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Abstract

Every summer in eastern Asia, the combined effects of complex topography, multiple potential moisture sources and a mix-
ture of sub-tropical and mid-latitude dynamics produces an environment, in which subtle differences in spatial patterns of
atmospheric circulation can profoundly affect the geographic distribution of rainfall. Understanding and quantifying these
patterns is a fundamental requirement if we are to understand, predict or project rainfall events likely to cause impacts to
society in the region. To help the scientific community with this task, a method is presented here, in which spatial patterns
of summer sea level pressure over eastern Asia are clustered into a set of eight circulation types, with examples given of their
potential use. We find that the within-season prevalence of individual circulation types exhibit a strong relationship with the
seasonal progression of the summer monsoon whilst providing a spatially coherent, physical interpretation of the monsoon
for all parts of eastern Asia. Beyond this, the clustering approach permits the attribution of notable rainfall anomalies in
almost any location within the domain used to build the clusters. Examples are given, showing how circulation specific
moisture transport anomalies in one part of China can result in anomalously dry days in another part of the country. Two
further applications of the clustering approach are demonstrated using climate simulations. The first is of circulation specific
model errors which can allow targeted model development. The second provides information about anomalies which are
plausible, but have yet to be observed, possibly due to limitations in the observed record.
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1 Introduction

Summer rainfall variability, on several scales, both tempo-
rally and spatially has profound economic and social impacts
throughout eastern Asia in almost every year (e.g. Zong and
Chen 2000; Shen et al. 2007; Huang et al. 2007; Hao et al.
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2010; Qian et al. 2012; Yi et al. 2012). This is mostly driven
by large scale spatial variability of circulation patterns in the
region. Unfortunately, these patterns and their role on rain-
fall are highly complex. Depending on the circulation (see
Supplementary Fig. 1 for the mean summer flow), moisture
is potentially available for rainfall, from the Pacific Ocean,
South China Sea, Bay of Bengal and even parts of Eurasia
(Guo et al. 2018; Zhao et al. 2020). The Tibetan plateau and
other mountain ranges in the region also exert a big influ-
ence on local circulation and act as a barrier to moisture.
Furthermore, there is a mix, of sub-tropical and mid-latitude
dynamics at play, depending on the latitude, and influences
from circulation outside the region, most notably from the
West Pacific Subtropical High (WPSH). To understand, and
project future possible, climate change induced, impacts
of rainfall, necessary for adaptation preparation therefore
requires identification, understanding and quantification of
the day-to-day variability of the dominant circulation pat-
terns in the region.
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A second purpose for the identification of circulation
patterns stems from their potential use in forecasting, as
proxies of rainfall. This should be possible since circula-
tion is a driver prognostic and a key transporter of water
vapour, thus exerting a strong control on precipitation. The
ability of models to correctly simulate large-scale, observed
circulation patterns is also likely to be greater than their
ability to simulate rainfall (Zhang and Zhou 2015), which
requires parametrisation of sub-grid scale processes, which
themselves, are complex in the region, again for the reasons
mentioned above.

A third reason for the pattern approach, is to convey infor-
mation which is useful over a wide geographic area without
losing information of local importance. In the absence of
this approach, a forecast or a study of an event, focussing
exclusively on an individual region is often of little benefit
outside of that region. Using this approach also helps to
avoid the need to define study regions beforehand, which
can sometimes affect conclusions.

To identify the principal circulation patterns, Empirical
Orthogonal Functions and Principal Component Analysis
have sometimes been used (e.g. Yang et al. 2013, Ummen-
hofer et al. 2013) but these can be difficult to understand
physically. Modified clustering approaches used in many
fields of science provide other alternatives (e.g. Rodri-
guez and Laio 2014). One of these, “GrossWetterLagen”
developed by Baur et al. (1944) and updated by Hess and
Brezowsky (1952, 1969, 1977) subjectively classified
European circulation based on local knowledge of weather
impacts. An objective version of this was developed by
James (2007) using spatial, daily fields of sea level pres-
sure and geopotential height. Neal et al. (2016) adapted a
k-means alternative, using sea level pressure only.

Neal et al’s approach produces a set of specific spatial
circulation patterns using an iterative algorithm in which
daily spatial fields of sea level pressure (SLP) anomalies,
with respect to a predefined period, are moved repeatedly
between collections of fields in order to minimize the sum
of within-cluster variance. For each collection, hereafter
“cluster”, a centroid pattern can be produced from the mean
of the days in each cluster.

Throughout this paper, we use clusters defined over east-
ern Asia using a slightly modified version of Neal et al’s
approach applied to daily sea level pressure fields of 1979
to 2018 from the ERAS reanalysis (Hersbach 2020). More
details are given in Sect. 2. In this section, the issue of the
number of clusters deemed most suitable, is also dealt with.

The aim of the rest of this paper is to provide a series
of examples, demonstrating just some of the wide variety
of analysis opportunities which circulation clustering can
provide. In Sect. 3, this includes analysis of the WPSH,
East Asian summer monsoon and fields such as rainfall,
water vapour transport and temperature on the days of each
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of the SLP clusters. In Sect. 4, the already defined ERAS
SLP clusters are applied to simulations from two ensembles
of climate models. A simple assessment is given, of each
ensemble’s ability to simulate the ERAS frequency of the
circulation types, followed by an examination of simulated
rainfall anomalies in each type. To conclude Sect. 4, a novel
use of the clustering approach is introduced, allowing an
insight into the plausibility of rainfall anomalies exceeding
those in the ERAS record.

2 Method and data description
2.1 Clustering method and data

To address the issues mentioned in Sect. 1, we applied a
slightly modified version of Neal et al’s k-means based
method to daily, spatial “latitude x longitude” fields of SLP
anomalies from the ERAS (Hersbach 2020) reanalysis data-
set of 1979 to 2018. We used SLP here since, spatially, it
is the largest primary driver of circulation (and its result-
ing local weather) over mid-latitude regions. Model perfor-
mance at reproducing large scale observed SLP patterns is
also likely to be better than of small-scale weather phenom-
ena, affected by local topography. Unlike Neal et al., we use
SLP from a rectangular box over eastern Asia (80° to 130°
E, 18° to 50° N). Our focus throughout this paper is on the
climatologically wet June, July and August (JJA) summer
season in East Asia because of its impacts. For this reason,
only SLP fields from JJA are used to define the clusters. All
anomalies mentioned are relative to JJA climatology.

Throughout the paper, we use ERAS as an estimate of
real-world observations due to its temporal completeness
and high horizontal (30km) resolution. For rainfall, gridded
observations from CNO05.1 (Wu and Gao 2013) were also
used.

Model simulations to be shown come from three ensem-
bles of fully coupled ocean-atmosphere climate models:
HadCM3-ESPPE (Murphy et al. 2014), HadGEM3-PPE
(Yamazaki et al. 2021) and CMIP5 (Taylor et al. 2012). Each
of these use observed greenhouse gas concentrations from
1850 to 2006 and prescribed values following a RCP8.5
pathway thereafter. We confine our analysis to the years
(1979 to 2018) matching those of ERAS. Table 1 gives a
summary of the ensembles used.

2.2 Number of clusters and model performance

A key benefit of k-means clustering is its ability to produce
any desired number of clusters. Choosing a suitable number,
on the other hand is a challenge and depends on a balance
between a desire to extract interesting signals and the robust-
ness of those signals. This is best illustrated using some
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Table 1 Simulations in each ensemble

Member methodology

Atmospheric resolution

HadCM3-ESPPE (Murphy
etal. 2014)

HadGEM3-PPE

(Yamazaki et al. 2021)

CMIP5

(Taylor et al. 2012)

57 perturbed parameter versions of HadCM3
15 perturbed versions of HadGEM3-GC3.05

8 models used based on their performance (McSweeney, 2018): CCSM4,
CESM1-BGC, CMCC-CM, CNRM-CM5, EC-EARTH, GFDL-ESM2G,
HadGEM2-ES, MPI-ESM-MR.

2.5°%3.75°
60 km
0.7°t0 2.0° x 0.75°

to 2° depending on
model

examples. Supplementary Fig. 2 shows a typical result from
collating daily JJA SLP into 2 clusters with ERAS rainfall,
expressed as anomalies of the climatological mean, for the
two clusters. Cluster dependence of the rainfall on circula-
tion is bland, yielding few clues about possible mechanisms
governing unusual anomalies. Extreme events are indis-
tinguishable. The internal variability within each of the 2
clusters, i.e., between their component fields is also likely
to be too large to be useful. Supplementary Fig. 3, on the
other hand, which shows the rainfall anomalies from using
20 clusters, has a striking range of diversity, both region-
ally and between differing clusters. In many of the clusters,
regions of opposite but substantial anomalies are remarkably
close to each other. Such a large number of clusters offers
a great boost to understanding regional rainfall patterns
and extremes. The extra detail, however, can be quite over-
whelming. Robustness of results can also become an issue,
since, with more clusters, there are fewer days contributing
to each cluster. In Supplementary Fig. 3, all clusters consist
of at least 98 days.

To determine, objectively, a suitable minimum number
of clusters for use in cluster analysis, the “elbow method”
(Thorndike 1953) has often been used in the literature. For
cluster sets of differing numbers of clusters, averages of the
distances between cluster centroids and their component
days are calculated, from which a curve is plotted, against
the number of clusters. Typically, the resulting curve has a
kink (or elbow), where the gradient of distances per number
of clusters, clearly decreases, determining a suitable mini-
mum number of clusters to use.

Using Euclidean distance and spatial correlation (between
SLP fields) as measures of these distances, for the region of
our focus though, gives curves (see Supplementary Fig. 4),
whose gradients appear to decrease smoothly with cluster
size, with any kinks difficult to identify. Points along the
curve, however, which are further away from the diagonal
between the top left and bottom right corners, suggest that a
minimum of 6 clusters is desirable.

Beyond the elbow-curve statistics of observed clus-
ters themselves, the ability of models in reproducing the
observed properties of clusters is a further factor to con-
sider if model simulations are to be used to foretell future

climate variability. To examine this aspect, Supplementary
Fig. 5 gives an assessment, for each of the HadCM3-ESPPE,
HadGEM3-PPE and CMIP5 ensembles, of their ability to
reproduce the ERAS5 cluster frequencies, according to how
many clusters are defined. For each predefined number of
clusters, the ability was calculated for each member sepa-
rately, for each relevant cluster. Two measures were used
to quantify this: The mean (across relevant clusters) of the
model simulated cluster frequency divided by the corre-
sponding ERAS5 frequency and correlations between the
ERAS cluster frequencies and those of each ensemble. These
are shown in Supplementary Fig. 5a and b respectively. Val-
ues of 1.0 are desirable in both. From the top panel, with
increasing cluster size, all three ensembles appear to over-
estimate the average cluster frequency. The ratio is closest
to 1.0 using 7 or 8 clusters. Using correlation, the ability
appears to decrease with cluster size.

Taking the above issues into account suggests that analy-
sis based on 8 clusters is a reasonable approach for this par-
ticular region and season. From here-on in, all plots and dis-
cussion will be shown using 8 clusters. Analysis using 6 up
to 12 clusters was, however completed for all the exercises.
The results from using these differing numbers of clusters
were very similar to those using 8 clusters.

3 Results from using 8 clusters based
on ERA5

3.1 Circulation and relationship with the West
Pacific Subtropical High

To verify that the SLP based clusters really do represent
the actual circulation, Figs. 1 and 2 show anomalies (rela-
tive to the JJA climates shown in Supplementary Figs. 6a
and b), for each cluster type, of the zonal and meridional
ERAS wind, 10m above the surface, averaged over the days
in each circulation cluster. We show these two components
separately here, rather than using combined vectors, since
they are showing anomalies rather than actual winds. For
some clusters (e.g. 1 and 6), the spatial anomaly patterns in
the two wind components are also quite different. A further

@ Springer



4094

R.T. Clark et al.

(a) Cluster 1 (b) Cluster 2 (c) Cluster 3
com (558 days, 15% of JJA days) (530 days, 14% of JJA days) (481 days, 13% of JJA days)
’r\ ) § R = ~ = =4 V2 '\ T » 1
|§.o:3 N o
e 7:l:--
4°Nf /0~ L /:i"‘"
- .‘}::‘-—( }:—-}'
N &7 ~ i
30°N E}‘:E“:; ét‘ﬂz
RN 8

\
20N | /"'J\'*

(e) Cluster 5

S50°N

(452 days, 12% of ]JA days)

(f) Cluster 6
(425 days, 11% of )JA days)

Ay
20°N \l 4
(g) Cluster 7
(419 days, 11% of JJA days)

S50°N

(347 days, 9% of JJA days)

\ LI LA REES

Tl A lll(//;ll/:

=
W
= < o IR 2
N
-~
= N i/./

100°E 110°E 120°E

30°N

Fig.1 Mean ERA5 10m zonal wind (ms~!, green and purple shad-
ing) anomaly (with respect to JJA climate) of JJA 1979 to 2018 days
in each ERA5 sea level pressure defined cluster. Dashed and solid
contour lines show negative and positive anomalies respectively of

key benefit of not combining them will also emerge in the
following Sect. 3.2 and later when considering their rela-
tionships with other meteorological fields - for example
northward moisture flux. Maps of the windspeed anomalies
expressed as vectors, however, are available in the Supple-
mentary material (Supplementary Fig. 7). Considering some
examples from Fig. 1, the positive zonal anomalies (green
areas) in Clusters 2 and 3 over eastern China and the west
Pacific are clearly the result of the positive anti-cyclonic
SLP anomaly east of Taiwan shown by the centroid con-
tours, around which, a clockwise flow anomaly would be
expected. On the southern side of the pressure anomaly, a
negative zonal flow anomaly (purple areas) is seen. Com-
pared to clusters 2 and 3, a broadly opposite pattern is seen
in, both clusters 4 and 8, related to the negative pressure
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1.0 1.5 2.0

the mean ERAS sea level surface pressure anomaly (0.4 hPa inter-
vals) in each cluster. Numbers in the panel titles indicate the number
of days in each cluster

anomaly close to Taiwan. This anomaly also manifests itself
in a northerly anomaly on its left flank in these clusters in
Fig. 2. In Fig. 2, Clusters 1 and 6 appear to be approximate
opposites of each other with meridional flow anomalies of
opposite signs, over northern China.

The quasi-stationary West Pacific subtropical (WPSH)
anticyclone is an important component of circulation above
the surface, particularly at 500 hPa, east of China during JJA
(Rodwell and Hoskins 2001). To examine how the WPSH
is related to our SLP clusters, Supplementary Fig. 8 shows
the geopotential height of 500 hPa in each cluster and con-
tours of the overall climatological mean. Values greater than
5885dam clearly show the position of the WPSH. Regard-
ing the clusters discussed above; in clusters 2 and 3, the
WPSH is stronger than normal and displaced towards Asia,
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Fig.2 Mean ERAS 10m meridional wind (ms™', green and purple
shading) anomaly (with respect to JJA climate) of JJA 1979 to 2018
days in each ERAS sea level pressure defined cluster. Dashed and
solid contour lines show negative and positive anomalies respectively

supporting the positive pressure anomalies at the surface.
A very different pattern is seen in Clusters 4 and 8. In both,
the WPSH is weaker than normal and eastward displaced.
Interestingly, although the WPSH behaviour of Cluster 4 is
very similar to that of Cluster 8, there are considerable dif-
ferences in the sign of the surface pressure anomaly between
the two, over mainland China. Surface pressure anomalies
are negative in Cluster 4 but positive in Cluster 8, especially
in the north away from the cyclonic anomaly over the West
Pacific. The weaker influence of the WPSH on the surface
pressure and circulation anomaly pattern in north China
is also apparent in Clusters 1 and 6. The anticyclonic and
cyclonic anomalies in this part of China are particularly pro-
nounced, despite the WPSH in these two clusters being quite
similar. Finally, the WPSH in Cluster 6 appears to be very

0.0 0.5 1.0 1.5 2.0

of the mean ERAS sea level surface pressure anomaly (0.4 hPa inter-
vals) in each cluster. Numbers in the panel titles indicate the number
of days in each cluster

similar to that of Cluster 7. Over eastern China however, the
meridional flow in much weaker in Cluster 7.

3.2 Seasonal progression of cluster frequencies
and relationship with monsoon

Large scale circulation over eastern Asia is characterised by
a climatological northward transition from northerly flow
during winter to southerly flow in summer. To determine
how this transition is interpreted by the SLP clusters, Fig. 3a
shows rolling 30-day means,averaged over all 1979 to 2018
years, of the frequencies of each cluster through the summer
JJA months. Clusters 2 and 6, for example, become more
frequent from early June to early July, and then less fre-
quent, as summer proceeds, whilst clusters 5 and 8, which
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Fig.3 a Relative frequency of each ERAS sea level pressure defined
cluster, of JJA days, averaged over the years 1979 to 2018 (all colours
except brown, left axis) and corresponding, regardless of cluster East
Asian summer monsoon Wang Fan Index (WFI, Wang and Fan 1999)
values (brown line, right axis). The legend gives the cluster number
and temporal correlation between each cluster’s frequency and the

are associated with greater than normal SLP over the Asian
continent, become more frequent. The changes in these can
be clearly related to within-season trends (averaged over the
whole ERAS period) of sea-level pressure, zonal and meridi-
onal wind in each summer, shown in Fig. 3b—d. In Fig. 3b,
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(vertical brown dotted line, 4.8 ms™ 1) of all days, regardless of cluster

for example, pressure builds over north-eastern China and
decreases over the Pacific, so that towards the end of each
summer, on average, cluster 8, characterised by positive
and negative anomalies of pressure in these two regions,
becomes more frequent. The opposing trends of zonal wind
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(in Fig. 3c), around this negative pressure anomaly, are also
clear and are very similar to those of Fig. 1h. The nega-
tive trend in the meridional wind seen over eastern China
(Fig. 3d) is also as a manifestation of the weakening pressure
over the Pacific Ocean. This is also seen in Fig. 2h.

Returning to Fig. 3a, the brown line allows a comparison
to be made between the cluster frequencies and a widely
used measure of the East Asian summer monsoon. For this,
we use the Wang-Fan (Wang and Fan 1999) index (area
averaged Ugs, over (5°-15°N, 90°-130°E) minus that over
(22.5°-32.5°N, 110°-140°E), hereafter WFI. Clusters 4, 6
and 8 are most closely correlated, temporally (see legend
of Fig. 3a), to the trend of the WFI due to their centres of
action in the region of the index’s definition. Other clusters
have a weaker relationship, indicating their use in capturing
variability beyond that of the monsoon.

Finally, Fig. 3e gives information showing how distribu-
tions of the frequency of each cluster sit within the overall
range of WFI values, irrespective of the within-season trend.
Clusters 4 and 8, typically occur when the WFI is greater
than its overall mean (4.8m s~ ') unlike the other clusters.
Days when the WFI is greater than normal, however, can
and do occur in all cluster types. Even 20 % of the days of
the two clusters (Clusters 3 and 6) whose WFI values are
the most negative, occur when the index is greater than the
mean.

3.3 Rainfall within SLP clusters

Figure 4 gives maps of the ERAS rainfall, averaged over
the days in each of the 8 clusters, expressed as a fraction of
the overall JJA mean. Spatial correlations (given in panel
titles) between the anomalies shown and equivalent values
obtained using CNO5.1 observations (see Supplementary
Fig. 9 for plot using CN05.1) indicate broad agreement
between the two datasets with similar large scale patterns
of anomalies in both.

Large regions of rainfall deficit are seen in northern China
in Clusters 2, 3 and 6. In Cluster 3, these appear to be asso-
ciated with the anomalous anti-cyclonic anomaly over the
Tibetan plateau and westerly flow anomalies (see Fig. 1c)
from central Asia. In Cluster 6, the deficit is situated within
a region of reduced meridional flow (from the south) com-
pared to normal, seen in Fig. 2f. By examining anomalies
of additional fields during this cluster, Fig. 5 provides an
example of how the circulation clustering approach can
help to objectively attribute the rainfall deficit. A reduced
northward water vapour (WV) flux compared to normal (in
red, Fig. 5a) dominates northern China in the cluster, almost
certainly related to the negative meridional wind anomaly in
the region. The absolute WV flux (not shown) even becomes
southward in the region. The specific humidity (Fig. 5b) in
the north is therefore much less than normal, as well as the

total column water vapour (Fig. 5¢) and cloud cover fraction
(Fig. 5d). The reduced cloud cover itself appears to play a
subsequent role on the 850 hPa temperature in the region
which is warmer than normal (Fig. 5e). This is despite a
southward wind anomaly, emanating from a region, further
north, where the temperature anomaly is negative in this
cluster. Within the warm anomaly, increased moisture is
therefore required for the atmosphere to reach saturation,
reflected in the reduced relative humidity in the region,
shown in Fig. 5f.

Returning to Fig. 4; days are wetter than normal in the
monsoon region of eastern China (east of 105°E) in Clusters
1 and 2. It is easy to see how anomalies in the position and
magnitude of the surface pressure anomaly can explain this
behaviour. In Supplementary Fig. 10a, the meridional flow is
stronger than usual, transporting more moisture northwards
than normal. In Supplementary Fig. 10b, the rainfall is vis-
ibly diverted towards the northeast, instead of the northwest,
which consequently has a rainfall deficit.

Elsewhere, deficits are seen over the lower half of the
Yangtze in Clusters 4 and 8. In these two clusters, the
500 hPa level WPSH (see Supplementary Fig. 8d and h) is
weaker than normal and displaced to the east. As a conse-
quence, the zonal flow (see Fig. 2d, h) and associated north-
ward flux of water vapour (see Supplementary Figs. 10d and
g) from the south, into the Yangtze region is less than nor-
mal. Anomalies of the fields of Fig. 5 for all other clusters
are also shown in Supplementary Fig. 10.

To visualise how the circulation clusters contribute to
specific parts of the daily rainfall distribution, Fig. 6a, b
provide maps of the identity of the most frequent clusters
during lower and upper quartile days of ERAS5 rainfall, here-
after denoted as the driest and wettest days, respectively. The
dependence on location, of the cluster identities contributing
to the driest days is striking, and powerfully illustrates the
challenges faced when attempting to attribute rainfall deficits
in China. Three different circulation patterns, for example,
are responsible over eastern China, depending on the loca-
tion. The anomalies seen in the panels of Fig. 4 however, can
be easily matched to the spatial patterns shown here. The
deficits of Cluster 6, discussed earlier, for example, clearly
result in this cluster being the most frequent, shown in pink,
in Fig. 6a, during the driest days over northern China. Spa-
tial coherence between differing regions is also notable.
Cluster 6, for example, is the most frequent during the dri-
est days, not only in north China, but also in southern China
and Vietnam.

Equivalent maps using the CNO05.1 rainfall observations
are shown in Supplementary Fig. 11. Although there are
some similarities, the most frequent clusters are identical to
those from ERAS, in only 0.45 % and 0.6 % of the CN05.1
area. The differences between the ERAS and CNO5.1
results arise from disagreements between two data sources
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(a) Cluster 1 (corr: 0.7)

(b) Cluster 2 (corr: 0.6)

(c) Cluster 3 (corr: 0.7)
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Fig.4 ERAS rainfall averaged over JJA 1979 to 2018 daysin each
cluster, as a fraction of overall (regardless of cluster) JJA climate.
Avalue of 2.0, for example, shows rainfall twice the climate. Dashed
and solid contourlines show negative and positive anomalies respec-
tively of the mean ERAS sealevel surface pressure anomaly (0.4 hPa

regarding the days contributing to the lower and upper quar-
tiles. From Supplementary Fig. 12, for example, it appears
that over most parts of China, no more than 50 % of the days
deemed by ERAS to be in the lower quartile of rainfall are
also in the corresponding lower quartile of CN05.1. The dis-
crepancy is likely to be related to small differences between
the gamma-like nature of ERAS and CNO5.1 daily rainfall
distributions.

Returning to Fig. 6; panels c, d show the relative area
of the land surface where each cluster is the most frequent
during the driest and wettest days. Considering the driest
and wettest days together, suggests that Cluster 1 is likely to
be associated with the widest areal extent of impacts from
rainfall anomalies. This is also true, according to the CNO05.1
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intervals) in each cluster. “Corr:” value in panel titles is spatialcor-
relation with equivalent rainfall fractions obtained using observed
CNOS5. 1rainfall (see Supplementary Fig. 6). The black boxes are dis-
cussed in Sect. 3.4

observations (see Supplementary Fig. 11 panels ¢ and d).
Maps (not shown) of cluster frequencies contributing to the
most extreme 10 % and 5 % of, both, the driest and wettest
days give similar large-scale patterns, but with considerably
more noise. In 0.68 and 0.53 of the overall domain (in terms
of area), the clusters were the same in the driest 10% and 5%
of days. For the wettest 10 % and 5 % of days, the fractions
were 0.69 and 0.57 respectively.

3.4 Distribution of daily rainfall in each cluster
In addition to the findings of Fig. 6 discussed above, there

are also, for the two regions shown by the black boxes
in Fig. 6a, b, some further, rather unexpected results
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integrated, WV Water vapour, SH specific humidity, 7 temperature,

requiring further examination. Cluster 3 contributes very
little to the box in Fig. 6a, despite an actual rainfall defi-
cit (see black box area in Fig. 4c) greater than in other
clusters. Likewise, Cluster 8 is absent from the box in
Fig. 6b, despite this cluster giving (see Fig. 4h), on aver-
age, large positive anomalies. Indeed, Cluster 8 is even
almost entirely absent from all panels of Fig. 6. To exam-
ine this result, Fig. 7a, b gives the distribution of daily
rainfall intensity from the days in each cluster for the two
black boxes respectively. For each intensity category, the
relative frequency contributions from each cluster to the
overall frequency, is remarkably consistent, regardless of
rainfall intensity. Clusters 1 and 8 are the most and least
frequent, for example, reflecting the values shown in the
panel titles of Fig. 4. In Fig. 7a, Clusters 1 and 2 are more
frequent than Cluster 3 for all rainfall intensities contribut-
ing to the lower quartile (whose intensity is shown by the
vertical dotted line) of overall daily rainfall. In Fig. 7b,
Cluster 8 is the least frequent cluster for all intensities in
the upper quartile (to the right of the dotted line) up to
days when the rainfall intensity fraction (of the overall
climate) is 2.5. The effect suggests that caution is advised
if cluster probabilities are to be used to infer the likelihood
of extreme events.

110°E 120°E

0.5 15 0.85 1.05 115

RH relative humidity. Dashed and solidcontour lines show negative
and positive anomalies respectively of the meanERAS sea level sur-
face pressure anomaly (0.4 hPa intervals) in the cluster

4 Model ability in simulating the circulation
clusters

4.1 Ability to reproduce observed cluster frequency

Good reproduction in climate models, of observed circula-
tion characteristics is a necessary condition if projections of
climate change using these models are to be beneficial for
impact mitigation and management. Figures 4 and 6 have
shown how this includes the intensity and frequency of cir-
culation regimes. Figure 8 therefore shows the frequency
of each cluster during 1979 to 2018 JJA days of the ERAS
and HadCM3-ESPPE, HadGEM3-PPE and CMIP5 ensem-
bles. For most clusters, the full ensemble ranges reasonably
encompass the ERAS frequencies (green bars), but the inter-
quartile ranges generally do not. The decline of ERAS5 clus-
ter frequencies as the cluster number increases is captured
well by all three ensembles with correlations between the
ensemble means and ERAS of at least 0.75. The HadCM3-
ESPPE performs most poorly. For this reason, this ensemble
is excluded from analysis here-on.

To explore possible reasons for the differences between
the simulated and ERAS frequencies, Fig. 9 shows how
the sea level pressure patterns on each day of each cluster
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Fig.6 Top row: Identity of most frequent clusterduring days of a less
than and b greater than lower and upper quartile thresholdsrespec-
tively, of JJA 1979 to 2018 ERAS rainfall (Quartile thresholds cal-
culated separately at eachgridbox). Thelst number in the title of each
panel shows the fraction of theCNO05.1 area (which has less coverage)
where CNO05.1 gives the same results asERAS. The 2nd and 3rd num-

compare to the centroid pressure patterns (the contours
shown, for example, in Fig. 1) of the cluster which they
are deemed to be in. The comparisons are shown as distri-
butions of Euclidean distance from the centroid for both
ERADS (in green) and the HadGEM3-PPE simulations (in
purple). As expected, the distributions are centred close to
0. They are wide, however, such that in all clusters, in both
the ERAS reanalysis and PPE simulations, there are many
days of greater distances from the centroid of their cluster.
The existence of these days, a consequence of the attempt
to pigeon-hole the natural variability of sea level pressure,
into just eight types, results in many days contributing to
the frequency diagnostics of Fig. 8, even though they may
only be weakly associated with the cluster which they are
deemed to belong to. This situation appears particularly
stark in clusters 1 and 3 (Fig. 9a, ¢). The mean of the cor-
relations (see panel titles of Fig. 9) between the ERAS
and PPE distributions was also the weakest in these two
clusters. Results, however, from a simple comparison (not
shown), between these correlations (from all clusters) and
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bers are the fractions of thearea in which the clusters of the most
extreme 10% and 5% of days, are the sameas those of the quartile
days). The black boxes are the same as in Fig. 4c,i, and are discussed
in Sect. 3.4. Bottom row: Total relativespatial area where each cluster
is the most frequent in the domainscorresponding to a and b respec-
tively

the model frequency errors shown in Fig. 8 gave no evi-
dence of a link.

Despite the shortcomings in the cluster frequency per-
formances of the HadGEM3-PPE and CMIP5 ensembles,
potentially reducing the credibility of probabilistic projec-
tions for the region, model simulations of the weather (e.g.
rainfall) within clusters can still be useful by adopting a con-
ditional “During days of Cluster X, you are likely to have an
average of Y approach.

4.2 Ability of models to reproduce observed cluster
dependent rainfall

Figure 10 shows the equivalent of Fig. 4, but from the
HadGEMS3-PPE simulations. For each HadGEM3-PPE
simulation, the mean fraction of that simulation’s climate
mean (regardless of circulation cluster) rainfall was calcu-
lated for the days of each simulation deemed to be in each
cluster. The ensemble mean (HadGEM3-PPE EM) of these
fractions is shown in Fig. 10. The large scale, spatial patterns
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(a) Region of box in Fig. 4c
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Fig.7 Distribution of daily JJA precipitation areaaveraged for the
boxes shown in Fig. 4c, i, in each SLP cluster (denoted Cin legend).
Inset image is an expansion of two parts of the spectrum. Verticaldot-
ted line in the top and bottom panel shows the 25th and 75th percen-
tile of daily rainfall respectively

of the fractions are very similar in both figures. Spatial cor-
relations between the two (shown in the title of each plotted
panel of Fig. 10) exceeding 0.8 in all clusters, showing a
strong fidelity of HadGEM3-PPE simulated rainfall to the
sea level pressure patterns. CMIP5 ensemble mean rainfall
(Supplementary Fig. 14) gives very similar results.

For a more direct comparison with the ERAS5 anomalies,
Fig. 11 shows the HadGEM3-PPE EM rainfall as a fraction
of the corresponding, cluster dependent ERAS rainfall for
each cluster, giving indications of how circulation depend-
ent model rainfall biases contribute to overall mean biases,
typically shown in the literature. Regions of red and blue
show where the HadGEM3-PPE EM is either too dry or too
wet. Certain characteristics of the biases appear to occur in
all clusters. The EM is too dry, for example, between 35°N
and 59°N, west of 90°E, and too wet to the east, regardless of
cluster. The magnitude, spatial extent and location of areas
of other bias aspects, however, appear to be somewhat clus-
ter dependent suggesting that overall mean bias quantities
can potentially be misleading. Over Eastern China, between
Shanghai and Beijing (between 30°N and 40°N), for exam-
ple, a dry bias is seen in most clusters, but not in Clusters 4
and 8, suggesting that during days of a negative zonal wind
anomaly, characteristic in both of these clusters, it would be
wrong to correct the HadGEM3-PPE rainfall by applying
a mean bias. Similar types of conclusions also arise from
CMIPS equivalent rainfall biases (shown in Supplementary
Fig. 14).

Possible reasons for the differing biases can be gleaned
by comparing other HadGEM3-PPE diagnostics of similar
types to those of ERAS, shown in Fig. 5, for the same clus-
ter. Figure 12 shows an example using Cluster 6. Given that
the clusters of days in the HadGEM3-PPE simulations are
identified solely using sea level pressure patterns, and that
each cluster (including Cluster 6) contains days of a rela-
tively wide range of these patterns (discussed in Sect. 4.1,
using Fig. 9), the plots of Fig. 12 are remarkably like those
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. I -
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show inter-quartile ranges 600 T ! H |
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(a) Cluster 1 (0.50)

(b) Cluster 2 (0.84)

(c) Cluster 3 (0.47)

Number of days
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(g) Cluster 7 (0.79) (h)
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Fig.9 Distributions of daily Euclidean distance (xaxis) normalised
by its standard deviation between normalised sea levelpressure (SLP)
of JJA 1979 to 2018 days in each cluster, and the centroid ofeach
cluster. Y-axis shows the number of days for each normalised distance
bin(bins of 0.2 width). Green and violet lines show the results from

of Fig. 5. Supplementary Fig. 15 gives the biases of the diag-
nostics of Fig. 12, compared to ERAS5. Some of these are
clearly related to the rainfall biases of Fig. 11 f. Over eastern
China, for instance, the simulated cloud cover and 850 hPa
relative humidity is less than in ERAS, corresponding to the
negative rainfall bias in the region in cluster 6.

4.3 Use of the ensembles to quantify unseen events

Figure 4, discussed earlier, showed the cluster dependence
of ERAS rainfall anomalies for the period 1979 to 2018.
The period, however, is unlikely to have been long enough
to have captured the full range of plausible anomalies asso-
ciated with each cluster which could have theoretically

@ Springer

the ERA5 andHadGEM3-PPE simulations respectively. The number
in the panel titles is the meanof the correlations between the green
and violet lines. Normalisation wascarried out by dividing the rel-
evant distances from each day, by thecorresponding ERAS and PPE
standard deviations of the distances, regardlessof cluster

occurred since 1979 but did not, due to chance. Examples of
observed events absent from ERAS, because they occurred
before 1979, include, for example, some of the severest
droughts of the past century in North America and eastern
China during the 1960s (Shen 2007).

Furthermore, analysis of influences on rainfall, from
remote teleconnections, requires observations from several
decades, at least, to achieve reliable results, due to subtle
spatial and intensity differences in, and between, short and
long term ocean circulation cycles such as the Pacific Dec-
adal and Atlantic Multidecadal oscillations (e.g. Sterl et al.
2007; Wang et al. 2014).

To gain an estimate of what could have happened, if, for
example, many more decades of ERAS were available, we
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Fig. 10 Mean HadGEM3-PPE rainfall (blue and red shading) as a
fraction of JJA HadGEM3-PPE climate (climate calculated separately
for each HadGEM3-PPE simulation) during JJA 1979 to 2018 days in
each ERAS sea level pressure defined cluster. Thenumber in the panel
titles is the spatial correlation between the values plotted and those

can harness the diversity of the individual members of the
HadGEM3-PPE and CMIP5 ensembles. Since, we are inter-
ested in the rainfall in individual clusters, expressed as a
fraction of the overall mean, we can, subject to caveats, treat
individual simulations of the ensembles as additional quasi-
realisations of the 1979 to 2018 period, using an approach
similar to that used by Thompson et al. (2017).

To do this, the individual HadGEM3-PPE rainfall simula-
tions, expressed as fractions of the climate of each simulation
(from which the ensemble mean was calculated, separately
for each cluster, for Fig. 10) were ranked at each model grid-
box. Figures 13 and 14 show the 10th and 90th percentiles of
the ranked fractions respectively, divided by the correspond-
ing ERAS fractions (shown in Fig. 4). Enhanced deficits are
seen for several locations in Clusters 3, 5 and 8 and the region
of deficits discussed earlier in Cluster 6. Enhanced surpluses
to note (in Fig. 14), are those on the northern flank of the

1.2

14

1.6 1.8

of the corresponding ERAS rainfall fraction shown in Fig. 4. Dashed
and solid contour lines show negative and positive anomalies respec-
tively of the mean ERAS sea level surface pressure anomaly (0.4 hPa
intervals) in eachcluster

cyclonic SLP anomalies of Clusters 4 and 8, east of China.
Similar results are shown for equivalent CMIP5 percentiles in
Supplementary Figs. 16 and 17.

There are caveats to bear in mind, however, with this exer-
cise. One is the fact that the HadGEM3-PPE and CMIP5
ensembles have too few simulations to give a true range of all
plausible outcomes, both in terms of the rainfall and circula-
tion. The aim here is to simply highlight this role of clustering
in providing extra information about events likely to have large
impacts. Spatial coherence of the anomaly enhancements is
also not guaranteed, i.e. enhancements at differing gridboxes
may come from differing simulations.
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Fig. 11 Mean HadGEM3-PPE rainfall (blue and red shading)as a
fraction of the corresponding cluster’s ERAS5 mean rainfall during
JJA 1979to 2018 days in each ERAS sea level pressure defined clus-
ter. A value of 2.0shows where the HadGEM3-PPE is twice as wet as

5 Conclusions

The overall aim of this paper has been to demonstrate how
an easy-to-use, objective method, of circulation clustering
can be used to capture and consolidate the complex nature
of daily circulation variability in East Asia into a form useful
for further research.

A set of 8 circulation cluster patterns relevant to east
Asia were produced by applying a clustering algorithm to
ERAS re-analyses of sea level pressure from JJA days in
1979 to 2018. The individual patterns exhibited a variety
of distinct surface level manifestations of anomalies of the
mid-level (500 hPa) climatological West Pacific Subtropi-
cal High (WPSH). In some of these, the WPSH was dis-
placed and in others, was weaker or stronger than normal.
Evolution of the East Asian summer monsoon was found
to be related to within season changes in the frequency
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the ERAS value in that cluster. Dashedand solid contour lines show
negative and positive anomalies respectively of themean ERAS sea
level surface pressure anomaly (0.4 hPa intervals) in eachcluster

of most, but not all the cluster patterns showing that the
clusters give information beyond that explained by the
monsoon alone.

Spatial patterns of ERAS re-analysis anomalies of wind
velocity, rainfall, moisture transport and temperature were
found to be highly cluster pattern dependent and within
each pattern, were strongly spatially correlated. Using an
example, the clustering approach was found to be a useful
tool for the attribution of spatial rainfall anomaly patterns.
The circulation dependent spatial patterns of rainfall, seen
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Fig. 12 Mean HadGEM3-PPE values of six diagnostics, during JJA
1979 to 2018 days in ERAS sea level pressure defined Cluster 6, for
comparison with those of Fig. 5. a, b, e, f Are shown as fractions of
their relevant‘regardless of cluster’ JJA climates. ¢, d Are shown as

in the ERAS reanalyses were replicated remarkably well
by climate models from two ensembles. This suggests a
possible role for circulation clusters as proxy predictions
of rainfall for locations where models predict circulation
well but perform poorly at rainfall. In such locations, the
clustering approach also yielded information about poten-
tial causes of the model rainfall bias, useful for model
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anomalies fromtheir relevant ‘regardless of cluster’ JJA climates.
Dashed and solid contourlines show negative and positive anomalies
respectively of the mean ERAS sealevel surface pressure anomaly
(0.4 hPa intervals) in each cluster

development. While some bias patterns occurred regard-
less of circulation cluster, others were cluster specific.

In a final demonstration of the use of circulation clus-
tering, evidence was found that anomalies of rainfall
greater than the most extreme of those found in ERAS
were plausible during the 1979 to 2018 period, potentially
providing a method of examining extreme events not in the
observed record.
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Fig. 13 Cluster dependent 10th percentile of ranked HadGEM3-PPE-
fractions of corresponding HadGEM3-PPE simulation climate (dur-
ing JJA 1979 to 2018 days) divided by the equivalent ERAS fraction
in each cluster. Mask applied tolocations where ERAS rainfall in a
cluster is greater than the overall climate. A value of 0.5, for example,
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shows a HadGEM3-PPE fraction which is half the equivalent ERAS
fraction. Dashed and solid contour lines show negative and positive
anomalies respectively of the mean ERAS sea level surface pressure-
anomaly (0.4 hPa intervals) in each cluster
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Fig. 14 As Fig. 13, but of the 90th percentile of ranked HadGEM3-
PPE simulations. A value of 2.0, for example, shows where a
HadGEM3-PPE simulated fraction is twice as large as the corre-
sponding ERAS fraction. Mask applied to locations where ERAS

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-05688-x.
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