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warming over southern Siberia and South China. The long-
wave effect associated with water vapor change contributes 
significant warming over northern India, Tibetan Plateau, 
and central Siberia. Impacts of solar irradiance and ozone 
changes are relatively small. The strongest year-to-year 
temperature fluctuation occurred at a rapid warming (1987–
1988) and a rapid cooling (1995–1996) period. The pattern 
of the rapid warming receives major positive contributions 
from sensible heat flux with changes in atmospheric dynam-
ics, water vapor, clouds, and albedo providing secondary 
positive contributions, while surface dynamics and latent 
heat flux providing negative contributions. The signs of the 
contributions from individual processes to the rapid cooling 
are almost opposite to those to the rapid warming.

Keywords Decadal variation · CFRAM · Surface 
temperature · Radiative process · Dynamical process · East 
Asia

1 Introduction

East Asia is a region vulnerable to climate fluctuations 
with a high population density and rapid economic growth. 
Governments, as well as the general public, need detailed 
information to assess the risks and implement mitigation 
and adaptation strategies in relation to the projected natural 
and anthropogenic climate changes (IPCC 2013). Research 
on causes behind global and regional surface temperature 
variations provide insights into one of the meteorological 
variables that is most relevant to human comfort and health, 
especially in boreal summer and winter.

Eurasia has experienced significant climate change during 
the last few decades, including pronounced winter warm-
ing, snow cover decrease, permafrost thawing and surface 

Abstract This study partitions the observed decadal evolu-
tion of surface temperature and surface temperature differ-
ences between two decades (early 2000s and early 1980s) 
over the East Asian continent into components associated 
with individual radiative and non-radiative (dynamical) pro-
cesses in the context of the coupled atmosphere-surface cli-
mate feedback-response analysis method (CFRAM). Rapid 
warming in this region occurred in late 1980s and early 
2000s with a transient pause of warming between the two 
periods. The rising  CO2 concentration provides a sustained, 
region-wide warming contribution and surface albedo effect, 
largely related to snow cover change, is important for warm-
ing/cooling over high-latitude and high-elevation regions. 
Sensible hear flux and surface dynamics dominates the 
evolution of surface temperature, with latent heat flux and 
atmospheric dynamics working against them mostly through 
large-scale and convective/turbulent heat transport. Cloud 
via its shortwave effect provides positive contributions to 
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air temperature rise (Romanovsky et al. 2010; Serreze et al. 
2000; Yang et al. 2002; Ye et al. 2015). The annual, sea-
sonal, and diurnal variability of near-surface temperature 
and humidity in China has been investigated and results 
showed that both temperature and humidity increased in 
late-twentieth-century with larger trends in winter and night-
time (Wang and Gaffen 2001; Hu et al. 2003). Liu et al. 
(2004) reported an accelerated warming after 1990 in China, 
while both the daily maximum and minimum surface air 
temperatures are increasing faster than those for the North-
ern Hemisphere and the daily temperature range decreased 
rapidly from 1960 to 1990. Some studies have been seeking 
the factors related to the surface air temperature change. 
According to Duan and Xiao (2015), a rapid warming trend 
over the Tibetan Plateau during 1998–2013, to some degree, 
might be attributed to cloud-radiation feedback. Yang and 
Ren (2017) found out that the diurnal surface temperature 
range has become significantly smaller over Tibetan Plateau 
but larger in southeastern China during the 1980s–2000s, 
and the changes in low-level cloud cover and water vapor 
were main contributors. As well known, East Asia is a major 
source of aerosols including dust, sulfates, nitrates, black 
carbon, and organic carbon (Kaufman et al. 2002), and they 
have net cooling effect on surface through modulating cloud 
physics and solar radiation in model experiments (Chen et al. 
2016; Chung et al. 2010; Li et al. 2011, 2016; Ramanathan 
and Carmichael 2008; Rosenfeld et al. 2014; Seinfeld et al. 
2004). Related to aerosols effect, a significant decreasing 
trend in total cloud cover and a slightly increasing trend 
in low cloud cover along with shortened sunshine duration 
were observed across China from 1950s to 2000s (Liu et al. 
2004; Xia 2010a, b). Besides, broad land-use changes due 
to natural processes and human activities (e.g. urbanization, 
deforestation, and desertification) might exacerbate surface 
warming through changing surface sensible/latent heat flux 
and net radiation (Feng et al. 2012; Park and Sohn 2010; Ren 
et al. 2008; Saha et al. 2014; Sun et al. 2016; Wang et al. 
2013; Yang et al. 2011).

Despite the substantial efforts devoted to understand the 
surface temperature change, we still need in the literature 
a systematic examination of regional-scale surface tem-
perature evolution in observation over East Asia. We pro-
vide quantitative attribution of radiative and non-radiative 
(dynamical) processes to the decadal surface temperature 
evolutions over the East Asian continent. A process-based 
decomposition of surface temperature differences between 
two decades (early 2000s and early 1980s) is examined. 
Furthermore, the decomposition of extreme year-to-year 
temperature fluctuations enhances our understanding of 
the differences and similarities of major physical processes 
involved across the rapid warming and cooling periods. Here 
we adopt the coupled atmosphere-surface climate feedback-
response analysis method (CFRAM, Cai and Lu 2009; Lu 

and Cai 2009) to quantify the relative contribution of multi-
ple physical and dynamical processes to surface temperature 
evolutions in the observation. Most recently, the CFRAM 
provided a new angle on the formation of global surface 
and atmospheric temperature anomalies associated with 
global warming, inter-annual and sub-seasonal variability 
(e.g. El Niño Southern Oscillation and Northern Annular 
Mode) and the nature of surface temperature bias in climate 
model (Chen et al. 2017; Deng et al. 2012, 2013; Hu et al. 
2016, 2017; Liu and Zhou 2017; Liu et al. 2015; Park et al. 
2012, 2013; Ren et al. 2016; Yang et al. 2015). Following 
this introduction, Sect. 2 provides a brief description of 
the CFRAM method and the observational data. The main 
results are reported and discussed in Sect. 3. Section 4 gives 
concluding remarks.

2  Data and method

The observation data used is the European Centre for 
Medium-range Weather Forecasts (ECMWF) Re-Analysis 
Interim (ERA-Interim; Dee et al. 2011). ERA-Interim is the 
latest ECMWF global atmospheric reanalysis covering the 
period 1979 to present and has a 0.75° horizontal resolution 
with 37 pressure levels in the vertical ranging from 1000 to 
1 hPa. ERA-Interim has been proven to be a good proxy for 
the in situ surface observation over central Asia (Hu et al. 
2014) and the biases over the Tibetan Plateau were smaller 
than other reanalysis datasets (Bao and Zhang 2013; Wang 
and Zeng 2012).

The basis of CFRAM is the total energy balance within 
an atmosphere-surface column consisting of M atmospheric 
layers and one surface layer (Cai and Lu 2009; Lu and Cai 
2009). Writing the total energy balance equation separately 
for two climate states (climate “A” and “B”), then taking the 
difference ∆ between the two (i.e., “B” minus “A”), we obtain

where S (R) is the vertical profile of the convergence (diver-
gence) of shortwave (longwave) radiation flux and E is the 
vertical profile of the total energy for the atmosphere-surface 
column including latent heat, dry static energy and kinetic 
energy. For the surface layer of the column, Qnon−radiative rep-
resents the net convergence of energy due to oceanic motions 
of all scales over the ocean surfaces while Qnon−radiative cor-
responds to the energy convergence in the column due to 
runoff, soil heat diffusion, snow/ice freezing and melting 
over the land/snow/ice surfaces. For the atmospheric layers 
in the column, Qnon−radiative represents the vertical profile of 
the total energy convergence due to convective, turbulent, 
and large-scale atmospheric motions. �E

�t
 represents the rate 

of energy and heat storage change, which is substantial in 

(1)Δ
�E

�t
= ΔS − ΔR + ΔQnon−radiative,
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the ocean but can be neglected in the atmosphere under the 
condition that annual mean states are considered. All terms 
in Eq. (1) have units of watts per meter square (W/m2).

By neglecting the interactions among different radiative 
species and linearizing the radiative energy perturbations, 
we may express ∆S and ∆R as the sum of partial radiative 
energy flux convergence/divergence due to individual radia-
tive processes:

In Eq. (2), abbreviation SR, CLD, WV, O3, AL, and CO2, 
stand for solar irradiance, cloud, water vapor, ozone, sur-
face albedo, and  CO2, respectively. Elements of ∆T are the 
temperature differences in each layer between two climate 
states, and �R

�T
 is the Planck feedback matrix measuring the 

vertical profile change of longwave radiation flux divergence 
due to changes in surface and atmospheric temperatures. By 
substituting Eq. (2) into Eq. (1), rearranging the terms and 
multiplying both sides by ( �R

�T
)−1, we obtain

where ΔQ(SH) and ΔQ(LH) are energy differences due to 
changes in surface turbulent sensible and latent heat 
fluxes, respectively. ΔQ(atmos_dyn) = ΔQnon−radiative in the 
atmospheric layers, which is estimated as a residual 
from the radiative energy perturbations in the actual 
c a l cu l a t i ons ,  i . e . ,ΔQ(atmos_dyn) = −Δ(S − R)(atmosphere) 
and ΔQ(atmos_dyn) is zero at the surface layer. Simi-
larly, ΔQ(surf_dyn) is zero in the atmospheric layers and 
ΔQ(surf_dyn) = −Δ

�E

�t
+ ΔQnon−radiative = −Δ(S − R)(surface)+

ΔQ(LH) + ΔQ(SH) at the surface layer. Equation (3) enable us 
to express the vertical profile of the temperature differences 
between two climate states at a given location as the sum of 
the vertical profile of partial temperature differences due to 
(from left to right) changes in solar irradiance,  CO2, cloud, 
water vapor, ozone, surface albedo, surface sensible heat 
flux, surface latent heat flux, atmospheric dynamics (i.e., 
energy transport by all scales atmospheric motions), and 
surface dynamics. Note that the surface (including all sub-
stances underneath) is treated as single layer in the context 
of CFRAM, thus surface dynamics include energy gain/
loss due to snow/ice freezing and melting, runoff transport 
and soil heat diffusion over the land grid points. We adopt 
the Fu-Liou radiative transfer model (Fu and Liou 1992, 
1993) in the evaluation of the individual radiative energy 

(2)

ΔS ≈ ΔS(SR) + ΔS(CLD) + ΔS(WV) + ΔS(O3

) + ΔS(AL) and

ΔR ≈ ΔR(CO2

) + ΔR(CLD) + ΔR(WV) + ΔR(O3

) +
�R

�T
ΔT .

(3)

ΔT = (
�R

�T
)−1

[

ΔS(SR) − ΔR(CO2

) + Δ(S − R)(CLD)

+ Δ(S − R)(WV) + Δ(S − R)(O3

) + ΔS(AL)

+ ΔQ(SH) + ΔQ(LH) + ΔQ(atmos_dyn) + ΔQ(surf_dyn)
]

,

perturbations in Eq. (3), for example Δ(S − R)(WV), by con-
ducting “off-line” radiative transfer calculations separately 
for climate state “A” (“base state”) and a perturbed state 
where all the atmospheric/surface properties are kept the 
same as in climate state “A” except that water vapor prop-
erties are replaced with those in climate state “B”. The net 
radiative heating difference between the perturbed state 
and the base state provides us Δ(S − R)(WV), i.e., radiative 
heating difference due to changes in water vapor alone. The 
Planck feedback matrix is evaluated through documenting 
the changes in the vertical profile of the longwave radia-
tive heating due to 1 K warming (with respect to the base 
state temperature) at an atmospheric or a surface layer by 
conducting multiple radiative transfer calculations. Finally, 
we need extra caution on the interpretation of surface 
dynamics and atmospheric dynamics terms, given the way 
both terms are estimated as residuals from the equation of 
surface or atmospheric energy balance in the context of 
CFRAM calculation. They by definition incorporate errors 
associated with offline radiative transfer calculations and 
linearization done in the CFRAM. However, dynamical 
energy transports and energy gain/loss due to surface and 
soil processes tend to dominate these two terms. In addi-
tion, processes not included in current CFRAM analysis 
also contribute to these two terms, which could be signifi-
cant at local and regional scales. For example, effects of 
greenhouse gases (e.g.,  CH4,  N2O) and aerosols that are 
not explicitly considered in the CFRAM are included in 
atmospheric dynamics.

Variables required as input to the off-line radiative trans-
fer model, including air/surface temperatures, specific 
humidity, cloud amount, cloud liquid/ice water mixing ratio, 
solar irradiance at the top of the atmosphere (TOA),  CO2 
mixing ratio, ozone mixing ratio, surface albedo, and surface 
latent/sensible heat flux, are obtained from ERA-Interim. 
Except for the solar irradiance and  CO2 mixing ratio, we 
used values from the historical time-dependent external 
forcings (Taylor et al. 2012). Here we consider the mean 
state of 1981–1985 (denoted as year “1983” hereafter) as the 
base state, and following segments (with 1 year increment 
a time) of 5-year mean state as the climate state to contrast 
with the base state. That is to say, 1981–1985 is the base 
state (climate state “A” as discussed before) with multiple 
climate state “B”s starting from 1982 to 86 (denoted as year 
“1984” hereafter), 1983–1987 (“1985”) … until 2001–2005 
(“2003”). For each climate state, composite of 3D and 2D 
fields used in radiative transfer calculations are constructed 
with the ERA-Interim data. The CFRAM analysis thus 
provides temporospatial evolutions of the atmospheric and 
surface temperature associated with individual physical and 
dynamical processes through the period of 1981–2005.
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3  Results

3.1  Temporospatial structure of the process-based 
surface temperature attributions

We use the partial temperature differences derived from 
CFRAM calculations to study the relative contributions of 
the physical and dynamical processes to the decadal evolu-
tions of observed surface temperature from 1981 to 2005 
over the East Asian continent. Figure 1a shows the tempo-
ral evolution of area averaged (15°–70°N, 70°–160°E, land 
only) surface temperature (as departures from the average 
of the base state (1981–1985)) and Fig.1b–k are the partial 
temperature associated with changes in solar irradiance, 
ozone,  CO2, water vapor, surface albedo, clouds, surface 
dynamics, surface sensible heat flux, surface latent heat flux, 
and atmospheric dynamics. The temporal evolutions of total 
partial temperature differences derived from the CFRAM 
(Fig. 1a, solid line) matched well with the observed sur-
face temperature evolutions in the ERA-Interim (Fig. 1a, 
dashed line), suggesting that the CFRAM are reasonable 
approximations to make in this analysis. Obviously, rapid 
warming occurred in the late 1980s and the early 2000s with 
a transient pause of warming during the 1990s (Fig. 1a). 
The overall warming trend is largely driven by changes in 
 CO2 (Fig. 1d), water vapor (Fig. 1e), clouds (Fig. 1g), sur-
face dynamics (Fig. 1h, mainly energy processes related to 
snow/ice melting/freezing, river runoff, and soil heat diffu-
sion), and sensible heat flux (Fig. 1i).  CO2 maintains posi-
tive contributions to the warming trend through the whole 
period while contributions from other processes have large 
interannual variations. Sensible heat flux acts as the main 
contributor to the warming followed by surface dynamics 
and clouds, with a time-mean partial temperature differ-
ence of approximately 0.42, 0.34 and 0.19 K respectively 
(upper right corners of Fig. 1i, h, g), while the latent heat 
flux and atmospheric dynamics play as the main negative 
contributors to the warming (−0.66 and −0.43 K, Fig. 1j, 
k). Note that cloud fields in the ERA-Interim have substan-
tial uncertainties related to the microphysics and cumulus 
parameterizations of the model. The partial temperature 
results suggest significant positive contributions to the rapid 
warming in late 1980s from the changes in sensible heat flux 
(Fig. 1i), water vapor (Fig. 1e) and atmospheric dynamics 
(Fig. 1k), while latent heat flux tends to work against them 
(Fig. 1j). The transient pause of warming in the 1990s with 
several interannual fluctuations mostly originated from the 
changes in clouds, sensible heat flux, and latent heat flux 
and the balances of energy perturbations due to changes in 
water vapor, surface dynamics, and atmospheric dynamics. 
The atmospheric dynamics gives sustained strong positive 
contribution to the surface cooling occurred in early 1990s 
containing some degree of the effect related to the Pinatubo 

eruption (Meehl and Teng 2012). The recovery of warming 
in early 2000s mainly comes from the changes in clouds, 
surface dynamics, and atmospheric dynamics, weakened 
by water vapor and surface albedo effects. The positive 
effect of surface albedo decreased dramatically after 1999 
and eventually became negative (Fig. 1f). In order to bet-
ter understand this change, we examine the surface albedo 
differences and snowfall differences between 2003 (5-year 
mean of 2001–2005) and 1999 (1997–2001) using the ERA-
Interim data (Fig. 2). Results show that the sharp negative 
contribution from surface albedo after 1999 is connected 
to the more than 1% increasing of the surface albedo over 
northern Siberia, Mongolia, and the Tibetan Plateau from 
1999 to 2003 as shown in Fig. 2a, reflecting more solar 
radiation back to the atmosphere, which is consistent with 
previous studies (e.g. Jeong et al. 2011). Furthermore, the 
surface albedo change is closely related to the increased 
snowfall over those areas (Fig. 2a v.s. b), and the pattern 
correlation coefficient between them is 0.36. The effect of 
solar irradiance (Fig. 1b), largely associated with the quasi 
11-years solar cycle, and the effect of ozone (Fig. 1c) are 
much weaker on the surface temperature evolutions com-
pared to the effects of other processes during this period.

The various physical processes contributing to the sur-
face warming from early 1980s to early 2000s are investi-
gated. The surface temperature differences between 2003 
(2001–2005) and base state (1981–1985) over the East Asian 
continent is shown in Fig. 3a, and the partial temperature 
differences associated with individual radiative and non-
radiative processes are displayed in Fig. 3b–k. The most 
pronounced feature in Fig. 3a is the strong warming over 
southern Siberia and East China. The rising  CO2 concentra-
tion in the atmosphere gives nearly uniform warming with 
an area averaged partial temperature difference of approxi-
mately 0.17 K (upper right corners of Fig. 3d). Solar forc-
ing provides a net warming effect but it’s one magnitude 
smaller compared to the  CO2 effect (Fig. 3b v.s. Fig. 3d). 
The ozone effect is weak with warming (cooling) effect to 
the north (south) of ~45°N (Fig. 3c). The water vapor effect 
(Fig. 3e), which is dominated by the longwave (i.e. “green-
house”) effect (matched well with the total column water 
vapor changes shown in Fig. 4a), provides significant warm-
ing (cooling) anomalies over northern India, Tibetan Pla-
teau, and central Siberia (South China and western Siberia). 
Surface albedo provides overall strong negative contribu-
tions to the warming over the East Asian continent (Fig. 3f, 
−0.15 K), particularly over the Tibetan Plateau, Mongolia, 
and northern Siberia, which is directly linked to the changes 
in surface albedo (Fig. 4b). Besides, the surface albedo 
changes are concentrated over high-latitude (north of 60°N) 
and high-elevation regions (Tibetan Plateau and Mongolia) 
where snow/glacier changes are pronounced under global 
climate change (IPCC 2013). The cloud effect contributes 
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significantly to the warming over South China and southern 
Siberia, but reduces the warming over the Tibetan Plateau 
and India (Fig. 3g). Comparison of the partial temperature 
differences due to changes in clouds with the total cloud 
cover changes shown in Fig. 4c indicates that the cloud effect 
is dominated by the shortwave effect (decreasing cloud cover 

induces more solar radiation reaching the surface and vice 
versa). This feature is consistent with results from previous 
studies where a significant decreasing trend in total cloud 
cover appears over China (Liu et al. 2004), particularly in 
eastern China (Xia 2010b). The increase of total cloud cover, 
shown in the ERA-Interim over western China (Fig. 4c), is 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Fig. 1  Temporal evolutions of surface temperature (K) from 1984 to 
2003 shown as the differences between the averages over individual 
5-year segments and the average over the base state (1981–1985): the 
sum of partial temperature differences (K) derived from the CFRAM 
(solid line) and the ERA-Interim (dashed line) (a), and partial tem-
perature differences (K) due to changes in solar irradiance (b), ozone 

(c),  CO2 (d), water vapor (e), albedo (f), clouds (g), surface dynam-
ics (h), surface sensible heat flux (i), surface latent heat flux (j), and 
atmospheric dynamics (k). The gray lines of each panel denote the 
year 1990 and 2000. The value on the upper right of each panel 
denotes the mean value of the corresponding solid curve
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likely due to the uncertainties of clouds in the ERA-Interim 
and lack of observations over the western China to constrain 
the reanalysis.

The surface dynamics plays a key role in the surface 
warming over the East Asian continent, particularly over 
southern Siberia, Mongolia, and northern China, with an 

Fig. 2  a Surface albedo dif-
ferences (%) and b snowfall 
differences (mm/day) between 
2003 (2001–2005) and 1999 
(1997–2001) from the ERA-
Interim. The dots indicate 
values exceeding the 0.1 level of 
statistical significance according 
to the Student’s t-test

(a) (b)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Fig. 3  Surface temperature differences (K) between 2003 (2001–
2005) and base state (1981–1985): the sum of partial temperature dif-
ferences (K) derived from the CFRAM (a), and partial temperature 
differences (K) due to changes in solar irradiance (b), ozone (c),  CO2 
(d), water vapor (e), albedo (f), clouds (g), surface dynamics (h), sur-

face sensible heat flux (i), surface latent heat flux (j), and atmospheric 
dynamics (k). The value on the upper right of each panel denotes the 
area averaged value and the curve on the right of each panel denotes 
the meridional profile of zonally averaged values
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area averaged partial temperature differences of approxi-
mately 0.48 K (Fig. 3h). However, regional cooling effects 
of surface dynamics are documented over northern Siberia 
and Tibetan Plateau. These regional warming or cooling 
anomalies associated with surface dynamics are primarily 
related to the snow/ice melting/freezing over high-latitude 
(north of 40°N) and high-elevation regions, and soil heat 
diffusion over the low latitudes (south of 40°N). The sen-
sible heat flux is a major contributor to the surface warm-
ing (Fig. 3i, 0.63 K), evidenced by excessive warming over 
Siberia, Tibetan Plateau, and central China. The latent heat 
flux acts as the main process to cool the surface through 
increased evaporation, particularly over Siberia and East 
China (Fig. 3j, −0.9 K). Although atmospheric dynamics 
provides overall weak negative contribution to the surface 
warming (Fig. 3k, −0.03 K), it tends to cool (warm) the 
surface where surface dynamics exhibits warming (cooling) 
effects, except over India and East China (Fig. 3k v.s. h).

3.2  Assessment of contributions by individual processes 
to decadal-scale surface temperature evolutions

In order to quantify the overall contribution of individual 
processes to the observed surface temperature evolution over 
the East Asian continent, we adopt the measure of “pattern-
amplitude projection” (PAP) coefficient used in Park et al. 
(2012) and Deng et al. (2013). The PAP coefficient is defined 
as

where ∆T and ΔTi are the observed surface temperature 
differences with respect to the base state (1981–1985) and 
the partial surface temperature differences related to the ith 
process derived from the CFRAM, respectively. ⟨⟩ represents 

(4)PAPi = ⟨ΔT⟩ ×
⟨ΔTiΔT⟩
�

(ΔT)2
�
,

the temporal average (for temporal PAP) or area average (for 
spatial PAP). The sum of all PAPi equals to the temporal 
average or area average of the observed surface tempera-
ture differences for the temporal PAP or the spatial PAP, 
respectively.

First we obtain the temporal PAP coefficients for all 
processes utilizing the partial temperature results (corre-
sponding to each 5-year segment) reported in Fig. 1. The 
temporal PAPs focus on the contribution of a process to the 
interannual-decadal fluctuations in the surface temperature 
evolution over East Asia, as well as the trend. The results are 
shown in Fig. 5a and the sum of PAPs converges to the area 
averaged temperature reported in Fig. 1a (0.31 K). The sen-
sible heat flux is the main positive contributor to the surface 
temperature evolution over East Asia, followed by surface 
dynamics (mainly snow/ice freezing/melting, river runoff, 
and soil heat diffusion), clouds, water vapor, and  CO2 at a 
decreasing magnitude (Fig. 5a). Net negative contributions 
of latent heat flux and atmospheric dynamics to the surface 
temperature evolution is consistent with the previous dis-
cussions, since it tends to cool (warm) the surface through 
large-scale energy transport and convective/turbulent heat 
transport when surface gets warmer (cooler).

Next, we analyze the temporal evolutions of the spatial 
PAP coefficients calculated for an individual 5-year segment. 
For each segment, the sum of the PAPs converges to the 
total temperature differences (with respect to the 1981–1985 
base state) area averaged over the East Asian continent (solid 
black curve in Fig. 5b). Here the spatial PAP emphasizes 
the contribution of a process to the spatial pattern of the 
observed surface temperature difference through pattern 
projection. Surface dynamics instead of sensible heat flux 
clearly dictates the spatial distribution of surface tempera-
ture evolution (Fig. 5b). The contribution of sensible heat 
flux has large interannual-decadal fluctuations, switching 
signs of contribution around early 1990s and early 2000s. 

(a) (b) (c)

Fig. 4  a Total column water vapor differences (kg/m2), b sur-
face albedo differences (%), and c total cloud cover differences (%) 
between 2003 (2001–2005) and base state (1981–1985) from the 

ERA-Interim. The dots indicate values exceeding the 0.1 level of sta-
tistical significance according to the Student’s t-test
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The latent heat flux, together with atmospheric dynamics, 
tends to work against the warming, evidenced by the nega-
tive values through the whole period. In addition, the overall 
surface temperature evolution receives secondary positive 
contributions from processes due to the changes in clouds, 
albedo, water vapor, and  CO2. During the restored rapid 
warming after 1999, the contributions from the processes 
related to clouds and  CO2 changes become more important 
while the water vapor and albedo effects become smaller. 
However, it is hard to know whether the clouds effect is 
accurately represented due to the uncertainties in the ERA-
Interim cloud fields as discussed previously.

3.3  Spatial structure of individual process 
contributions in the rapid warming and cooling 
periods

To further investigate the differences and similarities of con-
tributions from individual processes to the extreme interan-
nual temperature fluctuations over East Asia, we conduct 
additional two experiments using the CFRAM method. We 
define the rapid warming (cooling) period as the maximum 
increase (decrease) of surface temperature in two adjacent 
calendar years from 1981 to 2005 (without 5-year running 
average), which is the difference between 1988 and 1987 
(0.80 K) for the rapid warming segment (between 1996 and 
1995 (−0.94 K) for the rapid cooling segment). Then, we 
treat 1987 as the base state and 1988 as the warming climate 
state to contrast with the base state in the rapid warming 
experiment, while treating 1995 as the base state and 1996 
as the cooling climate state to contrast with the base state in 
the rapid cooling experiment.

The rapid warming (cooling) surface temperature differ-
ences between 1988 and 1987 (1996 and 1995) are shown 
in Fig. 6a (Fig. 7a), and corresponding spatial distributions 
of the partial temperature differences associated with indi-
vidual processes are displayed in Fig. 6b–k (Fig. 7b–k). 
The most pronounced feature is the excessive warming 
(cooling) over the high latitudes (north of 40°N) in the 
rapid warming (cooling) period (Figs. 6a, 7a). The growth 
of  CO2 concentration provides nearly uniform warming in 
both rapid warming and cooling periods with a value of 
0.01 K (Figs. 6d, 7d). The partial temperature differences 
due to change in solar irradiance are weakly positive (nega-
tive) in the rapid warming (cooling) periods (Figs. 6b, 7b). 
The effect of ozone are reversed between the two periods 
(Figs. 6c, 7c), with strong cooling effect in the rapid cooling 
period (−0.22 K). The water vapor effect is stronger in the 
rapid warming period than that in the rapid cooling period 
(0.55 v.s. −0.18 K, Figs. 6e v.s. 7e), and plays a key role 
in the warming (cooling) anomalies occurred to the north 
40°N in the rapid warming (cooling) period. Surface albedo 
has an overall significant positive (negative) effect on the 
warming (cooling), with great regional variations (Figs. 6f, 
7f). Besides, the albedo effect could have large interannual 
fluctuations depending on the surface state, related to the 
snow cover, snow depth, snow density, and glacier melting. 
Although cloud changes provide nearly opposite contribu-
tion over East Asia between the two periods (Figs. 6g v.s. 
7g, also see the meridional profile of zonal averaged partial 
temperature differences to the right), an overall negative 
effect is both found in the two periods. Surface dynamics 
is a major negative contributor to the surface warming or 
cooling in the rapid warming or cooling period, which is 

(a) (b)

Fig. 5  a Temporal pattern-amplitude projection (PAP) coefficients 
(K) associated with the ten partial temperature differences shown 
in Fig.  1b–i and their sums. b Temporal evolution of the spatial 
PAP coefficients (K, refer to the left Y coordinate) associated with 
the same ten processes and their sums (solid black curves, refer to 

the right Y coordinate). “SR”, “O3”, “CO2”, “WV”, “AL”, “CLD”, 
“SUR”, “SH”, “LH”, “ATM”, and “SUM” stand for solar irradiance, 
ozone,  CO2, water vapor, surface albedo, cloud, surface dynam-
ics, surface sensible heat flux, surface latent heat flux, atmospheric 
dynamics, and the sum, respectively
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characterized by negative or positive partial temperature 
differences over a large portion of the high latitudes (north 
of 50°N, Figs. 6h, 7h). The latent heat flux, as an overall 
negative contributor to the warming or cooling (Figs. 6j, 
7j), exhibits significant regional variations associated with 
changes in surface state-dependent evaporation (e.g., surface 
temperature, soil moisture, and soil temperature). While the 
sensible heat flux plays a critical role in providing positive 
contributions to the warming or cooling over the high lati-
tudes in the rapid warming or cooling period (Figs. 6i, 7i). 
Cloud effects tend to compensate those of the sensible heat 
flux in the low latitudes (south of 40°N) (Fig. 6i v.s. Figs. 6g, 
7i v.s. Fig. 7g). The atmospheric dynamics acts as a second-
ary positive contributor to the warming or cooling, docu-
mented by positive (negative) contribution over the high lati-
tudes (East China). The behaviors of surface dynamics and 
atmospheric dynamics are reversed compared to those in the 
decadal surface temperature changes discussed in Sect. 3.1 

and 3.2, suggesting that interannual surface temperature 
fluctuations are closely tied to the large-scale atmospheric 
circulation changes (e.g., changes in the frequency of clod 
air outbreaks and phase of the Arctic Oscillation). Note that 
the behavior of surface dynamics might be case dependent 
due to the influences of interannual large-scale atmospheric 
circulation fluctuations and errors associated with the use 
of offline radiative transfer calculations and linearization of 
radiative energy perturbations as discussed previously.

To further quantify and compare the overall contribu-
tions of individual processes to the magnitude and spatial 
distribution of surface temperature differences in the rapid 
warming and cooling periods, beyond the surface tempera-
ture differences shown in Figs. 6 and 7, we calculate the 
spatial PAP to the observed temperature anomalies over East 
Asia. As displayed in Fig. 8a, the rapid warming pattern 
receives major positive contribution from sensible heat flux 
with atmospheric dynamics, water vapor, clouds, and albedo 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Fig. 6  Same as in Fig. 3, but for surface temperature difference (K) between 1988 and 1987
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changes providing secondary contributions. A major nega-
tive contribution from surface dynamics tends to cool the 
surface as discussed previously. The latent heat flux gives 
secondary negative contribution to the rapid warming. In the 
rapid cooling period, the signs of the major contributions 
from physical and dynamical processes are nearly opposite 
to those seen in the rapid warming period (Fig. 8b v.s. a). 
The magnitudes of contributions from surface dynamics 
and sensible heat flux are much smaller in the rapid cool-
ing period than those in the rapid warming period. In addi-
tion, the importance of processes related to solar irradiance, 
ozone, and  CO2, are to a less degree compared to other pro-
cesses. These results show that the processes contributing to 
rapid warming tend to work in reversed orders as in the rapid 
cooling case. The similarity of the relative contributions of 
individual processes in the rapid warming (cooling) period 
suggests that the rapid warming (cooling) discussed here 
share some common physical origins.

4  Concluding remarks

In this study, we have partitioned the temporal evolutions of 
the surface temperature over the East Asian continent from 
1981 to 2005 into components associated with individual 
radiative and non-radiative (dynamical) processes in the 
context of the CFRAM method utilizing the ERA-Interim 
reanalysis. A process-based decomposition of surface tem-
perature differences between two decades (early 2000s and 
early 1980s) is investigated. We identify two periods of rapid 
warming occurring in the late 1980s and the early 2000s, 
with a transient pause of warming between them. The strong-
est warming is found over southern Siberia and East China. 
The rising  CO2 concentration provides sustained positive 
contributions to the warming trend, while the contributions 
from other processes have large interannual-decadal fluctua-
tions. Sensible heat flux and surface dynamics (mainly snow/
ice freezing/melting, river runoff, and soil heat diffusion) 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Fig. 7  Same as in Fig. 6, but for surface temperature difference (K) between 1996 and 1995
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are the most critical processes dictating the surface tem-
perature evolution, with latent heat flux and atmospheric 
dynamics working against them through large-scale energy 
transport and convective/turbulent heat transport. However, 
surface dynamics provides major contribution to the spatial 
distribution of surface temperature anomalies through the 
entire period, while the contribution of sensible heat flux 
has large interannual-decadal fluctuations with sign switch. 
Cloud via its shortwave effects act as the secondary positive 
contributor to the surface temperature evolution, particu-
larly over southern Siberia and South China. Water vapor 
effect contributes significant warming (cooling) anomalies 
over northern India, Tibetan Plateau, and central Siberia 
(South China and western Siberia), and is dominated by the 
longwave (i.e., “greenhouse”) effect. The effect of surface 
albedo is important for regional warming/cooling over high-
latitude and at high-elevation regions, where snow cover and 
glacier melting are significant under global climate change. 
The weakened albedo effect in early 2000s was related to the 
increase in snowfall over Siberia, Mongolia, and the Tibetan 
Plateau. Finally, the impacts of solar irradiance and ozone 
change are relatively small.

An examination of the contributions by individual pro-
cesses in the interannual rapid warming (1988 v.s. 1987) 
and cooling (1996 v.s. 1995) periods shows that the signs 
of the contributions from those physical processes are 
almost opposite between the two periods, suggesting that 
the rapid warming and cooling discussed here share some 
common physical origins. The strongest warming or cool-
ing is observed over the high latitudes (north of 40°N). The 
rapid warming pattern receives major positive contributions 
from sensible heat flux, with changes in atmospheric dynam-
ics, water vapor, clouds, and albedo providing secondary 

contributions, while surface dynamics and latent heat flux 
providing negative contribution. The behaviors of surface 
dynamics and atmospheric dynamics are reversed compared 
to those in the decadal surface temperature changes, sug-
gesting that interannual surface temperature fluctuations 
are closely tied to the large-scale atmospheric circulation 
changes. Although the processes contributing to rapid 
warming tend to work in reversed orders as in rapid cool-
ing period, the magnitudes of contributions from surface 
dynamics and sensible heat flux are much smaller in the 
rapid cooling period than those in the rapid warming period.

Note that the results about partitioning surface tempera-
ture reported here are based on the principle of energy bal-
ance in an atmosphere-surface column through the CFRAM 
method. In this sense, the CFRAM analysis represents essen-
tially an examination of the partitioning of local energy 
perturbations in the climate system and does not provide 
explicitly any information regarding the causality of the 
processes. In other words, the CFRAM does not suggest 
what processes initiate the changes in temperature and what 
processes follow. However, it is an efficient off-line diagnos-
tic tool to decompose temperature difference into addable, 
process-based partial temperature differences, which can be 
utilized to assess the relative contributions of them. We will 
use additional observational data (e.g. the NASA MERRA-2 
reanalysis) to further verify the conclusions drawn here, par-
ticularly the cloud effects.
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