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Abstract A variable-grid atmospheric general circulation

model, LMDZ, with a local zoom over southeast China is

used to investigate regional climate changes in terms of

both means and extremes. Two time slices of 30 years are

chosen to represent, respectively, the end of the 20th cen-

tury and the middle of the 21st century. The lower-

boundary conditions (sea-surface temperature and sea-ice

extension) are taken from the outputs of three global cou-

pled climate models: Institut Pierre-Simon Laplace (IPSL),

Centre National de Recherches Météorologiques (CNRM)

and Geophysical Fluid Dynamics Laboratory (GFDL).

Results from a two-way nesting system between LMDZ-

global and LMDZ-regional are also presented. The evalu-

ation of simulated temperature and precipitation for the

current climate shows that LMDZ reproduces generally

well the spatial distribution of mean climate and extreme

climate events in southeast China, but the model has sys-

tematic cold biases in temperature and tends to overesti-

mate the extreme precipitation. The two-way nesting

model can reduce the ‘‘cold bias’’ to some extent compared

to the one-way nesting model. Results with greenhouse gas

forcing from the SRES-A2 emission scenario show that

there is a significant increase for mean, daily-maximum

and minimum temperature in the entire region, associated

with a decrease in the number of frost days and an increase

in the heat wave duration. The annual frost days are pro-

jected to significantly decrease by 12–19 days while the

heat wave duration to increase by about 7 days. A warming

environment gives rise to changes in extreme precipitation

events. Except two simulations (LMDZ/GFDL and LMDZ/

IPSL2) that project a decrease in maximum 5-day precip-

itation (R5d) for winter, other precipitation extremes are

projected to increase over most of southeast China in all

seasons, and among the three global scenarios. The

domain-averaged values for annual simple daily intensity

index (SDII), R5d and fraction of total rainfall from

extreme events (R95t) are projected to increase by 6–7,

10–13 and 11–14%, respectively, relative to their present-

day values. However, it is clear that more research will be

needed to assess the uncertainties on the projection in

future of climate extremes at local scale.

Keywords Climate change � Climate extremes �
Variable-grid model � Southeast China

1 Introduction

Atmosphere–Ocean General Circulation Models (AOGCMs)

are important tools for projecting the climate under sce-

narios of greenhouse gas emission. However, due to their

coarse spatial resolution (typically, the horizontal resolu-

tion of AOGCMs participating in IPCC AR4 ranges from

400 to 125 km, Meehl et al. 2007), they cannot provide

information at scales finer than their computational grid.
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But processes at the unresolved scales are important. This

is particularly the case in East Asia, where AOGCMs

always have large biases in reproducing the present-day

climate, due to the complex topography (Zhou and Li

2002; Gao et al. 2004, 2006; Jiang et al. 2005; Zhou and

Yu 2006) that affect the East Asian Monsoon. Furthermore,

the skill of AOGCMs in simulating climate extremes in this

region is also poor (Jiang et al. 2009; Wang et al. 2008). As

a result, outputs of the AOGCMs can hardly be directly

used in impact-oriented studies, and downscaling is nec-

essary to obtain data at appropriate scales.

Two downscaling techniques, dynamical and empirical

statistical, have been developed to bridge the gap between

the coarse resolution of climate models output and the need

for surface weather variables at finer spatial resolution.

‘‘Statistical downscaling’’ models statistical relationships

between the local climates (predictand) and carefully

selected large-scale parameters (predictor) (Wilby et al.

2004; Wetterhall et al. 2006; Goodess et al. 2007).

‘‘Dynamical downscaling’’, on the other hand, uses a high-

resolution limited-area model nested into the global models

(Frei et al. 2006). This approach allows taking into account

the detailed regional topography to ensure a better simula-

tion of local weather events and climate. The above-men-

tioned two methods can also be used simultaneously in order

to examine uncertainties of downscaling (Haylock et al.

2006; Schmidli et al. 2007). Another existing approach used

to generate regional climate information is based on the use

of variable-resolution (zoomed) atmosphere general circu-

lation models with higher resolution for the region of interest

(Gibelin and Déqué 2003; Goubanova and Li 2007). Results

from variable-resolution GCMs capture, over the high-

resolution region, finer-scale details than uniform-resolution

models while retaining global skill similar to uniform-

resolution simulations with the same number of grid points.

For China, a number of recent climate change simula-

tions with different regional climate models have been

analyzed for future variation in both mean climate and

climate extremes. For example, Zhang et al. (2006) studied

the distribution of the present and future extreme climate

events in China under the IPCC SRES B2 scenario with the

PRECIS (Providing REgional Climates for Impacts Stud-

ies, Jones et al. 2004) climate model. They indicate that, in

the future, the occurrence of hot events is projected to be

more frequent while the occurrence of cold events is likely

to be much rarer. There would be an overall increasing

trend in extreme precipitation over most of China espe-

cially in the southeast coastal zone and in the middle and

lower reaches of the Yangtze River. Gao et al. (2008)

studied climate changes over East Asia using RegCM3,

nested within the NASA/NCAR global model FvGCM.

Tang et al. (2008) investigated regional climate changes in

China under the IPCC A2 scenario by using MM5V3

nested in the CISRO Mark 3 global climate model. They

found that surface air temperature in China would increase

in the future, with a stronger trend in winter and a south-

north increasing gradient. Gao et al. (2006) reported that

simulated East Asia large-scale precipitation patterns are

significantly affected by model resolution. Furthermore, they

found that model resolutions of 60 km or finer are needed to

accurately simulate the distribution of precipitation over

China. However, the above-mentioned models (e.g., PRE-

CIS, RegCM3 and MM5V3) are all nested regional climate

models, and variable-resolution GCMs have rarely been

used in climate change simulations over China.

In the present study, we estimate future changes of daily

temperature and precipitation statistics in southeast China

by using a variable-resolution GCM with a stretched grid.

The main objective of our study is to document simulated

changes of extremes in southeast China for both tempera-

ture and precipitation. Climate extremes are expressed in

terms of extreme indices (Frich et al. 2002; STARDEX

2005; Alexander et al. 2006; Tebaldi et al. 2006). We

address the issue of uncertainties by taking into account

SST (sea-surface temperature) and sea ice variations from

three different global coupled GCMs.

The paper is organized as follows. Section 2 describes

the model, data and methodologies used in this study.

Results of the model evaluation in southeast China are

discussed in Sect. 3. The scenarios of climate change are

presented and interpreted in Sect. 4. Finally, Sect. 5 sum-

marizes the results and draws conclusions.

2 Study region, model, simulations and diagnostics

2.1 Study region, model and simulations

The study area encompasses the region of southeast China.

The most distinctive climatic feature of this region is the

East Asian monsoon. Precipitation is affected by both the

strength of the monsoonal flows and the amount of water

vapour transported. Summer precipitation accounts for

60–85% of the annual total precipitation. It yields a

decreasing gradient from south-east to north-west. In

winter, surface air temperature sharply drops from south to

north as a function of the intensity of the East Asian winter

monsoon, which carries cold air from the polar region into

East Asia. The topographic structure of the region is dis-

played in Fig. 1a. The area is generally characterized by an

increasing elevation from southeast to northwest. The

complex regional topography has strong influences on the

local climate and its spatial variability (Gao et al. 2006; Wu

et al. 2007; Liu et al. 2007).

LMDZ is the atmospheric general circulation model

developed in the Laboratoire de Météorologie Dynamique
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in Paris. It is a grid-point model with a state-of-the-art

physical parameterization (Li 1999, Hourdin et al. 2006).

LMDZ is also the atmospheric component of the coupled

climate system model used in IPSL (Institut Pierre-Simon

Laplace) for the climate change scenarios reported in

IPCC-AR4 (Solomon 2007). Two versions of LMDZ are

used in this study: LMDZ-global and LMDZ-regional.

They share an identical physical parameterization, and

differ only by their horizontal resolutions. LMDZ-global

has a globally uniform resolution of 2.5� in latitude and

3.75� in longitude. LMDZ-regional uses the zoom ability to

increase the spatial resolution over the Yangtze River

basin. The zoom is centred at 30�N/110�E and covers

roughly a domain of 40� in longitude and 20� in latitude.

For this domain, the model has the spatial resolution from

0.50� to 0.55� in latitude and longitude. Figure 1b shows

the model grid and surface orography of LMDZ-regional.

For southeast China, we can roughly follow the three-step

orography from southeast to northwest. The first step is the

coastal region with large plains in the north and small

mountains (less than 400 m of altitude) in the south. The

second step comprises regions with altitude from 400 to

1,600 m. The third step is the Tibetan Plateau with altitude

passing over 5,000 m. The Sichuan basin centered at

105�E/30�N is very well depicted by LMDZ-regional. Note

that the Yangtze River crosses the Sichuan basin and goes

eastward following roughly the latitude 30�N.

Although LMDZ-regional is a global model with local

zoom, it is indeed used as a traditional limited-area model

with the whole globe (except the zoomed domain) as buffer

zone that receives outputs of LMDZ-global. An exponen-

tial relaxation procedure for atmospheric temperature and

circulation (u and v for wind) is applied in the buffer

zone with a time scale of 30 min. The same version of

(a) 

(b) 

Fig. 1 a Real orography

(GTOPO30, Global 30 Arc

Second Elevation Data Set,

http://eros.usgs.gov/#/Find_

Data/Products_and_Data_

Available/gtopo30_info) and

b grid and surface orography

(bottom, color shading in m) of

LMDZ-regional, black markers
indicate LMDZ-regional grid

cell centers
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LMDZ-regional for southeast China was already used in

Zou et al. (2010), but relaxed to ERA-40 data from 1958 to

2001. Zou et al. (2010) concluded that such a dynamical

downscaling improves not only the climatology of mon-

soon major rain band but also the inter-annual variability

modes of rainfall over eastern China in comparison to that

of ERA40. The added values of LMDZ-regional were

evident in both the spatial patterns of dominant rainfall

variability modes and the associated temporal variations.

The main simulations presented in this paper are per-

formed through the combination of LMDZ-global and

LMDZ-regional working in tandem and in a sequential

manner: atmospheric temperature and winds from LMDZ-

global enter into LMDZ-regional every 6 h but there is no

feedback from LMDZ-regional to LMDZ-global. Further-

more, we also present results from a two-way nesting sys-

tem between LMDZ-global and LMDZ-regional. Through

two-way nesting, the two models run in parallel with

information exchanged every 2 h: outputs of LMDZ-global

(LMDZ-regional) as boundary conditions for LMDZ-

regional (LMDZ-global) outside (inside) the domain of

interest. The two-way nesting is an optimal treatment for

interactions between regional and global scales. Lorenz and

Jacob (2005) showed already that the two-way nesting can

improve the global climate through a better representation

of a region (the Maritime Continent area, in their study).

The control simulations representing present-day cli-

mate are performed through the tandem of LMDZ-global

and LMDZ-regional with seasonally-varying climatologi-

cal SST and sea-ice averaged from 1961 to 1990 and

concentration of different greenhouse gases for the same

period. For future climate, we choose the SRES-A2 emis-

sion scenario for our targeted period around 2045. We use

the monthly-mean SST and sea ice (averaged from 2041 to

2050) obtained from global coupled climate system models

as a surrogate to assess the climate change at regional

scales. As demonstrated in Gastineau et al. (2009), main

signals of the atmospheric circulation under global warm-

ing can be retrieved from the global SST. Furthermore, we

adopt the approach of differential SST, which consists of

adding the predicted SST variation (monthly-mean sea-

sonal cycle of 2041/2050 minus 1961/1990) from global

models to the observed monthly-mean and seasonally-

varying climatological SST (period 1961/1990). This dif-

ferential approach was also used in Goubanova and Li

(2007) for climate downscaling in the Mediterranean

region. It gives the best results for the present-day control

simulation, which uses the observed lower-boundary con-

ditions. It is also useful to compare downscaled results

from different global models, since they share a same

control climate. Sea ice is also treated in a differential

manner, in proportion to the variation of ice-covered sur-

face in global models for each hemisphere. To increase our

confidence, we use the SST and sea-ice outputs from three

different global climate system models, developed and run

in IPSL (Dufresne et al. 2002), CNRM (Gibelin and Déqué

2003) and GFDL (Delworth et al. 2002), respectively. The

corresponding simulations with LMDZ will be referred to

as LMDZ/IPSL, LMDZ/CNRM and LMDZ/GFDL, and the

two-way nesting system from LMDZ-global and LMDZ-

regional is referred to as LMDZ/IPSL2. In addition, control

simulations of the one-way nesting system and the two-way

nesting one are referred to as LMDZ/CTRL and LMDZ/

CTRL2, respectively, as shown in Table 1. Note that

future-climate scenarios are run also with the correspond-

ing future concentration of greenhouse gases. All simula-

tions are performed for 30 years with climatological SST

and sea ice. Our experimental design with climatological

lower-boundary conditions eliminates variability from

inter-annual to inter-decadal time scales and allows

obtaining a stationary sampling that simplifies diagnostics

on climate extremes. Finally, we point out that our choice

of a 10-year period 2041/2050 for future climate may be a

little short to eliminate inter-annual variability of global

coupled models. But it is a result of the consideration that

we would avoid using a longer interval and consequently

averaging too-much different climate parameters. In fact,

the middle of the 21st century is a quick transition period in

our simulations.

2.2 Daily temperature and precipitation statistics

For the validation of the control simulations, we use two

observational datasets for temperature and precipitation,

respectively. The observed daily mean, daily maximum

and minimum temperatures were obtained from a new daily

Table 1 List of simulations

conducted with LMDZ for

different periods and with

different boundary conditions

Simulation Period Boundary conditions

LMDZ/CTRL Present-day Climatological SST and sea-ice, one-way nesting

LMDZ/IPSL About 2045 SST and sea-ice from IPSL global model IPCC-A2 scenario

LMDZ/CNRM About 2045 SST and sea-ice from CNRM global model IPCC-A2 scenario

LMDZ/GFDL About 2045 SST and sea-ice from GFDL global IPCC-A2 scenario

LMDZ/CTRL2 Present-day Same as LMDZ/CTRL, but two-way nesting

LMDZ/IPSL2 About 2045 Same as LMDZ/IPSL, but two-way nesting
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temperature dataset on a 0.5� 9 0.5� grid developed by Xu

et al. (2009). The dataset is deduced from 751 meteorolog-

ical stations over mainland China. A topographic correction

was applied during the grid interpolation.

As for the daily total precipitation amounts, we use a

daily gridded dataset provided by Chen et al. (2010), with a

resolution of 0.5� by 0.5�, comparable to LMDZ. This

dataset is also deduced from 753 operational surface sta-

tions of the China Meteorological Administration by an

ordinary kriging interpolation, with small interpolation

errors in the eastern part of China owing to the high station

density. We also used another gridded precipitation dataset

offered by Xie et al. (2007) to evaluate the simulation.

Similar evaluation results are found between Chen and

Xie’s datasets so that the latter are not shown.

In this study we use nine daily temperature and pre-

cipitation statistics as shown in Table 2. There are five

temperature-related diagnostics. Tav, Tx and Tn are the

mean values in a season or a year for average temperature,

daily maximum temperature and minimum temperature,

respectively. The frost days (FD) are an indicator mea-

suring the number of frost days for a given season or year.

The heat wave duration index (HW) is defined as the

number of consecutive days in a given season for which the

daily maximum temperature on each day exceeds the long-

term 90% quantile of the corresponding calendar day’s

maximum temperature, which is calculated as average of

the daily maximum temperature over a 5-day window

centred on that calendar day (Hundecha and Bardossy

2008). It is a useful indicator for measuring prolonged

periods of heat stress in summer or in a year calculated

from daily maximum temperatures. Besides the mean

precipitation (Pav), there are three precipitation extreme

indices (SDII, R5d, R95t). SDII is a measure of the average

amount of precipitation that falls on a wet day in a given

season or a year, while R95T and R5d measure the

magnitude of the most intense precipitation events. The

indices were calculated using the STARDEX project

(Goodess 2003) diagnostic tool as described in the web site

of the project.

3 Evaluation of the LMDZ-regional ability to simulate

observed climate in southeast China

3.1 Spatial patterns

Figure 2 compares the spatial distribution of the annual-

mean temperature, daily-maximum temperature, and daily-

minimum temperature of the two control simulations

(LMDZ/CTRL and LMDZ/CTRL2) with observations. The

two simulations reproduce well the general patterns of

temperature decrease from south to north, as well as the

sub-peak over the Sichuan basin (28�–32�N, 104�–108�E).

The spatial pattern correlation coefficients between simu-

lated and observed annual-mean Tav, Tx and Tm are 0.97,

0.95 and 0.97, respectively, for LMDZ/CTRL, and 0.96,

0.93, and 0.96, respectively, for LMDZ/CTRL2. However,

the simulated temperatures of LMDZ/CTRL tend to be

lower than the observed ones, especially in the northern

parts of this region, where biases are up to -5�C. The two-

way nesting LMDZ/CTRL2 reduces such systematic cold

biases remarkably. In particular, LMDZ/CTRL2 shows a

warm bias of up to 1–2�C in eastern parts. Careful exami-

nation reveals that this amelioration is a direct consequence

of changes in the large-scale atmospheric circulation, due

to the feedbacks from the regional model to the global one.

Figure 3 shows the differences of annual-mean 700-hPa

geopotential height (contour) and atmospheric circulation

(wind vectors) between observations (from the 40-year

European Centre for Medium-Range Weather Forecasts

(ECMWF) Re-Analysis (ERA-40), Uppala 2005) and the

Table 2 Diagnostics of daily temperature and precipitation used in this study

Indices Definition Units

Tav Mean temperature averaged in a season or a year �C

Tx Mean daily-maximum-temperature averaged in a season or a year �C

Tn Mean daily-minimum-temperature averaged in a season or a year �C

FD Total number of frost days (daily-minimum-temperature \0�C) days

HWa Percentile-based heat have duration days

Pav Mean precipitation averaged in a season or a year mm/day

SDII Simple daily intensity index: mean precipitation on days with precipitation C 1 mm mm/day

R5d Maximum total precipitation from any consecutive 5 days mm

R95t Heavy rainfall proportion: fraction of total rainfall from events [95th percentile %

a This index is defined as the number of consecutive days in a given season for which the daily maximum temperature on each day exceeds the

long-term 90% quantile of the corresponding calendar day’s maximum temperature, which is calculated as average of the daily maximum

temperature over a 5-day window centred on that calendar day
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two control simulations LMDZ/CTRL (top plot) and

LMDZ/CTRL2 (bottom plot). It is clear that the inclusion

of a detailed representation in southeast China modifies

strongly the atmospheric circulation around this region. For

LMDZ/CTRL (top plot), We found that compared to

observation, a large anomalous cyclone takes place over

Japan and Northeastern Asia, which intensifies the north-

westerly wind anomaly toward southeast China, thus,

conveying more cold air from north. This may explain

the existence of the above-mentioned large ‘‘cold bias’’

of LMDZ/CTRL. However, for LMDZ/CTRL2, the

cyclonic anomaly over Japan is much weaker than that of

LMDZ/CTRL. Correspondingly, the anomalous north-

westerlies over southeast China are weakened (bottom

plot) As a result, the cold biases of LMDZ/CTRL2 are

reduced.

Figure 4 shows observed spatial distribution, as well as

the fractional differences between observed and simulated

fields of the annual-mean precipitation, annual SDII, and

R5d, respectively, for present-day climate in southeast

China. The observed Pav, SDII, and R5d decrease from

southeast to northwest. Overall, the model results repro-

duce the broad spatial patterns of observed precipitation-

related indices, the spatial pattern correlation coefficients

Observed LMDZ/CTRL LMDZ/CTRL2

Fig. 2 Observed spatial distributions of present-day climate param-

eters (left three panels), differences between observations and LMDZ/

CTRL (middle three panels) and LMDZ/CTRL2 (right three panels).

Annual-mean Tav are on the top three panels, Tx on the middle three
panels, and Tn on the bottom panels. The parameters Tav, Tx and Tn

are introduced in Table 2. Units are �C
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between models results and observed Pav, SDII, and R5d

are 0.8, 0.7 and 0.6, respectively, for LMDZ/CTRL2, and

0.7, 0.6, 0.5, respectively, for LMDZ/CTRL. However,

both models tend to underestimate Pav, SDII and R5d in

the southern parts of this area, with a magnitude varying

from -10 to -40%. Conversely, in the northwestern parts

the Pav and R5d are overestimated severely by both

LMDZ/CTRL and LMDZ/CTRL2. For SDII, simulated

values are obviously lower in entire southeast China except

in the northwestern regions as already mentioned. It is also

worth noting that although LMDZ/CTRL and LMDZ/

CTRL2 share similar spatial pattern in general, there exist

large differences in the simulation of precipitation amounts

between them. Overall, LMDZ/CTRL has much more

precipitation than in LMDZ/CTRL2. The domain-averaged

biases of annual-mean Pav, SDII and R5d are ?16.9,

-4.0% and ?35.5%. respectively, for LMDZ/CTRL, and

-0.7, -17.5 and 6.8%, respectively, for LMDZ/CTRL2.

These differences are mainly due to a drastic reduction of

extreme/intense precipitation in LMDZ/CTRL2 compared

to LMDZ/CTRL (as shown later in Fig. 6).

For other indices and seasons, we calculated the spatial

correlation coefficient between the observed and simulated

fields for both LMDZ/CTRL and LMDZ/CTRL2 as shown

in Fig. 5. Spatial correlation coefficient for T, Tmax and

Tmin is high with values larger than 0.9 in all seasons for

both LMDZ/CTRL and LMDZ/CTRL2, suggesting that the

two models can simulate well the distribution of most

temperature-related diagnostics, with the exception of the

percentile-based HW. The performance of the model in

constructing precipitation-related diagnostics is less satis-

factory than its performance for temperature-related diag-

nostics. Furthermore, LMDZ/CTRL and LMDZ/CTRL2

simulate well both mean and extreme precipitation field in

winter, while its performance in summer is deteriorated.

Compared to LMDZ/CTRL, the improvement of LMDZ/

CTRL2 is seen in the spatial correlation coefficient for HW

and Pav.

Fig. 3 Differences of 700-hPa

geopotential height (contour, m)

and wind vectors between

observations the two control

simulations LMDZ/CTRL

(top plot) and LMDZ/CTRL2

(bottom plot). The latter has the

regional model (LMDZ-

regional) over southeast China

running interactively (two-way

nesting between LMDZ-global

and LMDZ-regional)
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Observed LMDZ/CTRL LMDZ/CTRL2

Fig. 4 Same as in Fig. 2, but for annual-mean precipitation rate (top panels, mm/day), SDII (middle panels, mm/day) and R5d (bottom panels,

mm). Units of the fractional differences are %

DJF JJA Annual

T Tmax Tmin HW FD Pav SDII R5d R95t T Tmax Tmin HW FD Pav SDII R5d R95t

DJF JJA Annual

Fig. 5 Spatial-pattern correlation coefficients between the observed fields and simulated ones from LMDZ/CTRL (left) and LMDZ/CTRL2

(right)
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3.2 Domain averages

In this section, we present a systematic evaluation of model

performance by considering the domain averages. Table 3

summarizes the biases for winter, summer and annual mean

for all indicators.

For temperature-based diagnostics, the most striking

feature is the cold bias for both LMDZ/CTRL and LMDZ/

CTRL2, larger in winter and smaller in summer. For

instance, in winter the spatial averaged biases in LMDZ/

CTRL for mean temperature, minimum temperature and

maximum temperature are -3.5, -3.3, -4.5�C, respec-

tively. The cold bias also implies biases in frost days (FD),

which are much higher in simulations than in observations.

For example, the annual number of frost days in LMDZ/

CTRL is 34.2 days higher, compared to observation.

Another indicator, HW, has a comparable magnitude in

simulation and observation. Compared to the one-way

nesting model, the most important improvement in the two-

way nesting one is the reduction of the cold bias. For

instance, in winter the spatial averaged biases in LMDZ/

CTRL2 for mean temperature, minimum temperature and

maximum temperature are -1.5, -1.3, -2.6�C, respec-

tively, smaller than those of LMDZ/CTRL by about 2�C.

We believe that the reduction of cold biases is due to the

feedbacks from a detailed representation of climate in

southeast China which can modify the large-scale atmo-

spheric circulation (Fig. 3). Note that cold biases over this

region have also been reported in a few other regional

climate models (Fu et al. 2005; Tang et al. 2008).

We computed biases in the precipitation-based diag-

nostics as percentages of the observed values. We find

different performance between LMDZ/CTRL and LMDZ/

CTRL2. In general, there is a wet bias in LMDZ/CTRL: the

domain averaged mean precipitation, R5d and R95t in

LMDZ/CTRL is larger than observed for the two seasons

(winter and summer) and annual. For example, in summer

the relative biases between simulated and observed values

for mean precipitation, R5d and R95t are ?13.4, ?23.7 and

?32.7%, respectively. The SDII intensity indicator is lower

than observations in summer and over the year. This is also

because there are too frequent precipitation events (wet

days) in LMDZ/CTRL (not shown) compared to

observation. The two-way nesting model, LMDZ/CTRL2,

has more precipitation in winter and less precipitation in

summer, in comparison to the one-way nesting one. As a

result, the former tends to overestimate the precipitation-

based diagnostics in winter and underestimates the pre-

cipitation-based diagnostics in summer when compared

with observed precipitation. For example in summer (JJA),

the relative biases for mean precipitation (Pav), SDII, R5d

and R95t in LMDZ/CTRL2 are -2.9, -30.8, -13.9 and

-2.3%, respectively.

3.3 Added values of LMDZ-regional in simulating

intense precipitation events

The joint utilization of LMDZ-global and LMDZ-regional

allows us to assess the added values of the dynamical

downscaling approach. Intuitively we can expect to

improve the simulation of intense precipitation events

through the dynamical downscaling. Our analysis focuses

on daily precipitation characteristics in terms of the amount

and frequency as a function of intensity. A precipitation

event is defined as a daily precipitation value greater than

or equal to 1 mm and dry days are removed. The data are

then put into bins of 1 mm/day width starting at 1 mm/day.

As in Gutowski et al. (2007) and Boberg et al. (2009), we

normalize the frequency versus intensity distribution by

dividing each bin frequency of events by the total number

of precipitation events in all samples contributing to the

distribution. We normalize the precipitation amount versus

intensity distribution by dividing the amount for each bin

by the total wet day precipitation amount for the 30-year

reference period for southeast China. Results from surface

gridded observations are also plotted as a reference.

Figure 6 shows the normalized frequency and amount of

precipitation as a function of daily intensity for both

observation and the reference simulations of LMDZ-Glo-

bal, LMDZ/CTRL and LMDZ/CTRL2. In general the

distribution of amount versus intensity is similar to that of

frequency versus intensity. Extreme precipitation (e.g.,

greater than 50 mm/day) is more difficult to simulate in

LMDZ-Global due to its coarse spatial resolution, charac-

terized by a significant underestimation of the frequency

and amount for intense events. However, both LMDZ/

Table 3 Domain-averaged biases of LMDZ in control simulations LMDZ/CTRL and LMDZ/CTRL2 (in parenthesis) in southeast China

Temperature-based (model - observation) Precipitation-based, % [(model - observation)/observed]

Tav Tx Tn HW FD Pav SDII R5d R95t

DJF -3.5 (-1.5) -3.3 (-1.3) -4.5 (-2.6) – 21.8 (12.3) 24.1 (43.8) 13.8 (10.7) 30.7 (44.9) 21.9 (19.6)

JJA -0.7 (0.2) -1.1 (0.01) -0.7 (-0.04) -0.1 (0.2) – 17.1 (-2.9) -11.9 (-30.8) 25.3 (-13.9) 31.1 (-2.3)

Annual -1.8 (-0.4) -1.9 (-0.3) -2.3 (-1.1) 0.1 (1.2) 34.2 (19.8) 16.9 (-0.7) -4.0 (-17.5) 35.5 (6.8) 27.2 (9.6)

Units are �C for Tav, Tx and Tn, days for HW and FD, % for all precipitation indices
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CTRL and LMDZ/CTRL2 show more extreme precipita-

tion episodes (about 50 mm/day) than observations as well

as LMDZ-Global, particularly for LMDZ/CTRL. We also

find that precipitations in both LMDZ/CTRL and LMDZ/

CTRL2 have a longer tails at high intensities, which are

much closer to observations than LMDZ-Global, whose tail

limit reaches only about 150 mm/day. In other words, only

higher resolution models (LMDZ/CTRL and LMDZ/

CTRL2) are capable of producing extreme precipitations

(greater than 150 mm/day). The above results justify the

use of finer scale models to simulate extreme events.

4 Projected changes of mean and extreme climate

in southeast China

4.1 Temperature-based analyses

Figure 7 depicts the spatial distribution of the simulated

change in annual-mean temperature for the four simula-

tions (LMDZ/IPSL, LMDZ/IPSL2, LMDZ/CNRM and

LMDZ/GFDL). We carried out a two-tailed t test to cal-

culate the statistical significance of these changes. Areas

where the change is statistically significant at the 95%

confidence level are highlighted with stippling. The Tav

changes are statistically significant at the 95% confidence

level in all simulations and over the entire analysis area.

All simulations show an increase in the whole region, with

larger change (ranging from 1.6 to 2.2�C, depending on

simulations) in the northern part of this region and smaller

one in the south, where the magnitude is 1.2–1.6�C.

Domain averaged changes in annual-mean temperature for

the four simulations are 1.6, 1.5, 1.7 and 1.9�C, respec-

tively. The spatial pattern of projected changes is generally

similar in the four simulations. But a stronger zonal gra-

dient can be observed in LMDZ/IPSL2 and the other three

simulations have a more pronounced meridional gradient.

This difference is also related to the difference of mean

states in LMDZ/CTRL and LMDZ/CTRL2.

Figure 8 shows the change in the number of annual frost

days. Significant decreases are projected to occur over

whole southeast China among the four simulations, with

values locally more intense in the western and central part

of this region (the maximum value reaching 24 days), and

smaller values in the southern part. The projected changes

in number of annual frost days averaged over the region for

the four simulations are 15, 15, 19 and 18 days, respec-

tively. The main reason for the decrease of this index is due

to the general rise in the daily minimum temperature

(figures not shown).

In general, HW is projected to increase in China under

A2 scenarios (Zhang et al. 2006). Figure 9 presents the

pattern of changes in annual heat wave duration. For the

four simulations, significant increases are projected over

the entire region and reach a maximum of about 16 days in

the southern part. Over the northern portions the increases

are not as large as those in the southern, and reach only

about 4–6 days.

A quantitative comparison is provided in Table 4,

where the projected change in the domain-mean tem-

perature diagnostics is listed for southeast China and for

the four simulations (LMDZ/IPSL, LMDZ/IPSL2,

LMDZ/CNRM and LMDZ/GFDL). Boldfaces represent

the changes exceeding the 95% confidence level. It is

clear that all the changes are statistically significant at

the 95% confidence level. For all temperature-based

diagnostics, the sign of change is consistent among the

four simulations. Significant increases are projected in

mean temperature, daily-maximum temperature and

daily-minimum temperature, the signal has largest mag-

nitude in winter, followed by the annual and summer.

The number of frost days decreases significantly. For

instance, the annual-mean frost days decrease by

12–18 days, depending on different simulations. On the
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Fig. 6 a Normalized frequency and b amount of precipitation as a function of daily intensity for observation and the reference simulations of

LMDZ-Global, LMDZ/CTRL and LMDZ/CTRL2
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other hand, the heat wave days index over the whole

region increases. For example, in summer, it increases by

6.2–7.2 days.

The general picture emerging from these analyses for

temperature diagnostics is that the mean, maximum, mini-

mum temperature increase over whole southeast China. As

a result, the frost days decrease and the heat wave days

increase significantly. There is a high coherence of changes

among the four simulations (LMDZ/IPSL, LMDZ/IPSL2,

LMDZ/CNRM and LMDZ/GFDL).

4.2 Precipitation-based analyses

Figure 10 shows the fractional change in annual-mean

precipitation. Stippling indicates areas where the changes

are statistically significant at the 95% confidence level.

Clearly the stippling areas are much smaller than that of the

temperature-based analyses. All simulations show an

increase in the north of this region (north of 32�N) where

the simulated change is 10-40%, and a transition to smaller

changes or decreases in the southern part of this region.

LMDZ/IPSL LMDZ/IPSL2

LMDZ/CNRM LMDZ/GFDL 

Fig. 7 Annual-mean temperature changes (future–present) from

LMDZ/IPSL (top left), LMDZ/IPSL2 (top right), LMDZ/CNRM

(bottom left), and LMDZ/GFDL (bottom right). Units are �C. Contour

intervals are 0.1�C. Stippling indicates areas where the changes are

statistically significant at the 95% confidence level
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The fractional change for R95t is provided in Fig. 11,

which reveals a similar picture among the four simulations:

R95t is projected to increase in some parts of this region in

future, especially in the southern one where the projected

annual total precipitation has no change or decreases,

implying that the contributions to total precipitation from

very high intensity events will increase under global

warming, which is consistent with the explanation offered

by Gutowski et al. (2007),where the change in intensity

spectrum can be described by a gamma distribution that

having a single transition point between precipitation rates

that contribute more/less to the total precipitation.

A comparison of the precipitation diagnostics for

winter (DJF), summer (JJA), and annual mean (Table 5)

reveals larger dispersion in mean precipitation among the

simulations than in mean temperature. For example, in

winter, three simulations (LMDZ/IPSL, LMDZ/GFDL

and LMDZ/IPSL2) show a decrease of 7–17%, but the

other one, LMDZ/CNRM, shows an increase of 25%. It

is interesting to note that the simulated changes in SDII,

R5d, and R95t have the same sign for all seasons and for

all simulations (an exception is for R5d in winter). For

example the R95t is projected to increase by 11–14% in

summer, suggesting that in general extreme precipitation

LMDZ/IPSL LMDZ/IPSL2

LMDZ/CNRM LMDZ/GFDL

Fig. 8 Same as in Fig. 7, but for the annual number of frost days. Units are days and contour intervals are 3 days
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events will become more common in southeast China for

the future under the IPCC A2 scenario. This conclusion

is consistent with earlier studies (Zhang et al. 2006). The

increase might be related to an intensification of the

hydrological cycle associated with a warming-related

increase of atmospheric moisture content (e.g., Frei et al.

LMDZ/IPSL LMDZ/IPSL2

LMDZ/CNRM LMDZ/GFDL 

Fig. 9 Same as in Fig. 7, but for the annual heat wave duration. Units are days and contour intervals are 2 days

Table 4 Domain-averaged changes (future–present) for temperature diagnostics in southeast China

DJF JJA Annual

Tav Tx Tn HW FD Tav Tx Tn HW FD Tav Tx Tn HW FD

LMDZ/IPSL 1.9 2.1 1.8 3.4 -6.8 1.5 1.6 1.5 6.3 -0.3 1.6 1.8 1.5 7.0 -15.0

LMDZ/CNRM 2.1 2.0 2.3 3.6 -9.9 1.6 1.5 1.7 5.9 -0.2 1.7 1.6 1.8 6.8 -18.8

LMDZ/GFDL 2.4 2.6 2.3 3.7 -9.2 1.8 1.9 1.9 7.6 -0.2 1.9 2.0 1.9 7.8 -17.5

LMDZ/IPSL2 1.8 2.0 1.7 3.3 -6.6 1.5 1.5 1.6 6.2 -0.2 1.5 1.6 1.5 7.0 -12.4

Units are �C for Tav, Tx and Tn, days for HW and FD. Boldfaces represent the changes exceeding the 95% confidence level
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1998; Allen and Ingram 2002; Trenberth et al. 2003;

Meehl et al. 2005).

5 Conclusions

In the present study, we analyzed the potential changes of

the mean climate as well as climate extremes in southeast

China for the middle of the 21st century (about 2045),

respective to a control period 1961/1990, under the SRES-

A2 emission scenario. The simulations were performed

with LMDZ-regional over southeast China. The lower

boundary conditions (sea surface temperature and sea ice)

were taken from three different global ocean–atmosphere

coupled GCMs (IPSL, CNRM and GFDL) in order to

estimate the robustness of the projection. Results from a

two-way nesting system between LMDZ-global and

LMDZ-regional were also presented. Besides the mean

climate, we especially analyzed the projected change of

extreme events, which were described in terms of extreme

indices, such as the frost days, heat wave days, and heavy

precipitation. The following conclusions can be drawn.

1. The evaluation of simulated temperature and preci-

pitation for the current climate shows that in general

LMDZ/IPSL LMDZ/IPSL2

LMDZ/CNRM LMDZ/GFDL 

Fig. 10 Fractional change (future–present, in %) of annual-mean precipitation rate. Stippling areas indicate that the changes are statistically

significant at the 95% confidence level. Contour intervals are 5%
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LMDZ-regional driven by LMDZ-global in one-way

nesting reproduces well the spatial distribution of

mean climate and extreme climate events in southeast

China, and overall, the performance of LMDZ-

regional for temperature-related indices is consider-

ably better than for precipitation-related indices.

LMDZ/IPSL LMDZ/IPSL2

LMDZ/CNRM LMDZ/GFDL 

Fig. 11 Same as in Fig. 10, but for the annual-mean R95t. Contour intervals are 10%

Table 5 Fractional changes of domain-averaged precipitation diagnostics in southeast China

DJF JJA Annual

Pav SDII R5d R95t Pav SDII R5d R95t Pav SDII R5d R95t

LMDZ/IPSL -7.0 7.3 5.7 22.8 1.4 5.9 10.3 13.6 -1.5 7.0 10.3 13.6

LMDZ/CNRM 24.7 11.8 21.1 35.4 4.9 6.9 14.3 13.8 5.2 6.9 12.5 13.8

LMDZ/GFDL -17.0 2.9 -8.9 15.7 1.7 4.2 11.0 11.3 -0.9 5.7 10.6 11.3

LMDZ/IPSL2 -12.2 2.0 -4.4 8.9 3.4 4.9 11.8 14.3 1.0 5.9 12.0 13.8

Units are %. Boldfaces represent the changes exceeding the 95% confidence level
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However, the model has a systematic cold bias in

temperature and tends to overestimate the extreme

precipitation. The two-way nesting model can reduce

the ‘‘cold bias’’ to some extent compared to the one-

way nesting model. This improvement is mainly due to

feedbacks from LMDZ-regional to LMDZ-global

which ameliorate the large-scale atmospheric circula-

tion over southeast China.

2. Scenario results using IPCC SRES-A2 emissions show

that in all seasons there is a significant increase for

mean, daily-maximum and daily-minimum tempera-

ture in the entire region, associated with a decrease in

the number of frost days and with an increase in the

heat wave duration. The direction, magnitudes and

main spatial patterns of the changes in temperature

diagnostics show a quite good consistency among the

three sets of lower-boundary conditions coming from

three different global climate models. Two model

configurations (LMDZ-global and LMDZ-regional

working in tandem either sequentially or in a manner

of two-way nesting) show also consistent results.

Future projection of temperature-related indices is thus

revealed to be of good confidence.

3. A warming environment gives rise to changes in

extreme precipitation events. Precipitation extremes

are generally projected to increase over most of

southeast China, though mean precipitation may

slightly decrease. This conclusion on precipitation

extremes is less robust, since there exist considerable

dispersions in magnitude of the projected changes in

the four simulations. Besides, LMDZ/GFDL and

LMDZ/IPSL2 even project a decrease in the maximum

total precipitation during five consecutive days in

winter.

As we use only one regional climate model driven by

one global model under one emission scenario, we cannot

fully explore uncertainties of future projection on climate

extremes of both precipitation and temperature. It is clear

that more research will be needed to assess the uncertain-

ties on the projection in future of climate extremes. We

need to include as many different types of downscaling

models (e.g., dynamical and statistical downscaling),

GCMs and emission scenarios as possible when generating

climate-change information at the local scale. In this

manner we can expect to construct a probabilistic projec-

tion for future evolution of climate extremes.
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