid (A, 8) on the Earth sphere, f{r) represents
the geopotential height at gird (4, ), and fo represents the value of critical isobar. The
intensity index P is the area integral of the values of geopotential height difference fields (df
= f{r) - fo) in domain D. The center position index (A, 6.) is the barycenter of the difference
fields df. The position vector for (A, 6.) is represented by rc. P and A, 6. can be calculated
from the following equation:

P=[[[of% 6) - fo] ds )

[Io 1fX) - fol(r-e) ds = 0 @)
The value of P is positive for high-pressure center, and negative for low-pressure center. For

the high-pressure center, larger the value of P, stronger the closed-circulation system is, the
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low-pressure center converses. We define the radius of the earth as a unit radius, so unit of P
is Pa-rad? for the Indian Low and gpm-rad® for the South Asian high and western North
Pacific subtropical high. A square of 1 rad® corresponds to Earth surface area of 40.6 million
km? at equator, and decreases with cosine of the latitude.

For the evaluated models, € is the same as in NCEP for each circulation system, but the
critical isobar fy varies from one model to another. fo of each model shows its systematical
bias. It can be considered as a comprehensive parameter of each individual model. By using
the last closed iso-line of a closed-circulation system as its critical isobar, we can easily
deduce that the intensity parameter actually reveals the spatial gradient of the closed-
circulation system, an important measure for any geophysical flow. It is clear that the
proposed CCSI can objectively represent the properties of any closed-circulation systems in

climate models.

2.2.3. Comprehensive Ranking Measure Mg
To assess model’s performance and consistency among multiple properties and indices, the
comprehensive ranking measure Mr as defined in Radi¢ and Clarke (2011) is used in this

study:

Mp=1-— Yt  rank; 4)

(nxm)

where m is the number of indices entering into the calculation, n is the number of evaluated
models. rank; is the model performance rank for the index i. The closer the value of Mg to 1,
the better the model comprehensive performance is (Chen et al., 2011; Jiang et al., 2012,

2015; You et al., 2018).
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3. Models Performance in the Mean State of Atmospheric Circulation

This section gives firstly models performance in simulating the mean state of five
atmospheric fields with the Taylor-S index. It pursues by a presentation of models
performance in simulating the mean state of three closed-circulation systems with CCS
indices. Finally, models consistency and comprehensive capabilities are evaluated with Mg

index.

3.1. Evaluation of Atmospheric Fields

Figure 2 displays the Taylor diagram showing the performance of models in simulating five
atmospheric fields with NCEP data as reference. The number next to each point corresponds
to models order listed in Table 1. We can see that the five atmospheric fields are well
reproduced, with correlation coefficients all larger than 0.6. Models have the best skill in
simulating the geopotential height, especially the 500hPa geopotential height (Z500), for
which models also show the smallest inter-model spread. Such a result is in agreement with
previous studies (e.g. Belleflamme et al., 2013; Gong et al., 2014; Tian et al., 2016).

The Taylor-S index for Z500 varies from 0.93 to 0.998, with the average value of 0.98. For
100hPa geopotential height (Z100), the Taylor-S index ranges from 0.72 to 0.995 with
average value of 0.92. Most models have their spatial correlation coefficients with NCEP
larger than 0.9. However, there is a large inter-model spread for the spatial variance, with the
normalized standard deviations from 0.4 to 1.51. In addition, all models, except CanESM2

(6#), have negative bias (lower height) for Z100 compared with NCEP. The underestimation
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of Z100 is not a local manifestation in East Asia, but occurs over the globe. The vertically
averaged temperature (VAT) between the surface and isobaric surface p = 100 hPa are
calculated for NCEP data and CMIP5 models outputs. Results show that all models have a
globally-averaged cold bias. The inter-model correlation between the bias of VAT and the
bias of 100hPa geopotential height is 0.55, as shown in Fig. 3.

Models have the lowest skill in simulating sea level pressure (SLP), with average Taylor-S
index of 0.79. There is a large inter-model spread and the correlation coefficients with NCEP
vary from 0.6 to 0.95. Models performance in simulating SLP seems largely in connection
with models resolution. The inter-model rank correlation coefficient between the Taylor-S
index for SLP and models resolution is as high as 0.6. Another feature revealed by the Taylor
diagram is that all models overestimate the spatial variance of SLP, since the normalized
standard deviations (radial circles) against NCEP data are all above 1.0. Models can
reasonably reproduce 850hPa zonal and meridional wind. Correlation coefficients with NCEP
vary from 0.75 to 0.95. Models have a similar performance in zonal and meridional winds,
their Taylor-S indices being of 0.89 and 0.88 respectively.

To evaluate models consistency among the five atmospheric fields, inter-model rank
correlation is calculated and shown in Table 3. Models rank was determined with the Taylor-
S index, higher Taylor-S index corresponding to higher rank. We can see that models have
the best consistency between zonal wind and meridional wind, with the rank correlation
coefficient reaching 0.73. Moreover, models rank for 850hPa meridional wind has a good

correlation with the rank from other fields. Although models rank can be divergent among
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different atmospheric fields, the high-skill models, such as CCSM4 (7#) and CNRM-CM5

(11#), have an excellent behavior for almost all variables.

3.2. Evaluation of closed-circulation systems

Center location and intensity of the South Asian high (SAH), Indian low (IL) and western
North Pacific subtropical high (WNPSH) simulated by CMIP5 models and from NCEP data
can be assessed with the closed-circulation-system indices which allow the removal of
models systematic but less-or-not-relevant biases such as too-low geopotential height in
models. Results are shown in Fig. 4.

It can be seen that, although there is a large inter-model spread for the simulated center
location, all models have the basic capability of simulating the three closed-circulation
systems. Models have the best performance and the smallest inter-model spread in simulating
the location of SAH, the average value and standard deviation of distances between models
and NCEP being 599 km and 418 km respectively (Table 4). Most models simulate a
southeast-shifted center of SAH compared with NCEP (Fig. 4). The inter-model correlation
coefficient between simulated bias in center latitude and longitude of SAH is -0.6. 71% of
models underestimate the intensity of SAH. The inter-model rank correlation coefficient
between the center position and intensity of SAH is 0.67. It indicates that, for SAH, models
with high skill in simulating the center location usually have good performance for intensity.
There is a large inter-model spread for the location of IL. Two-thirds of the models simulate a
northeast-ward shift compared with NCEP. Inter-model correlation coefficient between

biases in center latitude and those in longitude is 0.89, which explains why models tend to be
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on a diagonal line from southwest to northeast. It is also interesting to note that those models
situated in the northeast side of NCEP for IL in Fig. 4 all underestimate the intensity. The
largest inter-model spread for center position is from WNPSH (Table 4). Most models have a
southwest-shifted center. Only 4 models simulate a north-shifted center of WNPSH compared
with NCEP. Nearly half of the models simulate a stronger WNPSH, but most of the positive
deviations are small.

Figure 5 shows the scatterplot of comprehensive indices Mg for the Indian low (IL), South
Asian high (SAH) and western North Pacific subtropical high (WNPSH). The performance of
models is quite divergent among the three closed-circulation systems. The rank correlation
coefficient between WNPSH and IL is only 0.08 (Table 3) indicating almost no correlation at
all. It is to be noted that, despite divergent performance for CMIP5 models in simulating the
three closed circulation systems, top ranked models and bottom ranked models have good
consistency respectively. For example, BCC-CSM1.1 (m) (4#) and CCSM4 (7#) have an
excellent performance for all the three closed circulation systems. CMCC-CM (9#) and

CMCC-CMS (10#) have the poorest performance for the circulation systems.

3.3. Comprehensive Performance and Consistency

To evaluate models consistency among different variables, Figure 6 shows models rank for
each evaluated variable by color blocks. For atmospheric fields, models are ranked by their
Taylor-S index, with high value corresponding to good rank. For closed-circulation systems,
models are ranked according to their absolute biases of the relevant indices. In Fig. 6, models

rank is consistently indicated with colors as in the color bar. From top to bottom, models
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comprehensive performance determined by multiple Mr goes from the best to the worst. It
can be seen that the rank of a model depends on the selection of assessment variables. This
result seems in agreement with a few previous studies (Gleckler et al., 2008; Radi¢ et al.,
2011; Sheffield et al., 2013a, 2013b; Su et al., 2013). We can note, however, that top ranked
models and bottom ranked models have good consistency. Bad consistency is mainly
manifested in the models at middle levels of the ranking. Results shown in Fig. 6 can serve as
guidance for selecting global models outputs for regional climate downscaling, and can
provide useful information for climate projection within a framework of multi-model
ensemble, models ranking being useful in assigning weight for each model.

Inter-model correlation between each pair of two rankings are calculated and shown in Table
3 which allows us to examine the consistency between closed-circulation systems and their
original atmospheric fields from which they are deduced (listed in Table 2). The South Asian
high has the best consistency with 100hPa geopotential height, the rank correlation
coefficient being 0.53. The Indian low shows a rank correlation coefficient of 0.44 with the
sea level pressure. Finally, the western North Pacific subtropical high has the poorest
correlation with 500hPa geopotential height, the rank correlation being only 0.07.

Let us now examine how the comprehensive index Mg from the closed-circulation systems is
consistent with that from the corresponding atmospheric fields. The scatter diagram in Fig. 7
displays each model as a point with its ordering number, the x-axis being the comprehensive
index Mg from all atmospheric fields, and the y-axis being that from all closed-circulation
systems. Models situated in the upper right corner have the best performance in the two

indices from both the closed-circulation systems and their corresponding atmospheric fields,
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while converse in the bottom left corner. There would be a perfect consistency between the
models performance in simulating the two properties if all dots in Fig. 7 were on the
diagonal. The actual inter-model correlation coefficient between the two is 0.41. It would be
significantly increased (value = 0.62) if models BCCCSM1.1(m) (4#), CMCC-CMS (10#)
and GFDL-CM3 (15#) (at the periphery of the collection of points) were kicked off from the
ensemble. Figure 7 can also allow us to select high-skill models (red dots) and low-skill ones
(blue dots) in a highly-synthetic way with consideration of Mk from both atmospheric fields
and closed-circulation systems. Red dots in Fig. 7 have Mg values larger than 0.65. They are
from CCSM4, CNRM-CM5, CESM1-CAM5 and NorESM1-M respectively. They can be

qualified as high-skill models within our evaluation.

4. Influence of atmospheric circulation on precipitation at inter-model level

In observation as well as in numerical models, East Asian monsoon precipitation is closely
related to atmospheric circulation in the region (He and Zhou, 2014; Song and Zhou, 2014;
Zeng et al., 2012; Zhou et al., 2018b). For example, there is a significant correlation between
the low-level meridional wind jet and precipitation over East China (Zeng et al., 2012). The
western North Pacific subtropical high largely determines the East Asian summer monsoon
rainfall band (He and Zhou, 2014; Song and Zhou, 2014). In this section, we want to check if
similar relations exist between rainfalls in East Asia and regional atmospheric circulation
within the framework of inter-model variability. In other words, we want to check if good
models for circulation are also good for rainfalls. Since monsoon precipitation is dependent

on many circulation factors, it is thus preferable to choose models following their
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comprehensive performance. High-skill models and low-skill models, as selected in the
previous section, can be used to explore the impacts of atmospheric circulation biases on
precipitation biases. As shown earlier, four models (CCSM4, CNRM-CM5, CESM1-CAM5
and NorESM1-M) are selected for the high-skill models ensemble (HME), and FGOALS-g2,
MIROC-ESM, MIROC-ESM-CHEM and IPSL-CM5A-LR are included in the low-skill
models ensemble (LME).

Figure 8 displays the Taylor diagram showing precipitation (solid symbols) in East China and
atmospheric circulation fields (hollow symbols) over East Asia in HME (in red) and LME (in
blue) respectively. For precipitation in East China, it is easy to see that HME remarkably
reduces the deviation compared to LME, which obviously underestimates the spatial
variability of precipitation. The standard deviation in HME is much closer to observation than
in LME, their normalized standard deviations being 0.9 and 0.6 respectively.

In terms of geographic distribution of precipitations in East China, we perform an inter-model
empirical orthogonal function (EOF) analysis on the precipitation biases of 31 models in East
China, to analyze the dominant modes of inter-model variations in the average precipitation
bias. Figure 9 shows the first inter-model EOF mode which accounts for most (53.5%) of the
total inter-model variance. It is characterized by the “wet-north and dry-south” structure of
precipitation biases for the most models. Such a result that dry biases in Southeast China and
wet biases in Northeast China is in agreement with previous studies (Chen et al., 2014; Ou et
al., 2013; Jiang et al., 2015). For PC1, all models from HME and LME have positive value.
Such a situation is visible for both HME and LME as well, shown in Figure 10. The dry

biases in the south are smaller in HME than in LME by about 21.3%.
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After exploring behaviors of the regional precipitation, we pursue our analyses on
atmospheric fields and closed-circulation systems which can behave differently in HME and
LME. Figure 8 shows clearly that there is a better performance for atmospheric fields in
HME than in LME. The most obvious improvement is for 850hPa zonal and meridional wind
(crosses and rhombuses). HME also has a better performance for all the three closed-
circulation systems. In particular, it shows prominent advantages for intensity of the Indian
low and position of the western North Pacific subtropical high (Table 5). Compared to NCEP,
LME shows a westward shift about 9 degrees in longitude for the center of the western North
Pacific subtropical high. LME also has a weaker Indian low, as the difference of intensity
with NCEP is 31.21 Pa-rad® (for low-pressure system, the intensity index is smaller than
zero). For the South Asian high, LME has only a little decrease of performance compared to
HME.

From the above analyses, we can see that HME, with an improvement of the atmospheric
circulation, does improve precipitations in East China. Similarly, LME with a deterioration of
the atmospheric circulation shows bad performance for the regional precipitation. We want
now to confirm this conclusion through compositing all models for HME and LME. We also
want to investigate the relevant physics behind this relationship, in particular, how water
vapor transport can influence wetness or dryness in the region. Figure 11a shows 850hPa
wind fields representing the low-level water vapor paths over and surrounding East Asia from
NCEP data. It can be seen that, the main components of the water vapor paths for East China
include the southwesterly flows along the east coast of the Arabian Peninsula, the

southwesterly flows and westerlies extending from the Arabian Sea to the Philippines, the
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southerlies from the South China Sea, and the southeasterly flows along west flank of the
western North Pacific subtropical high. Previous studies show that this water vapor path from
the Arabian Sea to East China exerts an important influence on the precipitation in East
China (Jiang et al., 2015; Simmonds et al., 1999; Tao and Chen, 1987; Xu et al., 2008).

HME depicts well these water vapor paths. The southwesterly flows in East China are well
reproduced, especially for the meridional wind fields in Southeast China (shaded in FIG 11b),
which are very close to what depicted in NCEP data. Moreover, HME has an excellent
performance for both intensity and location of the Indian low and the western North Pacific
subtropical high. The accurate simulation of the closed-circulation systems in the region can
certainly explain the good simulation of 850hPa wind fields. For LME, the western boundary
of the western North Pacific subtropical high locates westward to around 110°E, shifted
nearly 9 degrees in longitude compared with NCEP (FIG.11c). This situation, that is, under
control of the high-pressure system and with too-strong southwest flows, is not favorable to
generate precipitation in Southeast China. Hence, LME shows large dry biases in this region.
This result is in agreement with our expectation. An accurate simulation of the regional
closed-circulation systems, especially the western North Pacific subtropical high, is a

guarantee to produce good precipitations in East China.

5. Conclusion
In this paper we revisited the issue about CMIP5 models capability of simulating the regional
atmospheric general circulation in East Asia during summer when the summer monsoon

plays a dominant role. The particularity of our investigation resides in the utilization of
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closed-circulation systems, a concept fully relevant and applicable in the region, but
insufficiently explored until now in evaluation of climate models. We paid attention on three
closed-circulation systems: the South Asian high (SAH), the western North Pacific
subtropical high (WNPSH) and the Indian low (IL) at upper, middle and lower troposphere.
All models can basically simulate the three closed-circulation systems, although there is a
certain inter-model spread and most models underestimate the intensity of the three closed-
circulation systems. For the center location, models have the best performance for the South
Asian high and the poorest performance for the western North Pacific subtropical high. The
latter shows a westward shift by about 6 degrees in longitude in multi-model ensemble
average, compared to NCEP reanalysis.

With a set of quantitative measures served as assessment tools, high-skill models which have
good comprehensive performance for atmospheric circulation and low-skill models which
have the opposite properties are identified respectively. The identification of models
capability of simulating the regional atmospheric general circulation has a very pragmatic
utility for climate downscaling, since it allows us to select driving models with an adequate
consideration for uncertainties in climate simulation. Although the ranking of models
depends on the actual measures used for assessment, both groups of high-skill models and
low-skill models show consistent behaviors and performances among models for all
measures. With our comprehensive and quantitative evaluation, CCSM4, CNRM-CMD5,
CESM1-CAMb5 and NorESM1-M are identified as the high-skill models for simulating the

East Asian atmospheric circulation.
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The investigation presented here also constituted an occasion for us to check the consistency
between models biases in circulation and those in precipitation in East China. This issue is
not a trivial question and very few works in the literature investigated it. We analyzed the
atmospheric circulation and precipitation in East China from the high-skill models ensemble
(HME) and the low-skill models ensemble (LME). This analysis helps us to confirm that
biases in the atmospheric circulation impacts biases in precipitations. HME (selected from
models performance on atmospheric circulation over East Asia) shows a better simulation of
precipitations in East China as well, with 21.3% decrease of dry biases in Southeast China. It
was also shown that the physical explanation for this linkage resides in the center position of
the western North Pacific subtropical high which determines the quality of 850hPa winds and
water vapor transport in Southeast China.

Our quantitative evaluation also reveals some other findings as summarized in the following.
CMIP5 models that we examined in this work have generally a suitable capability of
simulating the mean state of atmospheric circulation over East Asia. Our five inspected
atmospheric fields are well reproduced as a whole. Their Taylor-S indices are larger than 0.84
for 90% of the models. The best performance is for the 500hPa geopotential height with an
average Taylor-S index of 0.98. Models skill in simulating the sea level pressure is the
lowest, with a Taylor-S index of 0.79. It shows however a significant positive correlation
with models resolution. Almost all models underestimate 100hPa geopotential height over
East Asia, mainly due to the quite common cold bias in the troposphere.

In terms of methodology, the algorithm that we used to determine indices for closed-

circulation systems has the advantage to be applicable for future global warming scenarios. In
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fact, the critical value dynamically selected as the most outside closed iso-line allows us to
deal with models systematic errors in relation to cold biases of the troposphere, as well as to
deal with the rising trend of geopotential height in global warming scenarios. He et al. (2018)
showed that an 80% fraction of geopotential height rise is attributable to zonal uniform
warming through a calculation with the hypsometric equation. Our calculation of closed-
circulation-system indices shows very good properties, although an advanced comparison
with the algorithm using the concept of eddy geopotential height (He et al., 2018) needs to be
done in the future.

Finally, we look forward to applying our diagnostics to new CMIP6 simulations which will
be soon available. We believe that what we developed in this paper will provide a
quantitative measure in the assessment of forthcoming CMIP6 simulations, with a meaningful

comparison to CMIP5 simulations.
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Figure 1: WNPSH from NCEP represented by climatological geopotential height at 500hPa as example to
show the critical isobar f0, search domain Q, and computational domain D.
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Figure 2: Taylor diagram obtained from five atmospheric fields, sea level pressure (SLP), zonal (U850) and
meridional wind (V850) at 850hPa, and geopotential height at 100hPa (2100) and 500hPa (Z500), and from
31 CMIP5 models. Radial lines emanating from the origin (0.0, 0.0) display the spatial correlation
coefficients between simulations and the reference NCEP, radial circles show models standard deviations
normalized by their counterpart from NCEP, and solid circles indicate the root-mean square difference
between models and NCEP field. The number next to each point corresponds to the model number listed in
Table 1.
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Figure 3: Scatter diagram showing the globally-averaged biases of tropospheric temperature (abscissa-
axis) and the globally-averaged biases of 100hPa geopotential height (ordinate-axis) from the 31 models. R

is the inter-model correlation coefficient between the two biases. The red solid line is the linear regression.
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Figure 4: The three closed-circulation systems represented in the upper panel for the South Asian high
(SAH) and in the lower panel for the Indian low (IL) and western North Pacific subtropical high (WNPSH).
Solid contours show their limitation boundaries as depicted in NCEP reanalysis: the line 16750 gpm at
100hPa for SAH, the line 1004hPa at sea level for IL, and 5860 gpm at 500hPa for WNPSH. Dashed contours
are the counterpart from models as an ensemble mean. Center position and intensity for each CMIP5
individual model are plotted for the three closed-circulation systems respectively. Position is marked by
either triangles or inverted triangles. Intensity is shown with the size and form of the symbols: an inverted
triangle if | P_model | < | P_ncep | and a triangle if | P_model | > | P_ncep |. The size of the symbols
represents amplitude of the deviation. The position of the multi-model ensemble is marked by a solid and
black inverted triangle, and the position of NCEP by a solid black circle.
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Figure 5: Three-dimensional scatterplot for the three comprehensive indices MR from ranking performed on
the three closed-circulation systems, Indian low (IL), South Asian high (SAH) and western North Pacific
subtropical high (WNPSH) respectively. Numbers over each point are consistent with models serial number
shown in Table 1. Following their comprehensive performance ranking, models in the top third are plotted in
red color, while those in the bottom third are in blue.
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Figure 6: Portrait diagram with color blocks showing models ranking (as indicated by the color label bar)
performed separately on the five atmospheric fields: sea level pressure (SLP), zonal (U850) and meridional
(V850) wind at 850hPa, and geopotential height at 500hPa (ZG5) and 100hPa (ZG1); and on the three
closed-circulation systems: western North Pacific subtropical high (WNPSH), South Asian high (SAH) and
Indian low (IL). Models acronyms listed on the right follow their total record of ranking. From top to bottom,
models go with decreasing performance.
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Figure 7: Scatter diagram for models comprehensive index from atmospheric fields (x axis: including sea
level pressure, geopotential height at 100hPa and 500hPa, zonal wind and meridional wind at 850hPa) and
that from closed-circulation systems (y axis: Indian low, South Asian high and western North Pacific
subtropical high). Number next to each point is consistent with models serial number shown in Table 1. R is
the correlation coefficient between the two measures in X axis and Y axis.
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AFs and Precipitation from GME and PME
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Figure 8: Taylor diagram for the five atmospheric fields (AFs) over East Asia and the precipitation
distribution in East China. The assessment was done for the high-skill models ensemble (HME, in red) and
the low-skill models ensemble (LME, in blue) respectively. The reference for atmospheric fields was from
NCEP, and that for precipitation from surface observation.
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Figure 9: Upper panel shows the first EOF mode of the climatology precipitation bias in East China
calculated by inter-model EOF from 31 models. Lower panel shows the corresponding PC, with red for
positive value and blue for negative value.
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Figure 10: Distribution maps of average precipitation in summer in East China (contours, mm/day) from (a)
observation, (b) high-skill models ensemble (HME) and (c) low-skill models ensemble (LME). Deviations
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from the observation are shown in shaded for HME and LME.
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Figure 11: Upper panel (a) shows 850hPa wind vectors (ms-1), 500hPa geopotential height (contours) and
sea level pressure (shading) as depicted in NCEP reanalysis. Middle panel (b) shows 850hPa wind vectors
(ms-1), the critical lines fO to delimit the outside edge of the western North Pacific subtropical high (solid
line in red) and the Indian low (dotted line in red) as depicted in HME (critical lines of NCEP reanalysis are
also marked in black contours). Shading represents 850hPa meridional wind deviation from NCEP (ms-1).

Lower panel (c) is the same as (b), but for LME (critical lines are in blue instead of red). 850hPa wind
vectors are omitted when smaller than 3 m/s in the three panels.
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Table 1 Acronyms, resolutions and institutions of the 31 CMIP5 Models. The first

column shows models serial number in this paper, listed in alphabetic order. Expansions

of model acronyms are available at http://www.ametsoc.org/PubsAcronymList

No. Models name LON. x LAT. Modeling center or group
1 ACCESSI.0 1.875°x1.25° Commonwealth Scientific and Industrial
2  ACCESS1.3 1.875°%1.25° Research Organization and Bureau of
Meteorology
3 BCC-CSMl.1 ~2.8125°x2.8125° Beijing Climate Center, China Meteorological
4 BCC-CSMI.1(m) ~1.125°x1.125° Administration
5 BNU-ESM ~2.8°%x2.8° Beijing Normal University
6 CanESM2 ~2.8125°x2.8125° Canada Center for Climate Modeling and
Analysis
7 CCSM4 0.9°x1.25° US National Centre for Atmospheric Research
8 CESMI-CAMS 0.9°x1.25° Commonwealth Scientific and Industrial
Research Organization and Bureau of
Meteorology
9 CMCC-CM 0.75°%0.75° Centro Euro-Mediterraneo per I
10 CMCC-CMS 1.875°x1.875° Cambiamenti Climatici
11  CNRM-CMS5 ~1.4°x1.4° Centre National de Recherches
Meteorologiques-CERFACS
12 EC-EARTH ~1.125°%1.125° EC-EARTH consortium
13 FGOALS-g2 2.8125°%2.8125° Institute of Atmospheric Physics, Tsinghua
University
14  FGOALS-s2 2.81°x1.66° Institute of Atmospheric Physics, Chinese
Academy of Sciences
15 GFDL-CM3 ~2.5°%2.0° NOAA Geophysical Fluid Dynamics
16 GFDL-ESM2G ~2.5°%2.0° Laboratory
17 GFDL-ESM2M ~2.5°x2.0°
18 HadCM3 3.75°%x2.5° Met Office Hadley Centre
19 HadGEM2-CC 1.875°x1.25°
20 HadGEM2-ES 1.875°x1.25°
21 IPSL-CM5A-MR 1.25°%2.5° Institut Pierre Simon Laplace
22 IPSL-CMS5A-LR 1.5°x3.75°
23 MIROC4h 0.5625°%0.5625° University of Tokyo, National Institute for
24 MIROCS 1.40625°x1.40625° Environmental Studies Japan Agency for
25 MIROC-ESM 2.8125°x2.8125° Marine -Earth Science and Technology
26 MIROC-ESM-CHEM  2.8125°x2.8125°
27 MPI-ESM-LR ~1.8°x1.8° Max Plank Institute for Meteorology
28 MPI-ESM-MR ~1.8°x1.8°
29 MPI-ESM-P ~1.8°x1.8°
30 MRI-CGCM3 1.125°x1.125° Meteorological Research Institute
31 NorESMI1-M 2.5°%1.9° Norwegian Climate Centre
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Table 2 Closed-circulation systems and their corresponding original fields from which

they are deduced.

Acronyms Closed-circulation systems Original fields
IL India Low sea level pressure
western North Pacific . .
WNPSH subtropical high 500hPa geopotential height
SAH South Asian High 100hPa geopotential height
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Table 3 Spearman rank correlation coefficients for each pair of two rankings among
the five atmospheric fields (SLP, U850, V850, ZG500 and ZG100) and the three closed-
circulation systems. Bold figures show the statistical significance at « = 0.05 level
(tu31 = 0.344). The ranking for the atmospheric fields was based on their Taylor-S
values, and the ranking for the closed-circulation systems was based on their absolute

biases evaluated through the close-circulation-system indices.

SLP U850 V850 2G500 72G100 WNPSH SAH

U850 0.37
V850 0.43 0.73
7.G500 0.24 0.38 0.35

7G100 0.27 0.31 0.43 0.26
WNPSH 0.28 0.11 0.27 0.07 0.31
SAH 0.27 0.26 0.43 0.34 0.53 0.44
IL 0.44 0.01 0.13 0.27 0.09 0.08 0.24
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Table 4 Average distance of simulated closed-circulation system from their counterpart

in NCEP, together with the standard deviation among models. Unites: km.

Indian Low South Asian high  western North Pacific subtropical high

Average distance 952 599 805

Standard deviation 505 418 586
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Table 5 Center Coordinates, Intensity (P) and critical isobar (f;) of the Indian low (IL),

South Asian high (SAH) and western North Pacific subtropical high (WNPSH) from

NCEP, and deviations from NCEP in HME and LME. Latitude is positive northward

and longitude is positive eastward. Unites of P: Paerad? for IL, gpmerad? for SAH and

WNPSH.
IL SAH WNPSH
center P fo center P fo center P fo
NCEP (66.1,26.1) -543 1004 (73.3,33.3) 153 16750 (164.5,27.8) 4.1 5860
HME-NCEP (-19,-0.3) -52 0 (-0.1,-0.8) -0.8 -150 0.2,-1.8) -1.1 0
LME-NCEP (-6.7,-2.4) 31.21 4 (-2.3,-1.8) -0.8 -1400 (-8.7,-1.8)  -3.6 -10
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Graphical Abstract
How well do climate models simulate regional atmospheric

circulation over East Asia?
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Although there is a certain inter-model spread and an underestimation of the
geopotential height and the intensity of closed circulation systems, the atmospheric
circulation including five atmospheric fields and three main closed-circulation systems
are well reproduced in CMIP5 models. Although the ranking of models depends on the
actual measures used for assessment, both groups of high-skill models and low-skill
models show consistent behaviors and performances among models for all measures.
An accurate simulation of the regional closed-circulation systems, especially the
western North Pacific subtropical high, is a guarantee to produce good precipitations in
East China.
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