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Development of numerical weather prediction and Climate 

models and their applications 

Rucong Yu, Tongwen Wu, Tianjun Zhou, Jianjie Wang, and Jian Li 

(China Meteorological Administration) 

1. Development of numerical weather prediction (NWP) model for operation 

Since 2011, there have been noticeable improvements on the Global& Regional 

Assimilation and Prediction System (namely GRAPES), which is designed as a 

multi-scale unified NWP model with a unified non-hydrostatic dynamical core and 

different physics packages for various applications. 

A new version of GRAPES global forecast system (GRAPES-GFS 25kmL60) is 

developed and under testing. The main progresses for model part include: (1) the 

increases in horizontal resolution from 0.5degree to 0.25 degree, and in vertical levels 

from 36 to 60, as well as the lifting on model top from 10hPa to about 3hPa; (2) the 

development of the non-interpolating SL scheme for potential temperature in upper 

level to improve the accuracy of model calculation; (3) introduction of a material 

advection scheme, the Piecewise Rational Method (PRM) into the GRAPES_GFS, to 

replace the Quasi-Monotone Semi-Lagrangian (QMSL) scheme. The PRM scheme is 

based on a piecewise continuous rational function, solves the flux form of the water 

vapor equation, and treats the polar regions with a mixing technique, and can 

effectively improve the simulation of the advection and distribution of moisture, and 

the accuracy of precipitation forecasts of GRAPES-GFS as well; (4) implementation 

of a prognostic cloud fraction scheme by considering the contributions from 

macro-cloud of grid scale and the detrainment of water contents from sub-grid of 

cumulous, etc.  

There are also lots of advancements in GRAPES-Var data assimilation, 

particularly on the following aspects: (1) GRAPES-3DVar has been updated to 

completely employ the same grids and state variables as those of the GRAPES model. 

The new features of GRAPES-3DVar include: the physical characteristic and location 

of analysis variables are consistent with those of forecast model; the balance 
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constraint relationship of mass and wind fields is developed on the height-based 

terrain-following coordinate; the preconditioning transform allows different vertical 

covariance for each horizontal spectral mode, giving them more control over the 

variations in horizontal scale with height; the observation operators are redesigned in 

order to match the new coordinate and grids. (2) Two key problems have been 

identified in bias correction: Firstly, bias corrections can drift towards unrealistic 

values in regions where there is strong model error (especially for developing models 

with not well tuned physics) and relatively few “anchor” observations, i.e, 

observations that have little systematic error and therefore allow the separation 

between model and observation bias. Secondly, there is undesired interaction between 

the quality control and bias correction for observations where bias-corrected 

observation departures are used for quality control and where these departures show 

skewed distributions (e.g., in case of cloud detection). Constrained Bias Correction 

(CBC) scheme is proposed using priori knowledge of radiometric uncertainty 

information in GRAPES in order to avoid the drift of observation bias correction to 

the biased model background. It is a kind of Tickhonov regularization techniques in 

inverse problems using minimum norm solution with priori information. (3) 

Fengyun-3 (FY-3) satellites are Chinese new generation polar-orbiting meteorological 

satellites. A new cloud detection algorithm is proposed for the MWTS. The method is 

based on the cloud fraction product provided by the Visible and InfrarRed Radiometer 

(VIRR) on board FY-3satellites. A MWTS field-of-view (FOV) with a cloud fraction 

greater than a threshold fVIRR will be identified as a cloudy radiance. The threshold 

fVIRR is determined by the AMSU-A cloud liquid water path products, obtained from 

the Microwave Surface and Precipitation Products System (MSPPS). (4) GRAPES 

4D-Var is under development. The tangent linear model (TLM) and adjoint models 

(ADM) were rebuilt based the new GRAPES-GFS model version GRAPES-GFS 

25-50km/L60, and the parallel efficiency has been improved by reducing parallel halo 

partition and ADM’s base state using push/pop to save memory. The new TLM and 

ADM greatly improved the parallel efficiency of GRAEPS Global 4D-Var. 

2. Development of Climate models and applications in climate prediction and 
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climate change research 

In recent years, five climate models developed by Chinese institutions have 

participated in CMIP5. These five models include (BCC_CSM1.1 and 

BCC_CSM1.1(m) developed  in Beijing Climate Center, BNU-ESM developed in  

Beijing Normal University, FGOALS_g2 and FGOALS_s2 developed in the Institute of 

Atmospheric Physics, Chinese Academy of Sciences. More details of these models are 

shown in Table 1.Evaluation analyses show that  the five Chinese models show 

reasonable performances in the simulations of  climate mean state, intra-seasonal 

oscillation, interannual ENSO variability, global and East Asian monsoon, climate 

evolution of the 20th century, major teleconnections, and many other features . 

In order for the forthcoming CMIP6, the new versions of BCC_CSM, FGOALS, 

BNU_ESM, FIO_ESM in China are also under development The improvements 

relative to CMIP5 versionsfor each model group mainly include: (a) Increased 

resolution and improved dynamical core for AGCM and OGCM; (b) Improved 

physical schemes in OGCMs, boundary layer scheme, cumulus convection, radiation, 

gravity waves and etc. in AGCMs; (c) Terrestrial carbon cycle and more human activity 

processes such as land use, anthropogenic groundwater exploitation schemes in the 

land components; (d) More complex atmospheric chemical processes. 

 

Table 1 The Chinese models used for IPCC AR5 

Model name Institute 

Horizontal 

resolution of 

atmospheric model 

Horizontal 

resolution of 

oceanic model 

BCC_CSM1.1 BCC (China) 2.8°×2.8° 0.8°×1.0° 

BCC_CSM1.1(m) BCC (China) 1.1°×1.1° 0.8°×1.0° 

BNU-ESM BNU (China) 2.8°×2.8° 0.9°×1.0° 

FGOALS-g2 IAP-LASG-CESS (China) 3°×2.8° 0.9°×1.0° 

FGOALS-s2 IAP-LASG (China) 1.7°×2.8° 0.9°×1.0° 

 

Effort has been devoted to developing  high resolution climate system model in 
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BCC. As one of the National Program on Key Basic Research Project, “High 

resolution climate system model development and evaluation” project has been 

implemented for five years since June 2010. The main progresses may be summarized 

as “two systems” and “one platform”, where “two systems” refers to the 

high-resolution modeling system and the model evaluation system, “one platform” to 

the multi-model ensemble coupling platform. Major achievements can be summarized 

below: 

(1) A fully coupled high-resolution BCC Climate System Model (BCC_CSM2.0) 

with a horizontal resolution of T266 (approximately 45×45 km) in the atmosphere and 

30×30 km in the tropical ocean has been established. High resolution significantly 

benefits the reproduction of tropical cyclones and southwest vortices, and improves the 

spatial distribution and intensity structure of the simulated precipitation.It is developed 

from a lower resolution version of climate system model (BCC_CSM). Development 

of the high-resolution climate system model involves the following studies: 

(a)Improvement of dynamic framework. Focusing on the overestimation of precipitation 

over steep mountains, which has been a long-lasting bias in many climate models, a 

finite-difference approach for trace transport algorithm (the two-step shape preserving 

scheme, TSPAS) and a new leaping-point difference method have been employed in 

climate models. The modified model restrains the “overshoot” of water vapor to the 

high-altitude region of the windward slopes and significantly reduces the overestimation 

of precipitation in areas above 2000 m along the southern edge of the Tibetan Plateau. (b) 

Improvement of model physics includes: The parameterization scheme for mass-flux-type 

cumulus convection, which is based on a bulk-cloud approach with its own unique 

properties, especially for the treatment of convective updrafts and downdrafts, has been 

improved and employed in climate models; Gravity waves generated by all major sources, 

including convection and geostrophic adjustment, are involved in new schemes; 

Humidity-based cloud fraction parameterization has been improved; A new scheme for 

sensible and latent heat fluxes from the ocean surface has been implemented; The land 

surface process scheme has been updated. 

(2) An ensemble coupler platform is set up through the ensemble of momentum, 
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energy, and water fluxes simultaneously interacting with several different atmosphere 

model components in a climate model system. The simulations using the ensemble 

with several different AGCM in this platform can partly improve the ENSO and the 

basic mean climate of SST. The experiment using the ensemble of the same version of 

AGCM with several different atmospheric initial conditions is also carried out. It may 

filter the atmospheric noise. This ensemble method is useful for understanding 

impacts of the atmospheric noise on simulations of the global climate and ENSO. 

(3) A system to evaluate climate model is basically built. The evaluative criteria 

for climate mean state and East Asian monsoon are suggested and preliminary 

evaluation scheme has basically been proposed. (a) The evaluations for the 

performances of several climate models and different model physics processes and 

parameters have been carried out. The results show that some high resolution models 

have better performances than those with relatively low resolution. (b) Innovative 

method to evaluate the evolvements and process characteristics of rainfall events in East 

Asia is proposed. It is designed by compositing rainfall events centered at the maximum 

moment of each event and a regional rainfall coefficient to quantify the spatiotemporal 

variation of rainfall events.  

In addition to the development of climate system models, achievement has been made 

in developing operational climate prediction system in BCC. In 2014, the 

second-generation short-range climate forecast system using BCC Climate System Model 

in National Climate Center, CMA is established. It is composed of three sub-systems, i.e. 

the global ocean data assimilation system, the monthly-scale extended-range dynamic 

forecast system, and the seasonal climate forecast system. With better assimilations of 

temperature and salinity, the second-generation ocean data assimilation system is now at 

the quasi-operational level. The atmospheric general circulation model BCC_AGCM2.2 

and the climate system model BCC_CSM1.1(m) are the main tools for the 

second-generation monthly-scale extended-range dynamic forecast system and the 

second-generation seasonal prediction system, respectively. The former entered into 

operational use in 2013, and the latter entered into its operational stage in 2014. A 

preliminary evaluation indicates that the second-generation system shows a certain 
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capability in predicting the pentad, ten-day, monthly, seasonal and interannual climate 

variability. It exhibits a higher prediction skill, compared to the first-generation system, in 

terms of precipitation, surface air temperature and atmospheric circulation. 

Besides the newly version of fully coupled climate system model BCC-CSM2 with 

the medium resolution of T106 and 40 layers in atmosphere, the BCC Climate Prediction 

System (BCC-CPS) is also developing. The version of BCC-CPS1.0 has been involved in 

the recent sub-seasonal to seasonal (S2S) Prediction Project, and 20-years of 0-60 days 

lead time forecast data from May 1995 to April 2014 have been produced. The project 

bridges the gap between weather and climate and can help us to improve forecast skill 

and understanding on the sub-seasonal to seasonal timescale with special emphasis on 

high-impact weather events. It also promotes the initiative’s uptake by operational centers 

and exploitation by the applications community, and capitalizes on the expertise of the 

weather and climate research communities to address issues of importance to the Global 

Framework for Climate Services.  

3. Advances in analyses of rainfall process 

Innovative methods are proposed to investigate the fine evolvements and 

processes characteristics of rainfall events: (1) a method to analyze the evolution of 

the rainfall process is designed by compositing rainfall events centered at the 

maximum moment of each event; (2) a regional rainfall coefficient (RRC) is defined 

to quantify the spatiotemporal variation of rainfall events. These studies present an 

effort to explore more complete spatiotemporal organization and evolution of rainfall 

events. The results reveal that the rainfall process is asymmetric, which means rainfall 

events usually reach the maximum in a short period and then experience a relatively 

longer retreat to the end of the event. The asymmetry in short-duration rainfall is more 

obvious than that in long-duration rainfall, and the rainfall events that reach the 

maximum during 1400–0200 LST exhibit the strongest asymmetry. It is also found 

that the asymmetry is more obvious in rainfall events with strong intensity and over 

areas with complex terrain such as Southwestern China. Using the regional rainfall 

coefficient (RRC), the differences of rainfall intensity and duration time between local 

and regional rainfall events are revealed. It is found that the RRC reaches a maximum 
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a few hours after the peak intensity was reached, implying the development of cloud 

anvil and stratiform precipitation after the peak of convections. 

To further expanding the understanding of physical mechanisms underlying the 

rainfall variability, several new observation phenomena have been demonstrated 

under the background of inter-decadal rainfall changes known as the so-called 

“southern flooding and northern drought” (SFND) pattern over eastern China in 

recent decades. It is found that although the rainfall amount and frequency have 

significantly increased (decreased) in the mid–lower reaches of the Yangtze River 

valley (North China), the rainfall intensity has decreased (increased). Results also 

show that the SFND pattern is mostly attributed to changes in precipitation with 

moderate and low intensity, while the high intensity precipitation does not show a 

significant SFND pattern. Further analyses indicate that the duration-related rainfall 

structure also experienced significant changes. The “northern drought” can be partly 

ascribed to the decreases of long duration rainfall in the night and early morning. The 

‘‘southern flooding’’ is contributed by both the increases of late afternoon rainfall with 

short and medium duration and early morning rainfall with long duration.  
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Simulations of seasonal, interannual, decadal to millennium 

variability by climate models 

Tianjun Zhou 

(LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences) 

 

1. The simulation of western North Pacific Subtropical High (WNPSH) 

The WNPSH is characterized by two distinct interannual variability modes. In 

order to clarify the relationship between these two modes and SST forcing, He and 

Zhou (2014) have evaluated the performance of the CMIP5-AMIP models on these 

two modes. The CMIP5-AMIP models, which are forced by the historical SST, 

perform well in simulating the first mode. The CMIP5-AMIP models also well 

capture the forcing mechanisms for the second mode, including the influence from 

tropical Indian Ocean through Kelvin wave, the influence from the maritime continent 

by local Hadley circulation anomaly, and the influence from the equatorial central 

Pacific through Rossby wave. These evidences suggest the first mode is an SST 

forced phenomenon. In contrast, the second mode is only partially reproduced by the 

CMIP5-AMIP models. Among the five years associated with the second mode, the 

WNPSH anomalies are reproduced by the CMIP5-AMIP models in only two years. 

The local negative relationship between the anomalous anticyclone and the SST 

anomaly for the second mode is not reproduced by the CMIP5-AMIP models. These 

evidences suggest that the second mode cannot be explained as an SST forced 

phenomenon. The above results have improved our understanding on the mechanism 

for the interannual variability of the WNPSH. 

The WNPSH has great influence on the climate of eastern China in summer. The 

mechanisms for the interannual and intraseasonal variability of WNPSH have been 

well studied, but it is still unknown how the intensity of the WNPSH will change in 

response to global warming. He and Zhou (2015) investigated the projected changes 

of the WNPSH using the RCP4.5 and RCP8.5 warming scenarios of 33 CMIP5 
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models. The results show that the projected changes in the WNPSH intensity is highly 

inconsistent among the models. About half of the models project enhanced WNPSH 

and about half of the models project weakened WNPSH, under both RCP4.5 and 

RCP8.5 scenarios. The multi-model ensemble mean (MME) projects little change in 

the WNPSH intensity. Further investigation on the inter-model spread shows that the 

projected changes in the WNPSH intensity depends on the change of the zonal SST 

gradient in the tropical oceans. Stronger (weaker) warming of the tropical Indian 

Ocean than the tropical western Pacific Ocean is in favor of an enhanced (weakened) 

WNPSH in the projection. The rainfall pattern in eastern China is regulated by the 

changes in the WNPSH intensity. Models with an enhanced (weakened) WNPSH are 

associated with increased precipitation over the northern (southern) part of eastern 

China, accompanied by enhanced (weakened) southerly wind. 

2. The simulation of large-scale atmospheric circulation in the RCP4.5 and 

mid-Pliocene (MP). 

The MP warm period (~3.3–3.0 Ma) is often considered as the last sustained 

warm period with close enough geographic configurations compared to the present 

one associated with atmospheric CO2 concentration (405±50 ppm) higher than the 

modern level. For this reason, this period is often considered as a potential analogue 

for the future climate warming, with the mean global surface air temperatures (SAT) 

are estimated to be 2−3℃ above pre-industrial. RCP4.5 scenario features the similar 

SAT warming amplitude with MP, thus it has been selected to compare the pattern of 

tropical atmospheric response with the MP. Our results show that there is a damping 

of the Hadley cell intensity in the northern tropics and an increase in both subtropics 

associated with northern and southern Hadley cells poleward expansion. The response 

of the Hadley cells is stronger for the RCP4.5 scenario than for the MP, but in very 

good agreement with the fact that the atmospheric CO2 concentration is higher in the 

future scenario than in the mid-Pliocene (543 versus 405 ppm). Concerning the 

response of the Walker cell, we show that despite very large similarities, there are also 

some differences. Common features to both scenarios are: weakening of the ascending 
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branch, leading to a suppression of the precipitation over the western tropical Pacific. 

The response of the Walker cell is stronger in the RCP4.5 scenario than in the MP but 

also depicts some major differences, as an eastward shift of its rising branch in the 

future scenario compared to the MP. In this paper, we explain the dynamics of the 

Hadley and Walker cells, and show that despite a minor discrepancy, the MP is 

certainly an interesting analogue for future climate changes in tropical areas (Sun et al. 

2013). 

3. The simulation of seasonal precipitation changes over the globe 

Seasonal precipitation changes over the globe during the 20th century simulated 

by two versions of the Flexible Global Ocean–Atmosphere–Land System (FGOALS) 

model are assessed (Ma and Zhou 2015). The analysis of globally averaged seasonal 

precipitation changes show that wet seasons get wetter and the annual range 

(precipitation difference between wet and dry seasons) increases during the 20th 

century in the two models, with positive trends covering most parts of the globe, 

which is consistent with observations. However, both models show a moistening dry 

season, which is opposite to observations. Analysis of the globally averaged moisture 

budget in the historical simulations of the two models shows little change in the 

horizontal moisture advection in both the wet and dry seasons. The globally averaged 

seasonal precipitation changes are mainly dominated by the changes in evaporation 

and vertical moisture advection. Evaporation and vertical moisture advection combine 

to make wet seasons wetter and enhance the annual range. In the dry season, the 

opposite change of evaporation and vertical moisture advection leads to an 

insignificant change in precipitation. Vertical moisture advection is the most 

important term that determines the changes in precipitation, wherein the 

thermodynamic component is dominant and the dynamic component tends to offset 

the effect of the thermodynamic component. 

4. The simulation of tropical Pacific Walker circulation (WC) 

The tropical Pacific WC in the two versions of FGOALS is evaluated (Ma and 
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Zhou 2014). Observed Indo-Pacific sea level pressure (SLP) reveals a reduction of 

WC during 1900–2004 and 1950–2004, and an enhancement of WC during 

1982–2004. During the three different time spans, the WC in FGOALS-g2 shows a 

weakening trend. In FGOALS-s2, tropical Pacific atmospheric circulation shows no 

significant change over the past century, but the WC strengthens during 1950–2004 

and 1982–2004. The change of WC is explained by the hydrological cycle constraints 

that precipitation must be balanced with the moisture transporting from the 

atmospheric boundary layer to the free troposphere. In FGOALS-g2, the increasing 

amplitude of the relative variability of precipitation is smaller (larger) than the relative 

variability of moisture over the tropical western (eastern) Pacific over the three time 

spans, and thus leads to a weakened WC. In FGOALS-s2, the convective mass 

exchange fluxes increase (decrease) over the tropical western (eastern) Pacific over 

1950–2004 and 1982–2004, and thus leads to a strengthened WC. The distributions of 

sea surface temperature (SST) trends dominate the change of WC. Over 1950–2004 

and 1982–2004, tropical Pacific SST shows an El Niño-like (La Niña-like) trend 

pattern in FGOALS-g2 (FGOALS-s2), which drives the weakening (strengthening) of 

WC. Therefore, a successful simulation of the tropical Pacific SST change pattern is 

necessary for a reasonable simulation of WC change in climate system models. 

5. The simulation of East Asian summer monsoon (EASM) 

The inter-annual variability of EASM is investigated in 13 CMIP3 and 19 

CMIP5 atmospheric models (Song and Zhou 2014a). The skill origin is found to be 

rooted in the Indian Ocean-western Pacific anticyclone (IO-WPAC) teleconnection. In 

the high-skill models, the tropical eastern Indian Ocean warming leads to the positive 

precipitation anomalies. The released heat induces the atmospheric Kelvin wave 

response and maintains the western Pacific anticyclone. In the low-skill models, these 

processes are not captured well. 

Further, 17 CMIP5 atmospheric and corresponding coupled models are 

compared to clarify the role of air-sea interaction in the EASM (Song and Zhou 2014). 

Both the climatology and inter-annual variability simulation of EASM are improved 
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through the air-sea interaction. For the climatology, the local cold SST biases in the 

coupled models reduce the surface evaporation and intensify the western Pacific 

subtropical high. For the inter-annual variability, the air-sea interaction intensifies the 

IO-WPAC teleconnection and enhances the EASM simulation. 

The responses of EASM to natural and anthropogenic forcings are examined in 

the 17 latest CMIP5 models with 105 realizations (Song et al. 2014). The observed 

weakening trend of EASM circulation during 1958-2001 is partly reproduced under 

all-forcing runs. A comparison of separate forcing experiments reveals that the 

aerosol-forcing plays a primary role in driving the weakened monsoon circulation. 

The preferential cooling over continental East Asia caused by aerosol affects the 

monsoon circulation through reducing the land-sea thermal contrast and results in 

higher sea level pressure over northern China. 

6. The simulation of Indian Ocean sea surface temperature (SST) 

The mechanism responsible for Indian Ocean Sea surface temperature (SST) 

basin-wide warming trend during 1958-2004 is studied based on numerical 

experiments based on LASG/IAP climate system model FGOALS-gl (all forcing run, 

natural forcing run, pre-industrial control run). The results show that the warming 

during 1958-2004 (0.5 K) is largely attributed to the external forcing, especially 

anthropogenic forcing (Dong et al. 2014a). Anthropogenic forcing mainly includes 

greenhouse gases (GHGs) and anthropogenic aerosols (AAs). The individual roles of 

GHGs and AAs on the warming of the Indian Ocean and the evolution of Pacific 

Decadal Variability (PDV) during the twentieth century are investigated using CMIP5 

models. The increasing GHGs are considered to be one reason for the Indian Ocean 

warming. Model evidence is provided that the emission of AAs has slowed down the 

warming rate at 0.34 K per century, mainly through its indirect effect. GHGs and AAs 

have competed with each other in forming the basin-wide warming pattern as well as 

the equatorial East-West dipole warming pattern in the Indian Ocean (Dong and Zhou 

2014). Evidence also shows that PDV phase transition is dominated by internal 

variability, but it is also significantly affected by external forcing. The combined 
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effects of GHGs and AAs favor the positive phase of PDV with stronger ocean 

warming in the tropics than the extratropical Pacific (Dong et al. 2014b).  

7. The climate simulation by a Regional Ocean-Atmosphere Coupled Model 

(ROAM) 

The ROAM is an important tool for understanding the impacts of regional air-sea 

interactions on the monsoon variability, and for the dynamical downscaling of the 

global climate model. A regional ocean-atmosphere coupled model was developed in 

LASG, which is named as FROALS (Flexible Regional Ocean-Atmosphere-Land 

System model) (Zou and Zhou 2012, 2014). The major advantage of FROALS is that 

it consists of two atmospheric model components and two oceanic model components. 

By using this flexible model system, the effects of different atmospheric model 

components and different oceanic model components on the ROAM simulations over 

western North Pacific are investigated. Results suggest that simulated biases in 

FROALS are mainly contributed from the atmospheric model component (Zou and 

Zhou 2012, 2014). The cold biases of simulated sea surface temperature in FROALS 

are significantly reduced when the convection suppression criterion is applied (Zou 

and Zhou 2011). The advanced FROALS shows reasonable performance over western 

North Pacific. The climatology and interannual variability of surface current over 

western North Pacific are well captured. Compared with the uncoupled simulation, 

the regionally coupled simulation exhibits improvements in the interannual variability 

of rainfall and tropical cyclone genesis potential index over the WNP (Zou and Zhou 

2013). Finally, the FROALS is used to dynamically downscale the present-day 

climate simulation and future climate projections of a global climate system model. 

The preliminary analysis indicate that the regional climate over East Asia derived 

from FROALS is better than those derived from global climate model and the 

uncoupled regional model, indicating that the FROALS has good application 

prospects over this region. 

7. The simulation of the last millennium. 
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To achieve a better understanding of the 20th century global warming, we need 

to extend our study from the past century to the past millennium (Zhou et al. 2009). 

Recent work reports the last millennial climate simulated by the climate system model 

FGOALS-gl of Chinese Academy of Sciences (Man and Zhou 2014a). Major features 

of the simulated temperature variations over China, including the Medieval Climate 

Anomaly (MCA), the Little Ice Age (LIA) and the present warming stage over the 

20th century, are generally consistent with the reconstructions. The centennial East 

Asian summer monsoon (EASM) variations exhibit a stronger monsoon circulation 

during the MCA than that during the LIA (Man et al. 2012). The land-sea thermal 

contrast change caused by the effective radiative forcing lead to the MCA and LIA 

monsoon changes. The cooling over the middle-high latitudes of the East Asian 

continent is stronger than that over the tropical ocean after large volcanic eruptions. 

This temperature anomaly pattern favors a weaker EASM circulation (Man et al. 

2014b, c). A comparison of inter-annual variability mode of EASM rainfall during the 

MCA, LIA and 20CW reveals a similar rainfall anomaly pattern. But the time periods 

of the leading inter-annual variability mode during three typical time periods of the 

last millennium are different, and the biannual oscillation is most evident during the 

warm period (Zhou et al. 2011). 
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Aerosols and Climate 

Hong Liao 

(LAPC, Institute of Atmospheric Physics, Chinese Academy of Sciences) 

 

1. Measurements of aerosols 

Based on a network of field stations belonging to the Chinese Academy of 

Sciences (CAS), the “Campaign on atmospheric Aerosol REsearch” network of China 

(CARE-China) (Figure 1) was recently established as the country’s first monitoring 

network for the study of the spatiotemporal distribution of aerosol physical 

characteristics, chemical components and optical properties, as well as aerosol 

gaseous precursors. The network comprises 36 stations in total and adopts a unified 

approach in terms of the instrumentation, experimental standards and data 

specifications. This ongoing project is intended to provide an integrated research 

platform to monitor online PM2.5concentrations, nine-size aerosol concentrations and 

chemical component distributions, nine-size secondary organic aerosol (SOA) 

component distributions, gaseous precursor concentrations (including SO2, NOx, CO, 

O3and VOCs), and aerosol optical properties. The data will be used to identify the 

sources of regional aerosols, the relative contributions from nature and anthropogenic 

emissions, the formation of secondary aerosols, and the effects of aerosol component 

distributions on aerosol optical properties. The results will reduce the levels of 

uncertainty involved in the quantitative assessment of aerosol effects on regional 

climate and environmental changes, and ultimately provide insight into how to 

mitigate anthropogenic aerosol emissions in China. Xin et al. (2015)provides a 

detailed description of the instrumentation, methodologies and experimental 

procedures used across the network, as wellas a case study of observations taken from 

one station and the distribution of main components of aerosol over China during 

2012. 

 



21 

 

 

Figure 1.Geographic distribution of the CARE-China network. 

 

2. Interannual variations of aerosols in China 

In order to quantify the interannual variations (IAVs) of aerosols and to 

understand the drivers (either variations in meteorological parameters or emissions) of 

the IAVs, we used the nested grid version of the global three-dimensional Goddard 

Earth Observing System chemical transport model (GEOS-Chem) to examine the 

IAVs of aerosols over heavily polluted regions in China for years 2004–2012 (Mu and 

Liao, 2014). The role of variations in meteorological parameters was quantified by a 

simulation with fixed anthropogenic emissions at year 2006 levels and changes in 

meteorological parameters over 2004–2012. Simulated PM2.5 (particles with a 

diameter of 2.5 µm or less) aerosol concentrations exhibited large IAVs in North 

China (NC, 32°–42°N, 110°–120°E), with regionally averaged absolute percent 

departure from the mean (APDM) values of 17%, 14%, 14%, and 11% in 

December-January-February (DJF), March-April-May (MAM), June-July-August 

(JJA), and September-October-November (SON), respectively. Over South China (SC, 

22°–32°N, 110°–120°E), the IAVs in PM2.5 were found to be the largest in JJA, with 

the regional mean APDM values of 14% in JJA and of about 9% in other seasons. 

Concentrations of PM2.5 over the Sichuan Basin (SCB, 27°–33°N, 102°–110°E) were 

simulated to have the smallest IAVs among the polluted regions examined in this 

work, with the APDM values of 8–9% in all seasons. All aerosol species (sulfate, 
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nitrate, ammonium, black carbon, and organic carbon) were simulated to have the 

largest IAVs over NC in DJF, corresponding to the large variations in meteorological 

parameters over NC in this season. Process analyses were performed to identify the 

key meteorological parameters that determined the IAVs of different aerosol species 

in different regions. While the variations in temperature and specific humidity, which 

influenced the gas-phase formation of sulfate, jointly determined the IAVs of sulfate 

over NC in both DJF and JJA, wind (or convergence of wind) in DJF and 

precipitation in JJA were the dominant meteorological factors to influence IAVs of 

sulfate over SC and the SCB. The IAVs in temperature and specific humidity 

influenced gas-to-aerosol partitioning, which were the major factors that led to the 

IAVs of nitrate aerosol in China. The IAVs in wind and precipitation were found to 

drive the IAVs of organic carbon aerosol. We also compared the IAVs of aerosols 

simulated with variations in meteorological parameters alone with those simulated 

with variations in anthropogenic emissions alone; the variations in meteorological 

fields were found to dominate the IAVs of aerosols in northern and southern China 

over 2004–2012. Considering that the IAVs in meteorological fields are mainly 

associated with natural variability in the climate system, the IAVs in aerosol 

concentrations driven by meteorological parameters have important implications for 

the effectiveness of short-term air quality control strategies in China. 

3. Climatic effect of aerosols in China 

To understand the representation of aerosols in China in current global climate 

models, we evaluate extensively the simulated present-day aerosol concentrations and 

aerosol optical depth (AOD) over China from the 12 models that participated in 

Atmospheric Chemistry & Climate Model Intercomparison Project (ACCMIP), by 

using ground-based measurements and satellite remote sensing. Ground-based 

measurements of aerosol concentrations used in this work include those from the 

CARE-China network and the China Meteorological Administration (CMA) 

Atmosphere Watch Network (CAWNET) as well as the observed fine-mode aerosol 

concentrations collected from the literature. The ground-based measurements of AOD 
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Radiative transfer and its numerical simulation 

Minzheng Duan 

(LAGEO, Institute of Atmospheric Physics, Chinese Academy of Sciences) 

 

Radiative transfer and its numerical simulation is of the most important theory in 

atmospheric remote sensing such as temperature, humidity, aerosols and trace gases 

loading, and it is also a very important tool for accurate estimation of their effect on 

climate. In the past a few years, several methods have been developed in algorithm of 

radiative transfer in the atmosphere-earth system, both focusing on radiative forcing 

in climate and remote sensing. 

To improve the computational efficiency, Wei et al. (2012) developed a 

combined radiative transfer model CART, which is based on DISORT by Stamnes et 

al.(1988).The absorption of atmospheric gases is given by a Fast Fitting 

Transmittance Model (FFTM), which is based on step interpolation of pre-calculated 

table in limited wavelengths and atmospheric profiles. A database of fitting 

coefficients is then created that can be used tocompute narrowband transmittances for 

an arbitrary atmospheric profile. The CARTis accurate and efficient for transmittances 

computation of moderate-spectral resolution, but polarization is not included. 

As the advantage of polarized measurement for atmospheric aerosols, a full 

polarized radiative transfer model base on the successive order of scattering 

(SOSVRT) is developed by Duan et al. (2010),several techniques such as truncation 

of scattering orders, analytical Fourier decomposition of phase matrix, symmetry 

relationships and mutual inverse operators has been implemented to overcome the 

computational burdens of convergence. To improve the accuracy, a post-processing 

procedure is implemented to accurately interpolate the Stokes vector at arbitrary 

angles. The SOSVRT could be used for surfaces with both Lambertian and directional 

reflection, but currently only the BRDF (Bidirectional Reflection Distribution 

Function) model of ocean surface is implemented (Li et al, 2014). SOSVRT is 

accurate and much more efficient in vector radiative transfer modeling, especially 
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foran optical thin atmosphere, which is the most common case in polarized radiative 

transfer simulations. Based on adding-doubling method, He et al., (2010) expanded 

the RT3 (Evans and Stephens, 1991) to a coupled Atmosphere-Ocean system, and the 

waved ocean surface model is implemented into this new model PCOART(He et al., 

2007). 

A plane-parallel atmosphere is assumed in most radiative transfer model, which 

is not applicable for limb sounding of atmospheric vertical profile. A simple Limb 

model for solving the transfer of polarized light in spherical atmosphere is developed 

by Geo et al., and the atmosphere is thought to be horizontal inhomogeneous. 

The atmosphere is often divided into several homogeneous layers in simulations 

of radiative transfer in plane-parallel media. This artificial stratification introduces 

discontinuities in the vertical distribution of the inherent optical properties at 

boundaries between layers, which result in errors in the radiative transfer simulations. 

To investigate the effect of the vertical discontinuity of the atmosphere on radiative 

transfer simulations, a simple two layer model with only aerosols and molecules and 

no gas absorption is used. The results show that errors larger than 10% for radiances 

and several percent for irradiances could be introduced if the atmosphere is not 

layered properly (Duan et al., 2010). 

Though it is not accurate, two-stream approximation is often used in the 

radiation processes in General Circulation Model (GCM) to reduce the time 

consumption. To improve the accuracy, the four-stream algorithm is introduced by 

Zhang and Lu (2014) in their GCM BCC_AGCM model (Zhang and Lu, 2015) to 

compute the radiation process for each layer of the atmosphere, and then the 

two-stream algorithm is used to combine the radiation between different layers. This 

new algorithm improves the cold bias phenomena generally existing in the lower parts 

of the stratosphere above the tropics. 

Horizontal visibility measured at ground meteorological stations provides 

information of Aerosol optical depth (Lin et al., 2014). From the 3-hourly 

visibility-inferred AOD over East China and the GEOS-Chem simulation, Lin et al 

find that the inferred AOD capture the general spatio-temporal patterns of the two 
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MODIS datasets with negligible mean differences and the correlation coefficients 

exceeds 0.9. From 33 years visibility measurements from 1980 to 2012 in Baoji, 

China, Xiao et al.(2014) find that The best 20% of the visibility observations in a 

calendar year onwards, while the worst 20% exhibits a slight increasing trend from 

1997 onwards. Visibility was strongly affected by anthropogenic air pollution 

sources(Cao et al, 2012),resulting in an average visual range (VR) of 6.4~4.5 km. 

High secondary inorganic aerosol contributions (i.e., SO4
2-

 and NO3
-
) were the main 

contributors for VR <5 km. The threshold PM2.5 mass concentration, corresponding 

to VR <10 km, was ~88ug m-3. 

The total column-averaged volume mixing ratio of atmospheric carbon dioxide 

(XCO2 ) has been retrieved with high spectral resolution solar absorption data 

obtained from ground-based Fourier transform spectrometer (FTS), the DOAS 

method was used by Li et al. (2014) for the XCO2 measurement at Xichong 

Astronomical Observatory, the uncertainty of their method was about 2.0 ppm 

(0.51 %), while a DOAS-like method, which the ratios carefully selected between the 

strong and weak-absorption spectral, was used by Huo et al.(2015) retrieve the XCO2 

from the ground FTS measurement of solar direct beam, their results show a good 

agreement with that of TCCON official algorithm. The DOAS-like algorithm reduces 

computational cost and less dependent on prior temperature and H2O value than that 

of spectral fitting method. 

Based on empirical orthogonal functions (EOF), a rapid regression algorithm for 

the retrieval of methane (CH4) profile from thermal band of Atmospheric Infrared 

Sounder (AIRS) (Zhang et al., 2014), the RMSE of the retrieved CH4 total column 

amount is less than 3% compared with that from the ground-based FTS measurement. 

Deng et al. (2014) developed an algorithm to derive the CH4 from the 1.65 µm 

(5,900-6,150 cm-1) and 2.06 µm band (4,800-4,900 cm-1) shortwave Infrared 

measurement, which is currently used by GOSAT, OCO and Chinese TanSAT. 

Validation from the GOSAT shows the retrieval errors were less than 1% 

An algorithm for retrieving the surface pressure from oxygen A-band 

measurements was developed by Liu et al. (2014), the surface pressure and other 



28 

 

related atmospheric parameters such as aerosol optical depth (AOD), surface albedo, 

and temperature were derived through optimal estimation theory. The algorithm 

showed an accuracy of < 4 hPa for surface pressure compared with the ground in situ 

measurements. 
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Stratospheric processes and stratosphere-troposphere coupling 

Jianchun Bian and Daren Lu 

(LAGEO, Institute of Atmospheric Physics, Chinese Academy of Sciences) 

Wen Chen 

(CMSR, Institute of Atmospheric Physics, Chinese Academy of Sciences) 

 

1. Stratosphere-troposphere exchange during the Asian summer monsoon 

The study on the atmospheric physical and chemical processes within the 

tropopause transition layer over the Asian summer monsoon region is a new emerging 

topic in the international atmospheric scientific community after the extensive 

investigation on the tropical tropopause layer (TTL). To investigate the TTL, many 

comprehensive in situ field campaigns have been conducted and some critical 

scientific advances have been made, but no effective in situ field campaigns have 

been planned to study the tropopause layer over the Asian summer monsoon. In 2009 

summer, the Institute of Atmospheric Physics/Chinese Academy of Sciences 

(IAP/CAS) conducted the first combined ozone and water vapor soundings in 

Kunming. And from then on, IAP/CAS, together with Chinese Academy of 

Meteorological Sciences, has been conducting water vapor, ozone, and particle 

measurements with balloon-borne instruments with high accuracy. These 

measurements reveal some important new findings (Bian et al., 2012). The finding of 

the Asian tropopause aerosol layer (ATAL) from the CALIPSO measurements was 

supported by sounding the balloon-borne COBALD, an in situ instrument to derive 

particle characteristics from the backscattering signal of two wavelength light beams 

(455nm and 870 nm), from Kunming and Lhasa during the Asian summer monsoon 

(Vernier et al., 2015). Super-saturation was observed in the upper troposphere with a 

frequency of above 20 percent, and sometimes 150% with respect to ice was 

measured by balloon-borne CFH sensor, which detects the frost-point of the air 

directly (Bian et al., 2012). In comparison with the tropical tropopause layer, the air 

within the anticyclone of the Asian summer monsoon has higher (lower) water vapor 
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(ozone) concentration. These results will be useful for further investigating the 

microphysical characteristics of the cirrus in the upper troposphere, and provide the in 

situ evidence to the findings derived satellite-based measurements. By analysis of 

these measurements in the view of chemical and thermal structure, it was found that 

the tropopause layer over the Asian summer monsoon region shares the same structure 

with that over the tropics, with L-shape in the water vapor-ozone correlation scatter 

plot, and transition layer with a thickness of 4-5km (Pan et al., 2014). 

By composite analysis, the bimodality of the upper tropospheric anticyclone of 

the Asian summer monsoon has an impact on the distribution of chemical constituents 

in the UTLS region (Yan et al., 2011). For the Iranian Plateau mode, the tropospheric 

tracers (such as CO and water vapor) exhibited a positive anomaly over the Iranian 

Plateau and a negative anomaly over the Tibetan Plateau, whereas the stratospheric 

tracer (ozone) exhibited a negative and a positive anomaly over the Iranian Plateau 

and the Tibetan Plateau, respectively. For the Tibetan Plateau mode, however, the 

distribution of the anomaly was the reverse of that found for the chemical species in 

the UTLS region. Furthermore, the locations of the extrema within the anomaly 

seemed to differ across chemical species. 

The formation of the summertime total ozone valley over the Tibetan plateau was 

revealed from the measurements (SAGE II and OMI data), and it was pointed that the 

Asian summer monsoon and air column variations are the two main causes (Bian et 

al., 2011). Satellite observations of ozone profiles show that ozone concentrations 

over the ASM region have lower values in the upper troposphere and lower 

stratosphere (UTLS) than over the non-ASM region, which is caused by frequent 

convective transport of low-ozone air from the lower troposphere to the UTLS region 

combined with trapping by the South Asian High. In addition, along the same latitude, 

total ozone changes identically with variations of the terrain height, showing a high 

correlation with terrain heights over the ASM region, which includes both the Tibetan 

and Iranian plateaus. 

The Asian summer monsoon (ASM) anticyclone during boreal summer has 

persistent maxima in carbon monoxide (CO). This enhancement is due to the upward 
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transport of air with high CO from the planetary boundary layer (PBL), and 

confinement within the anticyclonic circulation (Yan & Bian, 2015). A source 

sensitivity experiment was performed using the Weather Research and Forecasting 

(WRF) with chemistry model (WRF-Chem), and it was found that the CO within the 

ASM anticyclone mostly comes from India, while the contribution from East China is 

insignificant. This difference is mainly caused by the different transportation 

mechanisms. Over the India subcontinent, CO transportation is primarily affected by 

convection. However, the CO transportation over East China is affected by deep 

convection and large-scale circulation, with little upward transport to the anticyclone. 

2. Anomaly in the stratospheric circulation and its relation to the weather and 

climate in the troposphere 

An extremely cold event over the boreal middle and high latitude region during 

2009 December as a typical case, the relationship between the abnormal cold winter 

weather and the stratospheric circulation anomaly was investigated, it was shown that 

the stratospheric dynamical process played an important role in the occurrence of the 

extremely cold event at the lower levels (Wang & Chen, 2010). The downward 

propagation of the stratospheric circulation anomaly occurs not only during some 

strong anomaly events, but also during some moderate stratospheric polar vortex, 

which implies the complication in the stratosphere-troposphere coupling processes.  

From the analysis of the monsoon tendency index (MTI) of the East Asian 

monsoon index after 2000, it was shown that the winter monsoon setup has been 

postponed in autumn, while the setup has quickened in early winter (Wei et al., 2011). 

A north-south seesaw of temperature tendency change in China can be observed in 

December and February, which may be related to large-scale circulation changes in 

the stratosphere, characterized by a polar warming in mid winter and polar cooling in 

early spring. This linkage is possibly caused by the dynamical coupling between 

stratosphere and troposphere, via the variation of planetary wave activities 

Analysis of the temporal and spatial relationship between ENSO and the 

extratropical stratospheric variability in the Northern Hemisphere shows that there 

exists a negative correlation between ENSO and the strength of the polar vortex, but 
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the maximum correlation is found in the next winter season after the mature phase of 

ENSO event, rather than in the concurrent winter (Ren et al., 2012). Specifically, the 

stratospheric polar vortex tends to be anomalously warmer and weaker in both the 

concurrent and the next winter season following a warm ENSO event, and vice versa. 

However, the polar anomalies in the next winter are much stronger and with a deeper 

vertical structure than that in the concurrent winter. 
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