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The global response of temperature to high-latitude vegetation greening in a
two-dimensional energy balance model
BI Lua, HE Yonglia, HUANG Jianpinga, LI Yaokunb, GUAN Xiaodana and LIU Xiaoyuea

aKey Laboratory for Semi-Arid Climate Change of the Ministry of Education, College of Atmospheric Sciences, Lanzhou University, Lanzhou,
China; bCollege of Global Change and Earth System Science, Beijing Normal University, Beijing, China

ABSTRACT
The relationship between vegetation greening and climate change remains unclear due to its
complexity, especially in drylands. Against the background of global warming, arid and semi-arid
areas, including mid-latitude deserts, are most sensitive to climate change. In recent decades, the
mechanisms underlying the relationship between vegetation greening and climate change have
been widely discussed in the literature. However, the influence of vegetation greening in high
latitudes on regional climate has not been fully studied. In this paper, a two-dimensional energy
balance model was used to study the influence of greening in high latitudes on mid-latitude
deserts. The authors found that when greening occurs in high latitudes, the mid-latitude desert
recedes at the south boundary, while the polar ice belt and low-latitude vegetation belt both
expand. Simultaneously, greening in high latitudes can induce a negative temperature anomaly in
northern latitudes and a positive temperature anomaly in southern latitudes. The mid-latitude
desert expands at its north and south boundaries until the CO2 concentration reaches 600 ppm
(saturated state). The greening in high latitudes could result in a lower global-mean temperature in
the ‘saturated’ state, due to the stronger cooling in high latitudes.

二维能量平衡模式中高纬度植被绿化的全球温度响应

摘要

在全球变暖的背景下，包含中纬度荒漠的干旱地区对气候的变化最为敏感，但高纬度植被绿化
对中纬度荒漠地区域的气候影响仍然未知。本研究采用二维能量平衡模式研究高纬度地区植被
绿化对中纬度荒漠的影响。研究结果表明，高纬度地区绿化会导致中纬度荒漠南边界后退，极
地冰带和低纬度植被带扩大。同时，也会引发高纬度负温度异常和低纬度正温度异常。在CO2

浓度增加试验中，中纬度荒漠的南北边界一直在扩展，直到CO2浓度达到600ppm（饱和状态）
为止。
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1. Introduction

Vegetation growth has been significantly affected by cli-
mate change, from the stomatal scale to the ecosystem
scale, as reflected in increased vegetation greening world-
wide. Such phenomena, in turn, affect the climate system
through many biophysical processes. Understanding the
interactions between vegetation and climate is important
for predicting climatic conditions, especially in semi-arid
and desert regions. Semi-arid regions are very sensitive to
climate change and human activities, because of the low
vegetation cover and relatively large human populations
(Wang et al. 2012; Huang et al. 2019). Semi-arid regions
have expanded during the past 60 years and have experi-
enced the most enhanced warming, especially during the
cold season (Huang, Guan, and Ji. 2012; Huang et al. 2016a,
2016b). Based on bias-corrected CMIP5 (phase 5 of the

Coupled Model Intercomparison Project) projections, dry-
land areas will expand by 23% by the end of this century
under the RCP8.5 (8.5 W m−2 Representative
Concentration Pathways) scenario, such that they will
account for 56% of the global land surface (Huang et al.
2016a). Such an expansion of drylands would affect the
lives of many residents in arid and semi-arid regions and
lead to serious social and economic problems. Therefore,
understanding the expansion of drylands and the
mechanisms behind the enhanced warming therein is
important for developing strategies for climate adaptation.

Many mechanisms have been proposed to explain
the enhanced warming in semi-arid areas, including
land–atmosphere interactions (Huang et al. 2017b,
2017a). Low soil moisture in semi-arid regions dictates
that the surface available energy can only be released by
sensible heating, which leads to more warming than in
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humid areas. Guan et al. (2015) applied the adjustment
method proposed by Wallace et al. (2012) to divide the
raw temperature into the dynamically induced tempera-
ture (DIT) and radiatively forced temperature (RFT). Their
results suggest that the enhanced semi-arid warming is
more attributable to RFT than DIT; circulation changes are
also a contributing factor. He, Huang, and Ji. (2014) found
the land–sea thermal contrast in winter decreases with
greater global warming, in turn reducing the strength and
frequency of blocking through its effects on planetary
waves, and inducing additional warming in semi-arid
regions. However, the above-mentioned mechanisms
mainly involve local feedback or are influenced by oceans;
the influence of high-latitude land warming on mid-
latitude semi-arid areas remains unclear.

As a special-case semi-arid region, Siberia has rela-
tively low precipitation but with extensive forest cover-
age; it has also experienced significant warming due to
climate change. Local climate changes have significantly
affected forest composition and function in Siberia via
changes in water-use efficiency, the length of the grow-
ing season and disturbance regimes (Piao et al. 2007).
Both field observations and simulations conducted in
Siberia have revealed a shift from deciduous conifer
forest (Larix spp.) to evergreen conifer forest over
a large area (Kharuk et al. 2005; Shuman, Shugart, and
O’Halloran 2011; He et al. 2017). Conversion from larch
to evergreen conifer could result in a decrease in albedo,
especially when snow covers the tree canopy in winter.
The albedo could decrease to 0.15 (from ~0.3), which
would potentially cause additional local warming and
result in an albedo–temperature–vegetation positive
feedback loop accelerating local warming and changes
in forest composition. Comparing the areas of deciduous
and evergreen conifer forests in Siberia, the deciduous
conifer forest decreased by nearly 40%, while evergreen
conifer forest increased by nearly 10%, during 2001–12.
Although the changes in the area of deciduous and
evergreen forests show large uncertainty, support was
provided by an increasing trend in leaf area index (LAI)
over high latitudes (Forzieri et al. 2017). In addition to
the vegetation greening induced by the expansion of
evergreen forest in Siberia, greening at the global scale
was also observed in 25%–50% of vegetated areas,
including semi-arid and high-latitude areas. Many
mechanisms for this greening have been proposed in
recent studies, including CO2 fertilization, nitrogen
deposition, climate change, and land-cover change
(Zhu et al. 2016; Piao et al. 2015).

However, previous studies focused on the local
effects of greening in high latitudes; the remote effects
must also be investigated. Therefore, this paper focuses
on the remote effects of greening in high latitudes on

climate change in mid-latitude semi-arid areas. The two-
dimensional energy balance model (EBM) can well char-
acterize the temperature distribution of the Earth’s sur-
face by considering the changes of radiation with
latitude. Chao and Chen (1980) developed a two-
dimensional EBM suitable for studying the zonal distri-
bution of surface temperature, which Li and Chao (2014)
then used to study desertification. Using the two-
dimensional EBM represents a new way to investigate
the remote effect of high-latitude greening.

The rest of the paper is organized as follows: section 2
describes the data and methods, including the two-
dimensional EBM; section 3 analyzes the greening in
high latitudes; section 4 investigates the influence of
greening in high latitudes on the mid-latitude desert;
and section 5 provides the conclusion and discussion.

2. Data and methods

2.1 Dataset

The LAI product derived from GIMMS (Global Inventory
Modeling and Mapping Studies) LAI3g data (Zhu et al.
2013) was used to evaluate the LAI trend. The GIMMS
LAI3g data are based on the AVHRR (Advanced Very
High Resolution Radiation) and MODIS (Moderate
Resolution Imaging Spectroradiometer) sensors onboard
the NOAA satellite of NASA (Schaaf andWang 2015). This
dataset covers 1982–2014 and has a temporal resolution
of 15 days and a spatial resolution of 1/12°.

The albedo data used in this paper are the global
surface albedo product of MODIS (MCD43C3 Version 6
Albedo), which is generated daily in the Climate
Simulation Grid using 16 days of Terra and Aqua
MODIS data. The albedo dataset covers 2000–17 with
a temporal resolution of 1 day and a spatial resolution of
1/20°. The data can be downloaded from NASA’s Land
Distributed Activity Archives Center.

2.2 Two-dimensional EBM

A two-dimensional EBM was used to investigate the
remote effect of high-latitude greening. The tempera-
ture equation in the model can be written as

ρacp
dT
dt

� cp � cv
R

dp
dt

¼ ε1 þ ε2 þ ε3;

where ρa is the atmospheric density; cp is the specific heat
at constant pressure; cv is the specific heat at constant
volume. T is the atmospheric temperature; R is the specific
gas constant; p is the atmospheric pressure; ε1, ε2, and ε3
are the heat fluxes caused by the radiation, turbulence,
and the condensation or evaporation, respectively. Let kj
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be the longwave radiation absorption coefficient for the
wavelength λj , and k0 be the average absorption coeffi-
cient for solar radiation. Aj (Bj) is the downward (upward)
longwave radiation in the wavelength Δλ interval, Ej is the
blackbody radiation within the wavelength Δλ interval.
Q means downward solar radiation. Kh is the horizontal
turbulent temperature coefficient; K is the vertical turbu-

lent temperature coefficient; z is the altitude, and�2
h is the

horizontal Laplacian, where both Kh and K are constant.
Therefore, the heat flux due to radiation can be

rewritten as:

ε1¼
X
j

kjðAj þ Bj � 2EjÞ þ k0Q;

ε2¼ρacpKh�
2
hT þ ρacpK

@2T
@z2

:

The temperature equation is averaged by latitude and
rewritten as the equation in spherical coordinates. The
following equation can be obtained:

κh
α2

@

@x
1� x2
� � @T

@x
þ @

@z
κz

@T
@z

� �

þ
X
j

kjðAj þ Bj � 2EjÞ þ k0Q ¼ 0;

where κh = ρacpKh, which is called horizontal turbulent
thermal conductivity, κz = ρacpK, which is called vertical
turbulent thermal conductivity, and x = sinφ, in which φ is
latitude and a is the radius of the Earth. If we regard the
absorption spectrum as a whole part and divide the long-
wave absorption spectrum into two parts — a strong
absorption area and a weak absorption area — and lead
the optical thickness into the equation, the analytical
solution of the above equation can be obtained by
using the Legendre series. This is the two-dimensional
EBM used in this paper; more details can be found in Li
and Chao (2014) and Chao and Li. (2010a, 2010b).

3. Vegetation greening in high latitudes

Because the LAI over high latitudes shows missing
values in the non-growing season, we focused on the
summer LAI to illustrate the vegetation greening phe-
nomenon. Figure 1(a) shows the trend of summer LAI
during the period 1982–2014, where shading corre-
sponds to the 99% confidence level. Consistent with
previous studies (Forzieri et al. 2017; Zhu et al. 2016),
persistent and widespread greening over the Northern
Hemisphere is evident from the summer LAI.
According to the zonal mean trend of summer LAI,
the greening is most significant in high latitudes.
Simulations based on ecosystem models demonstrated
that the observed greening trend is mainly caused by

CO2 fertilization (~70%), nitrogen deposition (9%), cli-
mate change (8%), and land-cover change (4%) (Zhu
et al. 2016). Therefore, vegetation greening may still
occur due to increasing CO2 concentrations, even
though temperatures have exhibited a cooling trend
during the recent warming hiatus. Due to the limited
temporal coverage of the albedo dataset, the trend of
albedo in summer during the period 2000–14 was
investigated; most areas did not reach the 95% con-
fidence level (Figure 1(b)). This suggests that the
zonal-mean albedo trend in high latitudes is negative,
which is consistent with the greening phenomenon.
The decreasing albedo over high latitudes could
induce increased warming by absorbing more solar
radiation. However, in some regions, the changes in
LAI and albedo are inconsistent, such as Europe. We
focused on the remote effect of greening in the entire
high-latitude belt, and not on detailed regional albedo
changes.

4. Influence of high-latitude greening on the
mid-latitude desert

4.1 Validation of the two-dimensional EBM

The albedo distribution is affected by many factors,
and the zonal-mean albedo from the polar region to
the equator first shows a decreasing trend, followed
by an increasing trend, and then another decreasing
trend; these trends are driven by polar ice, high-
latitude vegetation, mid-latitude desert, and low-
latitude vegetation belts. Chao and Li. (2010a) pre-
sented a simplified theoretical model; they divided
the albedo into four latitudinal belts and assumed
that the boundaries between the four belts could be
determined by an empirical ‘critical temperature’.
According to our observations and previous studies
(Li and Chao 2014), we assumed that the critical tem-
perature between polar ice and the high-latitude vege-
tation belt (Ts) is −10°C, versus 5°C between the high-
latitude vegetation belt and mid-latitude desert (Td),
and 19°C between mid-latitude desert and low-latitude
vegetation (Tv). In this way, the latitudinal distribution
of the four belts is obtained; the belts are not fixed,
because this two-dimensional EBM is a nonlinear
model. The discontinuous latitudinal changes in
albedo could induce nonlinear changes of temperature
in local and remote areas. For example, when the
temperature at 50°N changes from −9°C to −11°C,
the surface changes from high-latitude vegetation to
ice, corresponding to an increase of albedo from 0.1 to
0.75, which induces a decrease in local temperature.
Local land-surface changes induced by temperature
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advection can influence the temperature in other lati-
tudes, and even cause changes in land-surface type.
The nonlinearity of the two-dimensional EBM can help
us to determine the remote effects of high-latitude
vegetation greening.

The four latitudinal belts of the albedo are
defined as Γ1, Γ2, Γ3, and Γ4; xs, xd, and xv indicate
the sines of boundaries between the four belts.
When Γ1 ¼ 0:75; Γ2 ¼ Γ4 ¼ 0:1; and Γ3 ¼ 0:25, the
calculated global-mean albedo is about ~0.15,
which is close to the actual situation and thus can
be regarded as the current climate. Figure 2(a) com-
pares the observations and simulations of zonal-
mean temperature. The results suggest that the
zonal distribution of surface temperature can be
well characterized, especially at mid-to-high lati-
tudes; thus, the theoretical model has the ability to
simulate the temperature distribution at different
latitudes.

4.2. The remote effects of high-latitude vegetation
greening

To determine the influence of greening over high
latitudes on the mid-latitude desert, we designed

a sensitivity experiment in which the albedo of the
high-latitude vegetation belt slowly changes around
the value of 0.1 under the current climatic condition;
we then determine the boundaries of the four lati-
tudinal belts. Figure 2(b) shows the variations of xs,
xd, and xv for the high-latitude vegetation albedo
Γ2. When the albedo of the high-latitude vegetation
belt (Γ2) is less than that of the current climate (0.1),
as Γ2 decreases (indicating greening), the boundary
of polar ice (xs) gradually expands southward, while
the north boundary of mid-latitude desert (xd) is
almost unchanged and the south boundary of mid-
latitude desert (xv) moves northward; overall, the
mid-latitude desert belt decreases and the low-
latitude vegetation belt increases. When the albedo
of the high-latitude vegetation belt (Γ2) is higher
than that of the current climate, as Γ2 increases, xd
and xv both move southward, with the latter moving
faster, that is the mid-latitude desert increases and
low-latitude vegetation decreases.

Figure 2(c,d) show the variation of global-
integrated temperature and albedo with Γ2. When
Γ2 is smaller than the current climate, the global-
integrated albedo first decreases and then increases
with the decrease of Γ2, before reaching a minimum
at Γ2= 0.09. When Γ2 decreases from 0.1 to 0.09, the
areas of polar ice and low-latitude vegetation become
larger, the global-integrated albedo decreases, and
the global-mean temperature increases. During this
process, the expansion of the low-latitude vegetation
belt contributes more than that of polar ice to the
decrease of the global-integrated albedo. When Γ2
further decreases from 0.09 to 0.08, the expansion
of the polar ice belt accelerates, which induces an
increase in the global-integrated albedo and
a decrease in the global-mean temperature. On the
other hand, when Γ2 > 0.1, as Γ2 increases, the high-
latitude vegetation belt and mid-latitude desert both
expand, and the low-latitude vegetation belt shrinks.
Because the shrinkage of the low-latitude vegetation
belt is faster than the expansion of the high-latitude
vegetation belt, the area of global vegetation will
decrease and gradually be converted into a desert.
Then, the global-integrated albedo increases due to
the expansion of the mid-latitude desert. In summary,
when the high-latitude vegetation becomes greener
than it is under the current climate (Γ2 < 0.1), the
mid-latitude desert shrinks and its south boundary
moves northward, in contrast to the expansion of
semi-arid areas driven by enhanced warming.
However, the greening in the high-latitude vegeta-
tion belt is also conducive to increasing polar ice. By

Figure 1. The spatial distribution of the trend of summer LAI
during 2000–2014 (a, left) and the zonal-mean summer LAI
trend (a, right). The spatial distribution of the trend of summer
albedo during 2000–14 (b, left) and the zonal-mean summer
albedo trend (b, right).
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contrast, if the LAI of high-latitude vegetation is
reduced, it encourages a decrease of global vegeta-
tion area and an increase of mid-latitude desert,
which will greatly damage the ecological environ-
ment around the desert.

To investigate the response of temperature at different
latitudes, Figure 3 shows the latitudinal distribution of
surface temperature anomalies relative to current climatic
conditions. When Γ2 is smaller than the current climate,
a negative temperature anomaly occurs in high latitudes
(north of ~45°N) and a positive temperature anomaly
occurs in low latitudes. The global-mean temperature
would thus increase due to the greater contribution of
the positive anomaly over low latitudes. As Γ2 decreases,
the area of the negative temperature anomaly gradually
expands southward, which leads to a decrease in global-

mean temperature. When Γ2 is greater than the current
climate, the positive temperature anomaly only occurs
north of 50°N; the area of the negative anomaly expands
with the increase of Γ2, which indicates that desertifica-
tion of high-latitude vegetation will induce a global cool-
ing trend.

4.3. The influence of high-latitude greening on the
evolution of mid-latitude desert with increasing CO2

The CO2 produced by human activities is an impor-
tant factor in global warming. Since the industrial
revolution, the concentration of CO2 in the atmo-
sphere has steadily increased (currently standing at
400 ppm), and the global-mean temperature will con-
tinue to rise in the future under anthropogenic

Figure 2. (a) The distribution of zonal-mean temperature from observation (asterisk line) and the two-dimensional EBM (solid line).
The x-axis is the temperature and the y-axis is the sine of the latitude. (b) The variation of xs (solid line), xd (dashed line), xv (dashed-
dotted line) with the high-latitude vegetation albedo Γ2. (c, d) The variation of global-integrated planetary albedo (c) and global-
integrated surface temperature (d) with the high-latitude vegetation albedo Γ2.
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forcing. However, how the temperature will change
as CO2 increases remains unclear. Will high-latitude
greening affect the response of mid-latitudes under
anthropogenic forcing caused by the rising CO2? In
the simple two-dimensional EBM, the absorption
coefficients can be parameterized to change with
CO2 concentration, to further investigate the
response of global temperature to increasing CO2

concentrations. This model may provide insight, espe-
cially into the changes of the four latitudinal belts.

Figure 4(a–d) shows the variations of global-
mean surface temperature, xs, xd, and xv, with the
concentration of CO2 when Γ2= 0.1. As the concen-
tration of CO2 rises, global-mean temperature shows
a transient decrease, corresponding to the expan-
sion of polar ice and mid-latitude desert when the
concentration of CO2 is lower. The global-mean
temperature continues to increase as CO2 increases
until the concentration of CO2 reaches 600 ppm, i.e.
a ‘saturated’ state. During this process, the south
boundary of polar ice (xs) continues to move north-
ward and the north boundary of the low-latitude
vegetation belt (xv) continues to move southward.
However, the north boundary of the mid-latitude
desert (xd) moves northward until the concentration

of CO2 reaches 600 ppm. This suggests that under
increasing CO2, the mid-latitude desert will expand
both northward and southward. When the concen-
tration of CO2 reaches 600 ppm, the mid-latitude
desert only expands southward.

When the albedo of the high-latitude vegetation belt is
reduced by 20% (Γ2 = 0.08, Figure 4(a–d) and the concen-
tration of CO2 is greater than at present (400 ppm), the
global-mean temperature rises as CO2 increases, and
reaches a ‘saturated’ state when the CO2 concentration
reaches 600 ppm. However, the global-mean temperature
in the ‘saturated’ state when Γ2 = 0.08 is always lower than
that when Γ2 = 0.1, which is likely due to the stronger
cooling in high latitudes induced by high-latitude greening
(Figure 3).

5. Conclusion and discussion

Changes in the mid-latitude desert belt greatly affect the
ecological environment of the surrounding areas, and
the desert ecosystem is vulnerable to climate change;
various factors and mechanisms are involved. This paper
investigated the remote effects of greening in the high-
latitude vegetation belt using a two-dimensional EBM.
We found that when greening occurs in the high-
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latitude vegetation belt, the mid-latitude desert recedes
at the south boundary, while the polar ice belt and low-
latitude vegetation belt both expand. In addition, high-
latitude greening also induces a cooling trend in high
latitudes and a warming trend in low latitudes.
Therefore, high-latitude greening is helpful in offsetting
the shrinkage of polar ice and the expansion of semi-arid
regions driven by global warming.

When the concentration of CO2 increases, the simula-
tion results suggest that the mid-latitude desert will
expand its southern and northern boundaries. However,
the response of global-mean temperature and the north
boundary of the mid-latitude desert both reach ‘a satu-
rated’ statewhen theCO2 concentration reaches 600 ppm;
i.e. the global-mean temperature remains constant
although CO2 continues to increase. In contrast to the
greening phenomenon in high latitudes, the above-
mentioned feature always exists. The only change induced
by high-latitude greening is that the global-mean tem-
perature in the ‘saturated’ state is lower than that without
high-latitude greening.

The expansion of the semi-arid area results from
many mechanisms, including positive and negative

feedback. The simple EBM can distinguish the influ-
ences of different mechanisms according to its sim-
ple and concise nature. The results suggest that
high-latitude vegetation greening may induce
shrinkage of desert areas when only temperature
advection and albedo–temperature feedback are
considered. However, regarding the remote effects
of high-latitude vegetation greening, the model did
not consider circulation changes. In addition, green-
ing over high latitudes could also lead to lower
surface temperatures via intensified evaporation,
which is weaker than the warming induced by
decreasing albedo demonstrated in a recent study
(Forzieri et al. 2017). Therefore, the influence of
high-latitude vegetation greening on global tem-
peratures requires further investigation via a fully
coupled Earth system simulation model, such as
the Community Earth System Model.
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Figure 4. The variations of global-mean (a) surface temperature, (b) xs, (c) xd, and (d) xv with the concentration of CO2 when Γ2 = 0.08
(blue diamonds) and Γ2 = 0.1 (red circles).
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