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Abstract Among the statistical downscaling tools available for regional climate simulation, the
nonhomogeneous hidden Markov model (NHMM) is a powerful and efficient algorithm. It consists of
establishing statistical relations between predictand and predictors through a hidden layer of Markov

process and a covariate nonhomogeneous term as external forcing. Here, it is used to simulate summer daily
precipitation in the middle and lower reach of the Yangtze River basin (MLYRB), including future projection.
Results show that NHMM well identifies large-scale circulation features that are physically consistent with
regional rainfall patterns. MLYRB exhibits a general wetness for 1.5°C and 2°C global warming targets, with
smaller (larger) increase for the west (east). Such changes correspond to increases in the occurrence frequency
of synoptic weather patterns with stronger and more westward Western Pacific Subtropical High and stronger
westerly jet. This contributes to moistening MLYRB with increasing occurrence frequency for those wetter
rainfall patterns.

Plain Language Summary Statistical downscaling has been widely used in regional climate
simulation and projection. It is generally based on statistical relations between regional climate (predictand) and
large-scale atmospheric circulations (predictors). We have to, furthermore, assume that the relations found and
established in present-day climate would remain valid for future climate. There are needs and requirements for
the statistical tools to find good and robust relations between the predictand and predictors. In this study, we
demonstrate that the nonhomogeneous Markov model (NHMM) is an efficient algorithm and can well capture
physically consistent relations between regional rainfall patterns in the middle and lower reach of the Yangtze
River basin and large-scale atmospheric circulation features around the region. We believe that NHMM is a
confidence-inspiring tool for the regional climate simulation and projection. Finally, our study reveals a general
increase in precipitation in the region for a future warm climate for both 1.5°C and 2°C global warming targets,
and this projection scenario can be well explained by the increase in the occurrence frequency of the synoptic
weather patterns with a stronger and westward-shifted Western Pacific Subtropical High as well as a stronger
westerly jet in the future.

1. Introduction

The middle and lower reach of the Yangtze River basin (MLYRB) in Eastern China is located in the East Asian
monsoon region. It suffers frequent meteorological and climatic disasters causing serious losses of lives and
properties. It is of high significance to investigate future changes of its regional climate under the background of
global warming.

Global climate models (GCMs) are primary tools and source of information to make future climate change
projection. They particularly excel in reproducing large-scale atmospheric circulations. Although models from
the Coupled Model Intercomparison Project Phase 6 (CMIP6) are shown to be more skillful than their coun-
terpart in the precedent phase CMIP5 (Dong & Dong, 2021; Xin et al., 2020; Zhu et al., 2020; Zhu, Jiang, &
Li, 2021; Zhu, Lee, et al., 2021), they still have important biases in simulating regional climate that can be well
described if we have a good observation network covering the region and for a time period long enough to deduce
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a reliable climatology. A fruitful approach is thus to explore both advantages offered by GCMs for large-scale
circulations and by local weather stations for regional climate. In practice, we need to establish statistical rela-
tions between the large-scale circulations and regional climate with present-day conditions. Such relations can
then be, subsequently, applied to future scenarios produced by GCMs. We can easily see that this methodology is
conceptually very close to any statistical downscaling techniques designed to transform simulations of GCMs to
reliable regional climate. It is clear that we have to assume that the relations found in present-day climate would
remain valid for future climate. This assumption can be a fragile point of the whole methodology, since there are
no, a priori, physical laws used in the approach to explore and explain future climate change (Ehret et al., 2012;
Fan et al., 2021). In this study, we attempt to remedy this issue. Our basic idea is to check the physical consistency
of the statistical relations, which can inspire more confidence.

Let us take a simple statistical downscaling model as an example, such as the multivariate linear regression
that allows us to establish a relationship between present-day observed large-scale circulations (predictor) and
meteorological variables (predictand) to simulate future regional climate. This statistical relationship may not
clearly describe any valid physical relations in the complex climate system, which consequently does not inspire
confidence. In recent literatures, however, more and more studies were reported with more advanced statistical
downscaling schemes to perform climate downscaling (Cioffi et al., 2017; Li et al., 2020; Yin et al., 2011).

In our recent study (Guo et al., 2019), we used the nonhomogeneous hidden Markov model (NHMM) to construct
a relationship between large-scale circulation patterns (predictor) and the probability distribution of regional
precipitation (predictand) (Hughes & Guttorp, 1994). It continuously learns the evolution characteristics of
synoptic weather situations over time, so that the statistical property of meteorological variables can be repro-
duced more comprehensively and accurately (Cioffi et al., 2017; Fu et al., 2013; Greene et al., 2011; Robertson
et al., 2004; Tan et al., 2013). NHMM comprises of an input layer (predictor), a hidden layer, and an output layer
(predictand). Our NHMM work focused on rainfall simulation over MLYRB. Here, we pursue this investigation
to physical mechanisms. We try to focus on the hidden layer, explore the relations between the hidden states
representing relevant rainfall patterns, and atmospheric circulation regimes in the statistical model, and finally
provide an explanation for future changes in predictand.

2. Data and Methodology
2.1. Data Sets

We selected daily rainfall records in summer (June—August) during 1961-1990 at 56 stations in MLYRB (27.5—
32°N, 110-122°E) from the China Meteorological Administration network. Daily atmospheric circulation fields
during 1961-1990 are from ERA-40 reanalysis with 2.5° X 2.5° resolution from the European Centre for Medi-
um-Range Weather Forecasts. They are used to establish and calibrate the NHMM.

Four GCMs from CMIP6 used in our NHMM are EC-Earth3 (0.7° x 0.7°) from the EC-Earth consortium,
GFDL-CM4 (2.5° x 2.0°) from National Oceanic and Atmospheric Administration, [IPSL-CM6A-LR (2.5° x 1.3°)
from French Pierre Simon Laplace Institute, and MPI-ESM1-2-HR (0.9° X 0.9°) from Germany Max Planck
Institute. They all show good performance in simulating precipitation in China and large-scale atmospheric circu-
lation around the region (Dong & Dong, 2021; Xin et al., 2020; Zhu, Jiang, & Li, 2021; Zhu, Lee, et al., 2021).
The emission scenario is SSP5-8.5. Large-scale atmospheric variables under the global warming of 1.5°C and
2°C are applied into NHMM to obtain future climate projection. For details of data processing, please refer to
Ding et al. (2016) and Guo et al. (2019).

2.2. Nonhomogeneous Hidden Markov Model (NHMM)

NHMM is a double stochastic process consisting of hidden states that cannot be directly found and an observed
state sequence (Hughes et al., 1999; Hughes & Guttorp, 1994). It makes two conditional assumptions. The first
states that the multivariate precipitation R, on day ¢ is conditionally independent of all other variables, given the
hidden state S, on day ¢. The second assumption says that the hidden state S, on day ¢ depends only on the predictor
vector X, on day ¢ and the hidden state S,_, on day t—1.

P(Rx|SlzT,R1:r—1,X1:T)=P(ersr) (D
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P(Sr|S|:1~I,X1:T)=P(Stlst—l’Xr) 2)

where R, and S, represent observed precipitation and the hidden states of precipitation (also called rainfall patterns,
hereafter) on day ¢ (r = 1, 2...7), respectively. Both are defined at W stations over the study area, that is, 56 for
MLYRB. T'is the time sequence length in days, that is, 92 for the boreal summer. X, represents atmospheric circu-
lation field on day ¢ and thus X, = (X, X,...X;) denotes the time series of circulation field fromt=1tor=T.

The number of rainfall patterns is noted as N and determined by optimizing the Bayesian Information Criterion
(BIC).

BICy =2L(©}) —plogT 3)

where @7 is the estimated maximum likelihood parameter vector as found through the expectation maximization
algorithm on the training data for a model with N states. p is the number of parameters in the N-state model.
Normally, the least BIC score corresponds to an optimal model that greatly interprets the training data. In this
paper, the optimal number of rainfall patterns is N = 8.

Our previous work (Ding et al., 2016; Guo et al., 2019) shows that with four large-scale predictors, including sea
level pressure (12.5-35°N, 105-120°E), geopotential height at 500 hPa (10-25°N, 95-170°E), relative humid-
ity at 500 hPa (27.5-32.5°N, 105-125°E), and zonal wind at 500 hPa (25-32.5°N, 95-140°E), we are able to
establish a good NHMM simulating summer daily precipitation over MLYRB. In practice, we apply the principal
component analysis on joint field of the four predictors to filter out noises. The first 26 principal components
corresponding to the cumulative explained variance of 90% are selected as actual predictors to establish the
model.

2.3. Time Windows for 1.5°C and 2°C Global Warming Targets

The 1.5°C and 2°C thresholds are relative to the pre-industrial period (1861-1900). Time series of the global
averaged temperature anomaly for each GCM is first smoothed by a 21-year moving average. We then select the
year for which the 1.5°C or 2°C threshold is first reached. Finally, a period of 21 years in total is defined with
10 years before and after the nominal year, as shown in Table S1 of Supporting Information S1. It is noted that
future changes in precipitation at the two warming targets are relative to the reference period (1986-2005).

3. Results
3.1. Relations Between Rainfall Patterns and Circulation Regimes

In our case, there are eight rainfall patterns that were optimized by BIC through its calibration with station-orig-
inated precipitation and reanalysis. We further investigate their corresponding circulation regimes. In practice,
these circulation regimes are just a composite of synoptic conditions comprised in each rainfall pattern (i.e., the
hidden states of the NHMM).

The eight rainfall patterns obtained by NHMM are shown in Figure 1 (left panels) in the form of anomalies or
deviations from their average. The rainfall patterns 2, 3, and 4 (P2, P3, and P4) reveal spatial structures with
deficit precipitation almost over whole MLYRB, with only 7, 1, and 6 stations of weak opposite signal, while
P7 shows surplus precipitation all over, except 6 stations with weak deficit. The remaining rainfall patterns are
transitional ones, including P1 with positive deviation in the south and negative deviation in the north, P5 with
above-normal in the east and below-normal in the west, and P8 with surplus in the west and deficit in the east. P6,
however, shows only insignificant deviation from the normal all over.

We can remark that, for all P2, P3, P4, and P6 with deficit rainfall or relatively insignificant deviation from
normal (middle panels in Figure 1), the Western Pacific Subtropical High (WPSH) is all eastward retreated (142°,
144°, 136°, and 143°E, respectively). For P2 and P6, a wave train at 850 hPa is emanated from the equatorial
Pacific (Figures 1b2 and 1£2). For P4, there is an anomalous cyclone at 850 hPa over Taiwan (Figure 1d2). These
configurations lead to weaker summer monsoon. For P3, our study area is controlled by an anomalous anticyclone
at 850 hPa (Figure 1c2). Right panels in Figure 1 display the zonal wind and meridional overturning circulation
averaged along 110°-122°E over MLYRB (27.5-32°N). We can observe air descending on the whole layer over
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MLYRB for the four patterns. Except for P4, the westerly jet is northward shifted (50°, 44°, and 49°N for P2, P3,
and P6, respectively) compared to climatology. This circulation configuration is not favorable for precipitation.

For P7, WPSH extends westward (116°E), leading to an anomalous anticyclone at 850 hPa (Figure 1g2). There is
an anomalous convergence at 850 hPa with water vapor transport from the South China Sea. The vertical profile
shows air ascending on the whole layer over MLYRB (Figure 1g3). The westerly jet is southward shifted (33°N)
and stronger compared to climatology (Figure S2 in Supporting Information S1). This circulation configuration
is favorable to receive more rain.

For P1, WPSH is located around 135°E which is close to the climatology (Figure 1a2). There is an anomalous
anticyclone at 850 hPa over the Philippines. A wave train at 850 hPa occurs in the middle and high latitudes, with
an anomalous anticyclone in North China. This configuration is able to generate stronger moisture convergence.
The zonal-vertical profile shows air ascending in the south of 30°N and air descending in the north of 30°N
(Figure 1a3). The westerly jet is southward shifted (30°N) compared to the climatology. This circulation config-
uration is favorable to wetness in the south and dryness in the north.

For P5, WPSH extends westward to the southeast side of MLYRB (123°E), leading to an anomalous cyclone at
850 hPa in eastern MLYRB (Figure 1e2). There are regions with anomalous convergence in the east and anom-
alous divergence in the west at 850 hPa (Figure 1e3). This circulation regime, visibly, brings wetness to the east
and dryness to the west.

Finally, for P8, WPSH extends westward (123°E) with an anomalous anticyclone at 850 hPa in the east of
MLYRB and leads to stronger summer monsoon across the western MLYRB (Figure 1h2). The westerly jet is
southward shifted (35°N) (Figure 1h3). This circulation configuration is favorable for wetness in the west and
dryness in the east.

To sum up, all the rainfall patterns produced by NHMM are well consistent with their corresponding large-
scale circulation regime. It is clear that our NHMM is an efficient statistical downscaling algorithm with
excellent capacity in climate diagnosis (Cioffi et al., 2016, 2020; Fu et al., 2013; Khalil et al., 2010; Pineda &
Willems, 2016; Robertson et al., 2004). It is worthy of note that NHMM, although purely statistical, has the excel-
lent capacity of “learning” from station-based rainfall observation and reanalysis data of atmospheric circulation,
and digesting them to produce physically consistent behaviors and relations.

3.2. Future Projection of Precipitation and Its Possible Cause

Our previous paper (Guo et al., 2019) showed that NHMM effectively enhances the ability of CMIPS GCMs
in simulating the spectral distribution and spatial pattern of summer precipitation in MLYRB in eastern China.
We also drew the same conclusion by conducting an independent validation of NHMM with CMIP6 GCMs
during 1991-2010 (Figure S1 in Supporting Information S1). In Section 3.1 of the present work, we furthermore
demonstrated that NHMM has an excellent capacity in capturing the relation between regional rainfall patterns
and atmospheric circulation regimes. It explains why NHMM has an efficient capacity in climate simulations.
We are thus quite confident now to apply the established NHMM to projection of future precipitation under the
global warming of 1.5°C and 2°C.

It is to be recalled that the precipitation R (output layer) is jointly determined by the hidden states S (hidden layer)
and the covariate large-scale predictors X (input layer). For covariates as predictors, we use the first 26 principal
components of the joint field from four geophysical variables. NHMM assumes that these rainfall patterns and
the spatial structures of the first 26 principal components of predictors remain unchanged in the future, but their
occurrence frequencies and intensities can vary over time. This allows us to explore the underlying physical
mechanisms of precipitation changes from the perspective of changes in rainfall patterns and predictors.

Figure 1. Hidden states or rainfall patterns produced by nonhomogeneous hidden Markov model (al-h1; unit: mm/day) in the form of deviation from their average and
their corresponding large-scale anomalous circulations (a2-h2; a3—h3). The second column (a2-h2), the black rectangular depicts the middle and lower reach of the
Yangtze River basin. The red bold line (586gpm) indicates the position of the Western Pacific Subtropical High; the blue contours show geopotential height anomaly at
850 hPa (unit: hPa). Wind anomaly at 850 hPa (vector; unit: m/s) with a speed larger than 0.5 m/s is plotted. The third column (a3-h3), zonal-vertical profile averaged
along 110°-122°E. Zonal wind climatology (yellow contour), zonal wind anomaly (blue contour), and wind anomaly (vector) are plotted.
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Figure 2. Relative changes of total precipitation under the global warming of 1.5°C (a), 2°C (b), and half-degree warming
from 1.5 to 2°C (c), relative to 1986-2005 (unit: %). Yellow cross represents the station that passes the 95% significance test.
3.2.1. Changes in Precipitation Geographic Distribution
Figure 2 presents the spatial distribution of total precipitation changes in the multi-model ensemble mean at the
two warming targets, relative to 1986-2005. Results show that total precipitation increases at all stations, with
wetter conditions in the east than in the west. The additional half-degree warming from 1.5°C to 2°C induces
more pronounced wetness without passing the 95% significance test at all stations, and the difference between the
west and the east tends to amplify. Specifically, total precipitation increases with relative changes keeping below
20% (40%) in the east and 8% (10%) in the west at the 1.5°C (2°C) warming target. It is noted that compared
with raw GCMs, NHMM makes a minor adjustment on the amplitude and spatial patterns of total precipitation
changes (Figure S3 in Supporting Information S1). Uncertainties of projection among the four GCMs at all 56
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Figure 3. Boxplots showing occurrence frequency for eight rainfall patterns
(al-h1) and projection coefficients of corresponding circulation fields for
eight rainfall patterns (a2-h2) during the three time periods (historical and
2 global warming targets). “Increasing*” and “Decreasing*” indicate the
increasing and decreasing trend that passes the 95% significance test using
Student's #-test, respectively.

stations decrease after the application of NHMM (Figure S4 in Supporting
Information S1). It demonstrates that NHMM can enhance the credibility of
climate projection.

Actually, our previous work also produced a future projection, but with
CMIP5 models (Guo et al., 2019). The result there is close to the present
work using CMIP6 models, that is, MLYRB exhibits a general wetter trend
for its future precipitation. The only difference is in western MLYRB, show-
ing a weak decrease with CMIP5 and a slight increase with CMIP6.

It is to be noted that many results reported in the literature using GCMs or
statistical methods had similar conclusions. Guo et al. (2011) used a multi-
variate linear regression model to simulate summer precipitation in MLYRB,
with driving forcing from multiple GCMs. The downscaled result provided
a clearer increase in rainfall in MLYRB, compared to the original GCMs.
Pan et al. (2016) showed that all categories of precipitation in MLYRB
are projected to increase in frequency using 31 GCMs from CMIP5. Han
et al. (2014) showed that the intensity and the occurrence frequency of heavy
rainfall events are projected to increase more rapidly in the east than in the
west using eight GCMs from CMIPS. However, Gu et al. (2014) indicated
that most of MLYRB stands out as “hotspots” of climate change in China at
the end of the 21st century, with an increase in annual precipitation in north-
ern MLYRB and a decrease in southern MLYRB using the regional climate
model, RegCM4.0. In a word, although models and methods used could have
an impact on the regional precipitation projection in MLYRB, our results are
basically consistent with most other works reported in the literature, project-
ing wetter conditions.

3.2.2. Response of Rainfall Patterns and Their Corresponding
Circulation Regimes

The implementation of our NHMM can record the weather situation each
day and label it with one of the rainfall patterns. We can thus calculate the
occurrence frequency of each rainfall pattern and explore their significance
in simulating rainfall during the three time periods (historical and 2 global
warming targets) (left panels in Figure 3). We further investigate occur-
rence frequencies of their corresponding circulation regimes for the eight
rainfall patterns. To quantitatively measure their occurrence, we can project
(formally, a dot product of two vectors or matrices) the composite structure
onto each actual synoptic situation. Hereafter, we will use the term “projec-
tion coefficient (PC)” to designate this dot product. Results are now shown in
Figure 3 (right panels) to assess the variations of their PCs among the three
periods.

Left panels in Figure 3 provide the annual occurrence frequency for the
eight rainfall patterns during the three time periods (historical and 2 global
warming targets). Results show that occurrence frequencies of P5, P7, and
P8 increase, while those of P1, P2, P3, P4, and P6 decrease. We further apply
Student's t-test to the occurrence frequency for each rainfall pattern. It shows
that only P2 and P3 with strong below-normal precipitation for the whole

domain significantly decreases for the two warming targets relative to the historical period. The decrease passes

the 95% significance test. On the contrary, P5 with wetness in the east and dryness in the west at the two warming

targets, and P7 with above-normal deviation of precipitation over the whole region at the 2°C warming target
significantly increases at 95% of the significance test.

Right panels in Figure 3 provide boxplots showing the distribution of PC for the eight rainfall patterns during the
three time periods. We find that future changes of PC are consistent with those of the corresponding occurrence
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frequency, except for P6. Specifically, PCs of the corresponding circulation regimes for P1, P2, P3, and P4 (PS5,
P6, P7, and P8) are almost negative (positive) and decreases (increases) with time. It means that occurrence
frequencies of their corresponding circulation regimes will decrease (increase) in the future.

To sum up, considering the good consistence between rainfall patterns and large-scale circulation regimes, we
can draw the conclusion that the occurrence frequency of synoptic weather patterns with stronger and more west-
ward WPSH as well as stronger westerly jet will increase in the future.

3.2.3. Role of the Nonhomogeneous Term in NHMM

The nonhomogeneous term in our NHMM, also called covariable term or input layer X, plays an important role
in controlling the behaviors of the Markov process. It can be considered as the large-scale predictor coming
from GCMs. We now assess their changes to further understand the underlying physical mechanisms leading to
rainfall changes in MLYRB. As we mentioned previously, the first 26 principal components of the joint fields of
four predictors are used to establish the NHMM. It is thus useful to examine the leading EOFs and the associated
principal components.

Figure 4 exhibits the first two principal components and their associated regression fields (spatial pattern). The
principal components cover the historical period 1986-2005 and two periods under the global warming of 1.5°C
and 2°C. The explained variance of the first principal component is 33.0% (Figure 4a). The high-value center of
geopotential height at 500 hPa over the South China Sea easily brings water vapor to MLYRB. Relative humidity
anomaly at 500 hPa also increases. Therefore, the first spatial mode of the predictors shows beneficial situations
to increasing precipitation over MLYRB. The first principal component's time coefficient is almost positive and
increases with time (Figure 4b). It contributes to rainfall abundance in the future.

For the second principal component that explains 10.1% of the total variance (Figure 4c), the relative humidity
at 500 hPa obviously shows negative values in the east and positive values in the west, but the corresponding
principal component is almost negative and decreases with time (Figure 4d). By consequence, the second mode
brings significant wetness in the east and slight wetness in the west in future.

In a word, the above two synoptic weather patterns that occur more frequently at 1.5°C target contribute to a
general wetter trend over MLYRB, remarkable wetness in the east, and modest wetness in the west. These trends
would be more pronounced at the 2°C global warming target.

4. Conclusions and Discussion

A statistical scheme based on NHMM was constructed and used to project responses of summer rainfall in
MLYRB to the global warming of 1.5°C and 2°C. The driving forcing is provided by four GCMs from CMIP6,
that is, EC-Earth3, GFDL-CM4, IPSL-CM6A-LR, and MPI-ESM1-2-HR. We further explore the causes of
precipitation changes from the perspective of changes in rainfall patterns and predictors over time. Main conclu-
sions are as follows.

1. NHMM has an excellent capacity in capturing the relationship between the rainfall patterns and their corre-
sponding regional atmospheric circulation regime.

2. MLYRB exhibits a general wetter climate in the future, with modest increase in precipitation for the west and
larger increase for the east at the two warming targets. The additional half-degree warming from 1.5°C to 2°C
induces more pronounced wetness, and the difference between the west and the east tends to amplify.

3. Such rainfall changes correspond to increases in the occurrence frequency of these synoptic weather patterns
with stronger and more westward WPSH as well as stronger westerly jet. This constitutes favorable conditions
to bring more rain over MLYRB, and thus leads to an increase in the occurrence frequency of the rainfall
patterns with more precipitation.

In our work, NHMM makes the assumption that the rainfall patterns and the spatial structures of predictors
remain unchanged in future, but their occurrence frequencies and intensities can vary over time. We demonstrate
that NHMM well captures the relationship between local rainfall patterns and large-scale atmospheric circulation
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Figure 4. Regression fields of the first two spatial modes of the 26 principal components (a and c) and their time coefficients during the three time periods (historical
and 2 global warming targets) (b and d). The predictors of the left picture include relative humidity at 500 hPa (shaded) and geopotential height at 500 hPa (black
contour). The gray dashed rectangle represents the middle and lower reach of the Yangtze River basin. For the right picture, the blue solid line corresponds to the trend
of multimodel ensemble mean. Red shadow indicates the difference among models.

features, reflecting the excellent capacity of NHMM in climate diagnosis. This is the reason why NHMM gener-
ally shows good performance in regional climate simulations. We believe that what we showed in this study
can inspire confidence for future climate projection performed with NHMM. It also provides an opportunity to
explain causes of future changes.

Finally, some alternative NHMM approaches and more advanced machine-learning algorithms, as abundantly
reported in the recent scientific literature, may lead to further improvement in regional climate simulations (Bulla
et al., 2010; Holsclaw et al., 2016; Irrgang et al., 2021; Long et al., 2019; Wang et al., 2021). Further investiga-
tions are worthy of exploration in the future.

Data Availability Statement

The practical realization of nonhomogeneous hidden Markov model is through the toolbox “HMMTool” devel-
oped and maintained in the International Research Institute (https:/iri.columbia.edu/our-expertise/climate/
tools/hidden-markov-model-tool/hmmtool/). Daily rainfall records are available at http://data.cma.cn/. ERA40
reanalysis data are available at https://apps.ecmwf.int/datasets/data/era40-daily/levtype=sfc/. Coupled Model
Intercomparison Project Phase 6 model data are available at https://esgf-node.llnl.gov/search/cmip6/.
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