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Abstract: The existence of global warming is common knowledge. However, it can be predicted
that there may be cooling zones worldwide based on the mechanism of terrestrial biophysical
processes. Here, the Theil-Sen median trend, the Mann-Kendall trend test method, continuous
wavelet transformation, and the Hurst exponent were used to study the cooling trends, abrupt
change times, periodicity, and future sustainability of temperature changes in different cooling zones
since the 1900s based on the CRU dataset. We found an amazing result; 8,305,500 km? of land surface
had been cooling since the 1900s, covering five continents and 32 countries, accounting for 86% of
land area in China, and distributed over 16 zones. The average cooling rate of the cooling zones
was —0.24 °C/century. The maximum cooling rate was —1.40 °C/century, and it was 1.43 times the
average rate of global land warming (0.98 °C/century). The cooling zones near the sea were greatly
influenced by ocean currents and were mainly affected by a small time scale periodicity of less than
30 years, whereas the cold zones located relatively far from the sea and less affected by ocean currents
were mainly affected by medium time scales of more than 30 years. Moreover, 32.33% of the cooling
zones, involving 2,684,900 km? will be continuously cooling in the future, and the rest will probably
warm up in 2114, 2041, 2096, 2099, 2119, 2073, 2048, and 2101, respectively. The study will help us to
further understand the essential characteristics of global climate change, and to find more theoretical
bases for mitigating global warming and exploring surface cooling mechanisms.

Keywords: temperature trend; cooling zone; land surface; global warming

1. Introduction

Over the past 100 years, the global average temperature has risen by 0.3-0.6 °C [1]
and will be 1.8-4.0 °C higher than that of the past century by the end of the twenty-first
century [2]. Global warming has accelerated the hydrological cycle and poses a potential
threat to the survival and development of terrestrial ecosystems and human beings [3-13].

Although global warming is an undeniable fact, some studies have found that there
has been a downward trend in the temperatures of some parts of southern China since the
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1950s, and several temperature cooling zones have been detected at different time periods in
many regions [1]. Additionally, temperature drop zones have also been sequentially found
over central Asia [14] and in the tropical sugarcane-growing areas of Brazil [15]. More
studies have shown that some local areas experience cooling effects due to ocean currents,
atmospheric circulations and oscillations [16], forest carbon sequestration [17], vegetation
transpiration [18], surface albedo [19], and the land use changes of recent years [20,21].
Afforestation or logging simulation experiments in China and around the world have also
shown that these cooling effects were largely controlled by the surface energy balance of
biophysical mechanisms and climate change [22-26].

Therefore, it is possible to form cooling zones where the net climate effect is negative,
given the competition of various cooling effects for a long period. However, whether the
cooling zones really exist has not yet been clearly reported and confirmed. At present, the
studies of this cooling phenomenon are lacking and are mainly based on phenomenon
reports and the explorations of the cooling mechanisms in some areas, leading to little
understanding of their sizes, spatial distribution, temperature changes, and causes. There-
fore, it is very important and necessary to accurately identify cooling zones under the
condition of global warming, which has important scientific significance for the in-depth
understanding of global climate change and exploring ways to mitigate climate warming.

Thus, the goals of this study are to identify the spatial distribution characteristics
(locations, sizes, and areas) of cooling zones in the world over a long time scale, reveal
the spatial-temporal evolution (cooling trends, abrupt change times, periodicity, future
sustainability) in past and future, and explain the possible cooling mechanisms of different
cooling zones, which can provide great scientific value and new theoretical possibilities for
coping with and mitigating the serious threat of global warming.

2. Data

The CRU dataset with a temporal range from 1901 to 2012 produced by the British East
Anglia Climatic Research Unit (CRU) (http://crudata.uea.ac.uk/cru/data/hrg/ (accessed
on 2 December 2014)) was obtained to detect temperature changes on the global land
surface. The CRU dataset is one of the most widely used climate datasets at present,
and is produced by the NERC Centers for Atmospheric Science (UK), NCAS. CRU TS
provides monthly data with a resolution of 0.5° x 0.5° covering land surfaces except for
Antarctica worldwide [27]. At present, the dataset has 10 sets of data based on near-surface
measurements, including temperature (average, minimum, maximum, and day-night
temperature difference), precipitation (total amount, rainy days), humidity (vapor pressure),
frost days, cloud cover, and potential transpiration.

The temperature dataset included the monthly mean surface air temperature datasets
collected from approximately 6000 weather stations from around the world. In addition,
some measured temperature data from 44 meteorological observation stations around
SWC, which were derived from the China Meteorological Data Sharing Service System
(http:/ /cdc.cma.gov.cn/ (accessed on 28 August 2017)), were used to verify the accuracy of
the CRU data. This showed that the average correlation coefficient between the measured
temperature data from 44 meteorological observation stations around SWC and the grid
temperature values in the corresponding CRU data’s grid mean value was 0.77, indicating
a very high credibility in the matching relationships between them (Table 1), which ensures
the availability and correctness of the data (Figure 1), in spite of the inconsistency that the
CRU data represents the average of a grid, whereas the site represents the value of a point.
Moreover, it was also shown that the results obtained by integrating and interpolating the
CRU data sources using mathematical methods were highly reliable in comparison to the
large number of measured data points used in previous studies [28,29].
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Figure 1. Cont.
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Figure 1. The matching performance between the available measured air temperature data and
the corresponding grid mean value of CRU data. The available measured air temperature data are
from the 44 meteorological observation stations around SWC (southwest China). The red line is the
trend line fitted using CRU temperature data, the blue line is the trend line fitted based on measured
temperature data, while the orange line represents the zero mark on the vertical axis.
Table 1. The relevance of the available measured temperature data to the corresponding grid mean
value of the CRU data.

Station R Ve Vm Time Station R Ve VM Time
Guiyang 0.75 —0.0015 —0.0106 ~ 1951-2012  Guiping 0.82 0.0063 0.0140 1953-2012
Dushan 0.52 0.0044 0.0080 19512012 Wuzhou 0.88 0.0073 0.0075 1951-2012
Nanning 0.96 0.0029 0.0046 19512012 Mengshan 0.89 0.0091 0.0088 1954-2012
Anshun 0.69 0.0064 0.0053 19512012  Hexian 0.89 0.0107 0.0130 19572012

Baise 0.54 0.0095 0.0002 1951-2012 Jingxi 0.82 0.0142 0.0158 1957-2012
Yibin 0.75 0.0038 0.0054 19512012  Lingshan 0.71 0.0074 0.0158 1957-2012
Zhaotong 0.71 0.0056 0.0105 19512012  Dongxing 0.64 0.0053 0.0182 1954-2012
Weining 0.67 0.0084 0.0117 19512012 Beihai 0.88 0.0096 0.0089 1953-2012
Longzhou 0.84 0.0082 0.0115 19532012  Weizhoudao  0.88 0.0118 0.0103 1956-2012
Ziyang 0.65 0.0089 0.0137 19582012  Liuzhou 0.83 0.0103 0.0175 19512012
Laibin 0.74 0.0081 0.0123 19572012 Liangping 0.81 0.0078 0.0059 1952-2012
Napo 0.91 0.0164 0.0137 1958-2012 Peiling 0.77 0.0032 0.0013 1953-2012
Sinan 0.82 0.0038 0.0063 19512012  Shapingba 0.77 0.0026 0.0076 19512012
Tongren 0.87 0.0008 0.0167 19512012  Neijiang 0.90 0.0032 0.0025 1951-2001
Kaili 0.55 0.0020 0.0076 19582012  Xuyong 0.71 0.0026 0.0045 1958-2012
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Station R Ve VM Time Station R Ve VM Time
Sansui 0.83 0.0066 0.0095 1958-2012 Suining 0.87 0.0034 0.0008 1951-2012
Xingyi 0.51 0.0137 0.0105 1951-2012  Nanchong 0.70 0.0059 0.0011 1951-2012
Rongjiang 0.71 0.0092 0.0110 1954-2012 Zhaojue 0.83 0.0105 0.0083 1957-2012
Rongan 0.84 0.0100 0.0131 1957-2012 Xichang 0.95 0.0069 0.0091 1951-2012
Guilin 0.88 0.0066 0.0095 1951-2012 Huili 0.76 0.0188 0.0041 1953-2012
Fengshan 0.81 0.0090 0.0053 1958-2012 Yuling 0.75 0.0066 0.0137 1954-2012
Duan 0.63 0.0045 0.0063 1953-2012 Huize 0.79 0.0205 0.0158 1953-2012

Notes: The available measured temperature data are from the 44 meteorological observation stations around SWC
(southwest China). V¢ is the change trend of CRU grid point data corresponding to meteorological stations. Vy is
the change trend of the available measured temperature data.

3. Methods

The linear regression method was used to fit the annual average temperature of each
grid, and the distributions of temperature change trends of the global land surface for
1901-2012 were obtained. In addition, we identified the negative trends of temperature
changes to obtain the spatial distribution characteristics of the global land regions in cooling
zones. Then, the areas with negative temperature changes were identified and extracted to
derive the spatial distribution characteristics of the global terrestrial cooling zones.

The significant trends and abrupt change characteristics of long-term variations in
time series of temperature data were revealed by using the Theil-Sen median trend method
and the Mann-Kendall trend test method. The continuous wavelet transform (CWT) was
used to identify the characteristics of the multiple-time-scale evolution of temperature
changes in different cooling zones observed over the past hundred years, and the Hurst
exponent was applied to further reveal their future sustainability. The average cycle period
of future variations was quantitatively described by introducing statistics to estimate the
times of possible warming in the future.

3.1. Mann—Kendall Rank Correlation Trend Test

The Mann-Kendall test method was highly recommended by the World Meteorological
Organization for general use [30]. This method has been widely used to examine the trends
in hydro-meteorological variables time series, such as sediment discharge, water discharge,
precipitation, and vegetation [31-35]. In this study, the Mann—Kendall test was applied to
detect the trends in temperature change. The Mann-Kendall test is as follows:

4p
T:*N(N_l)—l 1)
22N +5)
717 9N(N —1) @
Z=1/0, 3)

where Z refers to the rank correlation coefficient; the value of Z ranges from —oo to +co. P
refers to the occurrence times of R; < R; in all paired observed values of runoff (R;, R;, j <),
and N is the length of the time series.

In terms of the Mann-Kendall rank correlation trend test, in the given « confi-
dence level, 1Z < Z(1 — «/2) 1, the time series does not have a significant trend if the
statistic amount |Z < Z(1 — «/2)|; the series has a significantly downward trend if
|Z < Z(1 — «/2)1; the series has a significantly increasing trend if 1Z > Z(1 — «/2) 1. «
refers to the level of significance. o =0.05if | Z(1 — «/2)| =1.64; x=0.01if | Z(1 — oc/2)| =2.32.
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In addition, significant trends can explain the changes in long-term time series. The
Theil-Sen median trend [36,37] is calculated by

X — X;
TS = Median(

! v, =k 4

=) @
where x; and x; represent the time series values of years i and j, respectively. In case of
TS > 0, the time series presents an increasing trend; otherwise, it shows a decreasing trend.

3.2. Nonparametric Mann—Kendall Abrupt Change Detection

For a time series Xj, Xp, ... Xn, With Sy representing the cumulative number of the
sample i x; > x; (1 <j <i),

k
1,x;, >x; . .
Sk = ,Z%ri’ri{o,xz - x;’(] =12,...,5k=1,2,...,n) (5)
i= —

Under the assumption of the random independence of time series, the mean and
variance of Sy are as follows, respectively:

E[S])=k(k—1)/4 1<k<n ©6)

Var[Sy] = k(k—1)(2k+5)/72 1<k <n @)

When Sy, is standardized as

(Sk — E[S«])

UF, =
Var[Sy]

®)

where UF; = 0, all UFy can form a curve. Given the significance level «, if | UFy| > U,,
it is indicated that there are obvious trend changes in the sequence. This method is
referred to the return sequence. The anti sequence x,;, x,—1, ... X1 is expressed as xy/, Xy,
Xy, ..Xp’. 7; represents the cumulative number of the sample x; > Xj (i <j < n); when
f=n+1—i7r=rl.

The inverse sequence UBy is given by

UB, = —UF,i' =n+1—1i,ii =1,23,...,n )

where UB;1 = 0.
The main calculation steps are as follows:

1. Calculate the rank sequence of sequential time series Sy and calculate UFy.
2. Calculate the rank sequence of inverse time series Sy and calculate UBj.
3. Regarding the significance level, if « = 0.05, Up.g5 = £1.96; if « = 0.01, Up 91 = £2.58.

If the values of UFy or UBy are greater than 0, it shows that the sequence is on the rise,
and a value of less than 0 indicates a downward trend. When they exceed the critical line, if
the two curves show an intersection and the intersection point is between the critical lines,
the moment of the intersection point is the time for the start of the abrupt change.

3.3. Wavelet Analysis

A widely used CWT analysis based on the Morlet function was applied to assess the
variation of periodicity in temperature changes. The Morlet wavelet function (Yo(%)) is
defined as:

Yoly) = r M Aevnem /2 (10)

where @ is the dimensionless frequency, and 7 is the dimensionless time. In general, the
Morlet wavelet with @( = 6 is a good choice, since it provides a good balance between time
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and frequency localization [38,39]. The CWT of a discrete sequence x; is defined as the
convolution of x; with a scaled and translated version of ¥y():

W(i Z tlpo( )At> (11)

where W(I,j) is the wavelet transform coefficient and can represent the essential characteris-
tics of a time series x;, which is projected into a two-dimensional time frequency space; i is
the scale expansion parameter that measures the degree of compression or scale; j is the
dimensionless time shift parameter that determines the time location of the wavelet; At is
the time step; * denotes the complex conjugate.

3.4. Hurst Exponent

Rescaled range (R/S) analysis was used to explore trends in the time scale to study
natural and socio-economic phenomena of non-linear quantity and the prediction method.
Mandelbrot and Wallis [40] improved this theory, which has been widely used in the fields
of hydrology, climatology, economics, geology, and geochemistry.

The basic principle of R/S analysis is as follows. Define a time series & (t =1, 2, ..., N),
divide the time series into t sub series of ¢, and define the main sequence as follows:

(e)g == et) g=12,---N (12)

1.  To calculate the accumulated deviation:

t

X(tq) = Y (ew) = (e)y) 1<t<q (13)

u=1

2. To calculate the extreme value:

R(t) = lrgf\qu(t,q) - 1r£1tlqu(t ,9) g=12,...N (14)

3.  To calculate the standard deviation:

q
S(t) = E;(dt) - <£>q>21 4=12,...N (15)

4.  Introducing the dimensionless ratio into re-scale obtains

R(H) 112la<qu(f ) — fgln X(t,q) (16)
s 2
11 (e - @) ]

i=1

5. Onboth sides of the above natural logarithm, the following is available:

n?ég—Hlnt—i-lnc (17)
wheret=1,2, ..., n. Finally, by the addition of In(R(t)/5(t)) between the trend line and In<,
the slope of the trend line shall be H. H is the Hurst exponent. The Hurst exponent reveals
trend components of the time series and shows the intensity of the trend components. Three
kinds of conditions exist for different values of H (0 < H < 1). First, when H = 0.5, the time
series is a stochastic series without sustainability. Second, when H > 0.5, the sustainability
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of the time series exhibits the same trend as the time series in the future. Third, when
H < 0.5, the anti-sustainability of the time series occurs.

The grading intensity table (Table 2) of the Hurst exponent is presented here to
quantitatively describe the intensity of future trend components. The grading intensity of
the Hurst exponent is divided into five grades, from weak to very strong [41].

Table 2. Classification of Hurst exponent.

Grade H Strength
Positive Correlation =~ Negative Correlation
I 0.50 <H <0.55 0.45 <H <0.50 Weak
I 0.55<H <0.65 0.35<H <045 Weaker
I 0.65<H <0.75 0.25<H <0.35 Stronger
v 0.75<H <0.85 015<H <0.25 Strong
A\ 0.85<H<1 0<H<O0.15 Very strong

The statistic value Vn was introduced to quantitatively describe the mean cycle of the
future change trends of time series. The formula is as follows:

Vi = [?E;;] /Vt (18)

Vn can test the stability of R/S analysis, determine whether a time series has a pe-
riodical cycle, and estimate the cycle length. The statistic amount Vn—Igt is close to flat
for a series of independent random processes. The Vin—Igt curve is an upsweep for time
series with inverse state persistence (H > 0.5). By contrast, the Vn—Igt curve is downward
sloping for time series with inverse state persistence (H < 0.5). If Vn in the Vn—Igt curve is
changed with the changing trend of Igt, that is, when the curve shows a significant turning
point, the influence of the history state on the future state will disappear. The mean cycle
of the system T is the corresponding time span t. T refers to the mean memory length
of initial conditions by the system, that is, how long it will be before the system loses its
dependence on the initial condition completely, and represents the length of persistent time
in the future.

4. Results
4.1. Change Trends of Global Land Temperature

As shown in Figure 2a, the global land presented a significant warming zone and some
concentrated cooling zones. Globally, 126 million km? of warming land had been detected,
accounting for 84.86% of the global land cover, as well as 16 cooling zones (Figure 2b). In
China, warming land covered 8,305,500 km? and accounted for 86% of China’s land area,
or 5.57% of the global land cover, respectively. No area had shown a continually stable
temperature since the 1900s. The average global land warming rate was 0.93 °C/century,
with significant differences in spatial distribution (Figure 2c). The land area showing
a warming trend was mainly concentrated in the northern hemisphere and exhibited a
meridional distribution feature of more in the east and less in the west.
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Figure 2. Spatial distribution characteristics of change trends of global surface temperature during
1901 to 2012. (a) Spatial distribution of global warming and cooling zones in the world. (b) The
temperature change characteristics of global cooling zones with velocity, area and its percentage, and

the maximum temperature difference of each cooling zone. The abbreviation of zone codes is shown
in Table 3. Temperature change characteristics in global land (c), global warming zones (d), and cold
zones (e). The filled blue surface represents the annual temperature anomaly data, while the red

surface represents the fitting trend of temperature anomaly changes.
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Table 3. Location characteristics of global cooling zones.

Cooling Zone Position Count Region
NENA Northeast of North America 1

Canada (East Nunavut (Iqaluit))

SUS

South United States

24

Mexico (southwest Nuevo Leon, south Coahuila, north
San Luis Potosi, northeast Zacatecas), America (south
and northeast Texas, Louisiana, northwest Colorado,
Oklahoma, Arkansas, Mississippi, north Nebraska,
west Iowa, northwest Missouri, west and southwest
Lino, northeast Indiana, Tennessee, Alabama, Georgia,
South Carolina, North Carolina, Kentucky, southwest
Pennsylvania, east New Mexico, Ohio)

NWSA

Northwest of South America

22

Colombia (Amazonas, Caqueta, Putumayo, Vaupés,
south Guaviare, Narifio, Cauca, Huila, Valle Del
Cauca, Tolima, Quindio, Risaralda, Caldas, southwest
Meta, west Antioquia, south and central Choco), Peru
(Loreto, north Amazonas), Brazil (northwest of Acre,
southwest Amazonas), Ecuador

NEB

Northeast Brazil

Brazil (Ceard, north Rio Grande do Norte, west
Pernambuco, central Piaui)

WSA

West of South America

14

Argentina (Salta, Catamarca, Jujuy, Tucuman,
Santiago—north of Del Estero, northwest of Chaco,
northwest Formosa), Chile (Antofagasta, north
Copiap¢, Iquique), Paraguay (Alto Paraguay), Brazil
(Rondoénia), Peru (southeast Puno), Bolivia

SSA

South of South America

Argentina (southwest Buenos Aires, east La Pampa,
south Cérdoba, northeast Rio Negro, San Luis,
southern Santa Cruz)

WAF

West Africa

Chile (Punta Arenas), Senegal (Dakar), Cape Verde,
Sierra Leone,

SEAF

Southeast Africa

Mozambique (Cabo Delgado, Nampula), Madagascar
(Toliara (except the southwestern part)), Comoros,
Mayotte, Juan De Nova Island,

Glorioso Islands, Seychelles

WAS

West Asia

19

Afghanistan (southeast Balkh, southeast Samangan,
Baghlan, Parwan, Wardak, Kabul, Logar, Paktia, Khost,
Nangarhar, Panjshir, Kapisa, Rugman), India (south
Rajasthan, Punjab, Haryana, Delhi, Chandigarh),
Pakistan (Central NWFP)

TR

Turkey

Turkey (Agri, Erzurum, Kars, Mus, Van, Igdir)

XNC

Xining, China

China (east Qinghai (Xining))

SWC

Southwest China

21

China (southwest Chongging (Jinjiang, Qijiang,
Jiulongpo, Bishan, Nan’an, Dadukou), southeast
Sichuan (Ziyang, Luzhou, Yibin), northeast Yunnan
(Zhaotong), northwest and south Guizhou (Bijie,
Zunyi, Guiyang, Anshun, Qiannan, southwest
Guizhou), northwest and southwest Guangxi (Hechi,
Nanning, Chongzuo, east Baise, west Laibin))

NESEA

Northwest SEA

14

Indonesia (Aceh, Sumatera Utara, Riau Archipelago),
Malaysia (Kota Baba), Thailand (Krabi, Phang Nga,
Trang, Phatthalung, Nakhon Si Thammarat), Burma
(Bago, Irrawaddy, Yangon)

PH

Philippines

Philippines (Luzon, Lingayen)

NAU

North Australia

Indonesia (Maluku), Australia (Northern Territory,
northeast of Western Australia)

SEAU

Southeast Australia

Australia (central Victoria,
northeast New South Wales)
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The temperate continental and Mediterranean climate zones of the northern Eurasian
continent and northern North America were the two regions with the most obvious warm-
ing trends; they also span the largest area in the world. The warming rate of these regions
was 0.98 °C/century (Figure 2d), which was higher than the average warming rate of the
global land cover by 5.38%. The temperatures in warming zones showed a fast increase in
their rising trends after the 1980s and rose by approximately 0.3 °C within the next 30 years,
which were the warmest 30 years of the last 100 years.

The regions showing cooling trends were mainly distributed over the middle and
lower latitudes of the coastal areas on both sides of the equator. The average cooling rate of
the cooling zones was —0.24 °C/century (Figure 2e), and the maximum cooling rate was
—1.40 °C/century, and it was 1.43 times the average rate of global land warming. Although
most areas had been warming up rapidly since the 1900s, a slight reduction in temperature
had been observed in some areas, indicating that there were many real cooling zones under
global warming.

4.2. Spatial Distribution of Cooling Zones

There were significant differences in the spatial distribution of global cooling zones.
The cooling zones were found to be intensively distributed across 16 zones, covering five
continents and 151 regions of 32 countries (Table 3). In addition, the majority of these
zones were distributed in coastal areas, and relatively few were found in inland areas. The
cooling zones were most concentrated in South America, with the greatest distribution area
covering 3,468,400 km?. This region accounts for 41.76% of the cooling zones. The cooling
zones were the most fragmented in Asia, which had a minimum area of only 718,400 km?,
accounting for 8.65% of total cooling zones. The largest cooling zone was the WSA (west of
South America), and the smallest zone was XNC (Xining, China). These zones span areas of
176,500 km? and 9300 km?, respectively, and accounted for 21.25% and 0.11% of the cooling
zones, respectively.

4.3. Temperature Change Rates of Cooling Zones

There are also significant differences in the cooling rates of cooling zones across
different continents (Table 4). The cooling rates of cooling zones in North America and
Oceania were relatively large at —0.36 °C/century and —0.32 °C/century, respectively.
Regarding the cooling rates (Figure 3), the cooling zones distributed in the Asian continent
showed the slowest cooling rate, only —0.11 °C/century. The temperature of cooling zones
showed different upward trends before the 1950s, followed by a significant decrease, and
they slightly increased after 1979. Since the 1980s, most cooling zones had been warming,
with varying periods, durations, and trends.

Table 4. Distribution characteristics of cooling zones in continents.

Continent Cooling Zone Percentage (%) Area (Ten Thousand km?) V (°C/Century)
North America NENA SUS 19.69 163.51 0.36
South America NWSA NEB WSA SSA 41.76 346.84 0.17

Africa WAF SEAF 11.11 92.28 0.21
Asia WAS TR XNC SWC NESEA PH 8.65 71.84 0.11
Oceania NAU SEAU 18.79 156.08 0.32

In addition, each cooling zone shows obvious differences in cooling ranges (Figure 2b),
and the cooling range near the sea in each cooling zone is affected by the ocean (Figure 4).
The cooling range of SEAU (southeast Australia) was the largest, at 1.56 °C, and the lowest,
of PH (the Philippines), was only 0.06 °C. The cooling rate in the center of the inland cooling
zone was relatively high. The cooling rate reached its maximum at the center and gradually
decreases from the inside out. For cooling zones near the ocean, there was a significant
difference in cooling rate between the center and edge of the cooling zone. The closer the
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cooling zone was to the inland warming zone, the lower the cooling rate. This indicated
that each cooling zone was affected by external warming zones, resulting in significant
differences in cooling rates between the central and surrounding regions. However, due to
the cooling effect provided by the ocean, there was a greater difference in the cooling rate
between the center and edge of the cooling zone near the ocean in coastal areas.
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Figure 3. Characteristics of change rates of average temperature in each cooling zone during 1901 to

2012. The filled blue surface represents the annual temperature anomaly data, while the red surface

represents the fitting trend of temperature anomaly changes.

4.4. Evolution of Temperatures in Cooling Zones
4.4.1. Significance

There was a slight difference in the temperature change rates in each cooling zone, and
the rates in nearly half of the cooling zones were slow (Table 5). NWSA (northwest of South
America) had passed only the 0.1 significance level, and SUS (south United States), SSA
(south South America), WAF (West Africa), NESEA (northwest SEA), and SEAU had passed
the 0.05 significance level. WSA, SEAF (southeast Africa), and NAU (north Australia) had
passed the significance level of 0.01, indicating that the temperature fluctuations in these
cooling zones were larger. However, NENA (northeast North America), NEB (northeast
Brazil), WAS (West Asia), TR (Turkey), XNC, SWC (southwest China), and PH did not
pass the significant trend test, which revealed that the temperature changes of the six
cooling zones were characterized by a lack of significant changes and relatively stable
cooling trends.



Atmosphere 2023, 14, 1156

13 of 27

75°0'0"W 65°0'0"W 55°0'0"W  100°0'0"W 90°0'0"W 80°0'0"W 80°0'0"W 70°0'0"W 42°0'0"W 39°0'0"W 36°0'0"W
| 0
4 - 1) N
Z NENA Avahnaa 2 % NWSA North America 4 'NEB A
co :O ° 7N oo LA
& ° © South America| ©
- g
E; N ' »
5 g [Temperature 5
g § =
-7 Temperature | _, ) Y Temperature|
0.0039 Iy . -0.0014|
z - ;O [} [ -
g -1.1623 | 3 5 5 South America -0.5038
o
o 0 440 s |0 62 > 430
© [— e — | s km|
80°0'0"W  70°0'0"W  60°0'0"W 25°0'0"W 20°0'0"W 15°0'0"W 10°0'0"W 35°0'0"E 40°0'0"E 45°0'0"E 50°0'0"E
»
— = g
o™ 4 g [war 2
E g g =
. : 15 :
i vl o ¥
. - ¢
Temperatu % N 8
° o
gg Temperature gg l -0.00! :‘3 Temperature -
o =} -0.52i -0.0014
& I 0 o m ® :
N -1.0836 < = -0.6385 :8 Temperature
L 5 5 -0.0008
0 580 c S | 0 380
L0 km | 212 *m « I -0.5851 L km
65°0'0"E  70°0'0"E  75°0'0"E  80°0'0"E . 101°0'0"E 102°0'0"E 103°0'0"E - 105°0'0"E 110°0'0"E
£ N[O
5 S z AlS
) 5 ° Gansu 3
] ¥ 2 — :
z © /§ £
<] e | ©
z 2 Chinal &
=] <
=] z A . z
:9) z ES Qinghai {L\ g
I % [Temperature 3
S ® l 0.0238 10
01735 2 Ly
90°0'0"E 100°0'0"E 110°0'0"E ~ 108°0'0"E  114°0'0"E  120°0'0"E  126°0'0"E 120°0'0"E 130°0'0"E 140°0'0"E 144°0'0"E 150°0'0"E 156°0'0"E
m © [%)
NESEA ] [ | -2 [Nau Lo P "
o ' . " - A Southeast Asia" A o N
e Tha ' - 'Ind nesia &
o Si
o Burma z -l- g ' N Ql
I o1 - ° [
. g ) o
-~ o
i N Philippines [Temperature D% .
Southeast Asia| £ " » r erature
z 1 " 5 tnam g I 0.0006 " -0.0037
S [Temperaturt 1 o Temperature g e lia | & l -1.5639
© | 0, i - -0.0087 - o
0.0023 = Indonesia 0 wush I d 0 P 0 550
-1.0671 1 km| -0.0638 - km| —— km|

Figure 4. Temperature variation amplitude in different cooling zones.

Table 5. Mann—Kendall test statistics (Z-values) for the velocity of temperature change in cooling zones.

Cooling Zone z Significance Change Trend

NENA —0.61 N Cooling
SUS —2.06 ** Y Cooling
NWSA —1.53* Y Cooling
NEB —0.58 N Cooling
WSA —2.51 *** Y Cooling
SSA —1.72** Y Cooling
WAF —1.95 ** Y Cooling
SEAF —2.73 *** Y Cooling
WAS —0.84 N Cooling
TR —0.36 N Cooling
XNC —0.32 N Cooling
SWC -0.30 N Cooling
NESEA —1.90 ** Y Cooling
PH —0.02 N Cooling
NAU —2.32 Y Cooling
SEAU —2.08 ** Y Cooling

Notes: The Z index is a standardized M-K statistic to denote the positive (warming) or negative (cooling) trend.
* Represents significance at o = 0.1, ** is « = 0.05 and *** is o« = 0.01. “Y” represents significant, “N” represents
non-significant. The trend significance is distinguished in this study by judging whether the absolute of | Z1 is
greater than 1.28 with a 90%, 1.64 with a 95% and 2.32 with a 99% significance test.
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4.4.2. Abrupt Change Point

It was found that each cooling zone had multiple mutation points (Table 6), causing
several important warming and cooling periods to alternate in time series. The distinct
abrupt change points of cooling zones were mainly distributed in the 1930s, 1950s, and
1990s, representing the distributions of two warming periods and one cooling period
(Figure 5). Two years of significant warming were 1920 and 1979, whereas 1950 was a
cooling year for most cooling zones. Overall, although the temperatures in the cooling
zones show a slow downward trend, many cooling zones show a significant increase in
temperature over some time periods, indicating that even for cooling zones, temperature
changes during specific periods are affected by global warming. However, most cooling
zones have continued the trend of cooling. This indicates that although temperature
changes in some regions are a response to global warming, the temperature trends in these
cooling regions mainly depend on the cooling effects of each cooling region.

Table 6. The abrupt change characteristics of temperatures in different cooling zones.

Significant Abrupt Periods

Cooling Zone Major Abrupt Point o =0.05 o =0.01
Increasing Declining Increasing Declining
NENA 1908 2006 1939-1989 1907-1908 1939-1989
1910-1912
1934-1936
SUS 1955 1937-1939 1976-2011 1978-2011
1955-1958
1910-1912 1909-1912
NWSA 1935 1992 1968-1971 1922-1931 1923-1926
1933-1936 1934-1936
NEB 1971 1958-1974 1962-1973
1909-1926
1908-1928 1980-1987
WSA 1925 1950 1978-1997 1989-1994
1999-2012 2001-2005
2006-2012
1905-1909
SSA 1930 1940-1943 s
1958-2009
WAF 1916 1929-2012 1930-2010
SEAF 1930 1950-2012 1951-2012
WAS 1916 1938 1959 1996-2004 1997-2001
TR 1987 1924-1927
XNC 1918 1940-1967 1941-1962
SWC 1908 1923-1961 1905-1906 1924-1959
NESEA 1932 1957-2012 1960-2012
1939-1942
PH 1925 1968 1999 1951-1959 1953-1955
NAU 1933 1985 1993 1915-1916 1946-1989 1947-1987
1908-1913
SEAU 1919 1934-1937 o o0
1951-2012

Notes: There are 9 cooling zones, NENA, SUS, NWSA, NEB, TR, XNC, SWC, PH, and NAU, that have upward
temperature trends that have passed the 0.05 significance levels, and the periods when the upward trends passed
the 0.05 significance levels are mainly distributed in the period from 1920 to 1980. There are 5 cooling zones,
NENA, NEB, XNC, SWC, and PH, that show increasing temperature trends that passed the 0.05 significance
levels, and the significant increases mainly occurred in the period from 1920 to 1990. The cooling zones with
downward trends in parts of the years that passed the 0.05 significance level are NENA, SUS, NWSA, WSA, SSA,
WAF, SEAF, WAS, SWC, NESEA, NAU, and SEAU, and their significant decreases are mainly concentrated in
the 1920s, 1940s, and the period after 1960. The cooling zones that have downward trends that reach the 0.01
significance levels are SUS, NWSA, WSA, WAE, SEAF, SSA, WAS, NESEA, NAU, and SEAU, and their significant
declines mainly occurred in the periods before 1940 and after 1980.
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Figure 5. Mann—-Kendall test statistics curves of temperature change in cooling zones. The real red
line is the UFy curve, the blue solid line is the UBy curve, and the orange red and pink dotted line
are the upper and lower limits of the 0.001 significance level, respectively. The purple dotted line is
the upper limit of the significance level 0.05, and the green dotted line is the lower limit of the 0.05
significance level. The orange line represents the zero mark on the vertical axis. If the value of UF is
greater than 0, the sequence shows an upward trend, and less than 0 shows a downward trend. When
they have exceeded the critical dotted lines, it is shown that the trend of rising or falling is significant,
and the range beyond the critical dotted line is the time zone of mutation. If the two curves of UF
and UBy have an intersection and the intersection point is between the critical dotted lines, the time
corresponding to the intersection point is the time for the start of the mutation.

4.4.3. Periodicity

The evolution laws of the temperature changes in cooling zones had obvious multi-
time scale characteristics (Table 7), which were mainly manifested in periodic changes with
different time scales, causing multiple temperature cooling centers during different periods
(Figure 6). The main cycle was characterized by small and medium time scales of fewer
than 60 years, and the oscillation periods decreased with decreases in the time scale of the
main cycle. There were three distinct oscillation periods in the 13 cooling zones, whereas
NWSA showed only the first main period, and XNC and PH lacked the third main period,
which indicates that the temperatures of each cooling zone have strong and different time
scale characteristics. Furthermore, the differences in the land and sea positions had some
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influences on the multi-time scale characteristics. Specifically, the cooling zones near the
sea were greatly influenced by ocean currents and were mainly affected by the small time
scale periodicity of fewer than 30 years, whereas the cold zones located relatively far from
the sea and less affected by ocean currents were mainly affected by the medium time scales
of greater than 30 years.

Table 7. The multi-time scale characteristics of temperature change in different cooling zones.

Oscillation Periods (Year) Main Cycles (Year)

Cooling Zone T : — :
Principal  Secondary Third Principal  Secondary Third

NENA 10-23 23-43 49 13 35 7
SuUS 20-39 6-12 40-64 30 9 45
NWSA 20-50 35
NEB 33-64 11-23 4-11 49 19 8
WSA 40-64 25-39 4-16 49 33 13
SSA 18-30 31-64 10-18 22 47 13
WAF 42-58 20-40 6-18 51 33 14
SEAF 12-28 41-64 29-40 16 60 34
WAS 40-64 18-38 7-16 53 23 11
TR 17-56 6-9 9-17 32 7 12
XNC 35-54 20-35 41 30
SWC 20-35 9-20 49 29 10 7
NESEA 12-20 21-31 6-11 16 25 8
PH 21-32 16-21 28 18
NAU 30-64 15-30 6-15 45 24 12
SEAU 41-64 24-40 9-16 54 31 11
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Figure 6. The time—frequency distribution of Morlet wavelet transform coefficients real-part contour
graphs of the temperature changes in cooling zones.
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4.4.4. Future Trends

The temperature changes in cooling zones show different positive persistence charac-
teristics (Table 8). The cooling effects of each cooling zone will have considerable differences
in the future due to different H values (Figure 7). The degree of persistence of the tempera-
ture changes are all above grade I, and the corresponding persistence intensities were all
greater than the weakest level. The temperatures in eight cooling zones, namely, NENA,
SSA, WAE SEAF, WAS, SWC, NESEA, and SEAU, covering a total area of 2,684,900 km? and
accounting for 32.33% of cooling zones and 1.80% of the global land area, show continuous
cooling. However, the temperatures in the other cooling zones (SUS, NWSA, NEB, WSA,
TR, XNC, PH, and NAU), covering a total area of 5,620,600 km? and accounting for 67.67%
of the total cooling zones and 3.77% of the global land area, have a continuous trend with
different sustainability and intensity, with time limitations of 102, 29, 84, 87, 107, 61, 36,
and 89 years, respectively (Figure 8). These areas will probably continue to cool until 2114,
2041, 2096, 2099, 2119, 2073, 2048, and 2101, respectively, indicating that these cooling zones
will be gradually warming in one hundred years or so. Moreover, the cooling trend of the
regions with stronger persistence and higher grades of sustainability will become more
prominent. A warming trend in the future will become stronger in the regions with shorter
sustainability times, weaker sustainability, and lower levels.

Table 8. Results of Hurst exponent analysis and the future sustainability features of velocity of
temperature change in each cooling zone.

Future Change

Cooling Zone R? H T Historical Change
Trend  End Year of Cooling Grade Strength
NENA 097  0.83 - Cold Cooling - v Strong
SuUS 097  0.89 102 Cold Cooling 2114 \% Very strong
NWSA 0.99 0.65 29 Cold Cooling 2041 II Weaker
NEB 0.99  0.80 84 Cold Cooling 2096 v Strong
WSA 0.99  0.66 87 Cold Cooling 2099 I Stronger
SSA 1.00 073 - Cold Cooling - III Stronger
WAF 097  0.89 - Cold Cooling - Vv Very strong
SEAF 097 092 - Cold Cooling - \% Very strong
WAS 1.00  0.68 - Cold Cooling - I Stronger
TR 096  0.64 107 Cold Cooling 2119 I Weaker
XNC 098  0.69 61 Cold Cooling 2073 I Stronger
SWC 098  0.87 - Cold Cooling - \% Very strong
NESEA 098 092 - Cold Cooling - Vv Very strong
PH 0.96  0.66 36 Cold Cooling 2048 I Stronger
NAU 1.00 074 89 Cold Cooling 2101 I Stronger
SEAU 0.99 0.74 - Cold Cooling - III Stronger

Notes: R? is the goodness of fit with R(t)/S(t) and time lag !, and H is the Hurst indices of them. “~” indicates
continuous cooling without time constraints. The persistence degrees of the temperature change include II, III,
IV, and V, and the corresponding persistence intensities are weaker, relatively strong, strong, and very strong,
respectively. The H values are the highest in SEAF and NESEA, at 0.92, and the lowest in the TR, at 0.64, while
the average H of all cooling zone is 0.77, indicating that the overall persistence is strong, but the cooling degree
of each cooling zone will make a big difference in the future. SSA, WAF, XNC, and SWC will show extremely
strong positive characteristics, with the highest level of V. The persistent features of WAF and SWC are the most
prominent, and they will be the two most prominent cooling zones for continued cooling in the future in global
terms. The average cycle of the TR cooling zone is the longest, at 107 years, while the NWSA is the shortest, at
29 years. Moreover, SUS has the strongest continuous strength and the highest level of sustainability. At the
same time, NWSA has the lowest sustainable intensity, the lowest sustainability level, and the shortest cycle,
indicating that NWSA will probably become the earliest cooling zone where the temperature will increase during
the next 29 years.
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Figure 7. Fitting curves for the results of Hurst exponent analysis for air temperature in each cooling
zone. The coefficient in the formula is the Hurst exponent of H. Blue dots are the logarithmic
coordinate points of R/S and t and the red line represents the fitting trend line.
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Figure 8. The persistence times (years) for change trends of temperature in each cooling zone. T
(year) represents the persistence time of the temperature change trend in the future. If V, in the
Vn - lgt curve is changed with the changing trend of lgt, that is, when the curve shows a significant
turning point, the influence of the past state on the future state will disappear and the persistence
time of the system T is the corresponding time span . green dots are the coordinate points of Vn and
lg!. The dashed red line represents the fitting trend line and the vertical blue line is a threshold line
added to distinguish future cooling deadline years.
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5. Discussion
5.1. Comparison with Previous Studies

The average warming rate of the global land area calculated in this study was
0.93 °C/century, and the average warming rate of the terrestrial warming zones was
0.98 °C/century, which were slightly higher than the global warming rate of 0.74 °C
(0.56-0.92 °C) that was obtained by the IPCC in their 4th and 5th assessment reports based
on the period from 1906 to 2005 [42,43]. Since 1850, the climate had warmed, and the global
average temperature had risen by 0.8 °C [44]. Since 1979, the trend of global warming
had increased from 0.014 to 0.018 K/yr [45]. Furthermore, the average global surface
temperature increased by 0.89 °C from 1880 to 2012, which was especially apparent in the
northern hemisphere, where the temperatures in the high latitudes considerably increased.
Additionally, the three decades from 1983 to 2012 were the hottest 30 years in the northern
hemisphere since 1400 [42,43]. Over the past 100 years, the global average temperature rose
by approximately 0.3~0.6 °C [1], and should increase by 1.8-4.0 °C by the end of this century
compared to the previous century [2]. In the past 130 years, the trend rate of temperature
change in central Asia was 0.073 °C/10a. From the 1960s to the end of 2013, the annual
average temperature in China also showed an upward trend, rising by 1.44 °C. Especially
after the 1980s, there was a trend of accelerating warming. Except for the Qinghai Tibet
Plateau, the warming rate in China increased from south to north [46]. From 1906 to 2005,
the annual average temperature in China increased by 0.78 £ 0.27 °C. 2007 had replaced
1998 as the warmest year in nearly a century in China. The temperature on the Qinghai Tibet
Plateau in China was on an upward trend in the past century, with a climate warming rate
of 0.07 °C/10a [28]. It is worth noting that the observed warming years of 1920 and 1979 in
all cooling zones are consistent with those identified by You et al. [47]. From this, it can be
seen that the global average land temperature anomaly change rate of 0.93 °C/century and
the land warming zone warming rate of 0.98 °C/century are reasonable in this study.

The key contribution of this paper is to detect the existence of 16 cooling zones on a
scale of more than 100 years. Although no relevant research has been found before, we
can theoretically analyze the scientificity of their existence based on the principles of the
surface energy balance of biophysical mechanisms (surface albedo and ET) and surface
climate (rainfall, snowfall, and shortwave radiation) [20]. The latitude-specific deforestation
experiment shows that afforestation projects in tropical areas will obviously help reduce
global warming [22], but it will be counterproductive in high latitudes and temperate
regions. This is mainly because the increased carbon sink effect of tropical afforestation
and the climate cooling effect of vegetation transpiration exceed the warming effect caused
by the reduction of albedo, so local cooling occurs [25]. In high-latitude and temperate
regions, afforestation has greatly reduced the surface albedo, and its warming effect on
climate has exceeded the cooling effect of vegetation carbon sinks and evaporation due to
less precipitation, so warming occurs. The research on the biophysical impact of large-scale
deforestation on the surface climate shows that if the global-scale forest is replaced with
grassland, a global cooling effect of 1.36 K will be caused by the increase of surface albedo
caused by deforestation, while the removal of forests will reduce the evaporation efficiency
and surface roughness, which will lead to global surface warmings of 0.24 K and 0.29 K,
respectively. This indicates that climate change in various regions of the world is actually a
net climate change effect caused by the interaction of many factors. Based on this, we can
verify the possibility and scientificity of the detected cooling zones.

5.2. Impact Factors and Climate Mechanisms
5.2.1. Ocean Currents

The influences of ocean currents are mainly manifested along the coastal areas they
flow by (Table 9). Warm currents will weaken the cooling effects in cooling zones or increase
the temperatures in warming zones, while cold currents can decelerate the warming in
warming zones or maintain or accelerate the continuous cooling in cooling zones. The
cooling effects in NENA, SSA, NWSA, and WAF were mainly affected by cold currents,
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while the warming effects in southern Africa, southeastern South America, southeastern
Asia, and southeastern Australia were directly influenced by warm currents. In addition,
the influence of the marine hydrological processes directly resulted in the cooling rates of
the seaward regions of cooling zones being faster than those in other areas, except those in
the central parts of cooling zones.

Table 9. Characteristics of coastal directions, climate types, and ocean currents in each cooling zones.

Cooling Zone Seaward Position Ocean Current Climate Type
NENA North/East Labrador cold current Temperate continental
SUS South/East Subtropical monsoon, Monsoon humid climate

Tropical savanna, Tropical desert, Alpine,

NWSA West Peru cold current . .
Tropical rainforest

NEB North South equatorial warm drift Tropical savanna, Tropical rainforest

Tropical desert, Subtropical monsoon,
WSA West Peru cold current Monsoon humid, Temperate continental,
Tropical monsoon, Tropical rainforest

SSA Southeast Frandk cold current Subtropical monsoon, Monsoon humid
Peru cold current

Canary cold current

WAF West/Southwest Benguela cold current Tropical rainforest
SEAF All directions Mf;fﬁﬁ;‘iﬁ;:ﬁgigﬁm’ Tropical rainforest, Tropical savanna
WAS Southwest Tropical rr;ﬁ;l;;occ:ll,d "le"e;r;ie;eilt)ei 1:lj;)ntinen’cal,
TR Northwest Temperate continental
XNC Temperate continental
SWC South Subtropical monsoon, Monsoon humid
NESEA West East Australian warm current Tropical rainforest
PH West Japan warm current Tropical monsoon
NAU North East Australian warm current Tropical desert, Tropical savanna
SEAU South/East East Australian warm current Subtropical monsoon, Monsoon humid

5.2.2. Atmospheric Circulation

Atmospheric circulation is air mass intersections and the oscillations of atmospheric
currents [45], and mainly occurs in the middle and high latitudes of the northern and
southern hemispheres and at the boundaries of the multiple climate types (Table 9). Under
normal conditions, due to a large temperature difference, the upper air in the Arctic
is usually dominated by a low-pressure area system (i.e., the polar vortex), while the
relatively warm mid-latitude region is dominated by a high-pressure system. The obvious
pressure difference should lead to a strong westerly jet, circling the cold air in the Arctic
and preventing its southward expansion, and at the same time, also making the trough
ridge activity in the westerlies relatively stable. However, climate change has changed
this situation. Due to the amplification effect in the Arctic, compared to other regions,
the warming in the Arctic region is more pronounced, resulting in a smaller temperature
difference between the polar and mid-latitude regions and a weaker pressure difference.
This makes it easier for cold air to invade southward, and the meridional circulation pattern
in the mid-latitude regions is strengthened, making it more prone to the occurrence of
large ridges and deep troughs, and making it more conducive for polar or high-latitude
cold air masses to descend southward along the deep troughs. In this case, the polar
cold air mass can even spread directly southward into the middle and high latitudes of
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Eurasia, causing widespread cooling. In this study, it was detected that the Arctic and its
surrounding areas are the regions with the fastest warming trend on global surface land.
The pressure difference caused by this will also cause significant cooling when cold air
rushes southward. Although these regions still exhibit overall warming characteristics, this
cooling effect largely offsets the warming effect. It can be inferred that the TR, WAS, and
XNC cooling zones in central Asia are mainly affected by atmospheric circulation. SWC
is influenced not only by the frontal rain generated by the intersection of cold and warm
air masses, but is also strongly influenced by Arctic oscillation. Arctic oscillation showed
a positive phase before the 2000s, limiting the southward expansion of polar cold air and
showing a warming trend in SWC. However, the temperature shows a cooling trend due
to the increased opportunity for cold air to move south due to the negative phase caused
by Arctic oscillation after the 2000s. The temperature at the junction points of multiple
climate types fluctuates slightly and tends to decrease slowly due to the influences of the
interactions of warm and cold air masses and the atmospheric circulation at the junction
of the multiple climatic types, which are obviously distributed in subtropical areas at the
boundaries between this climate and temperate zones. We have also obtained the cooling
effect of Arctic oscillation based on multiple research reports [48,49], and the results show
that Arctic oscillation can significantly affect the long-term trend of land temperature in
East Asia, and even the entire northern hemisphere. Although this effect weakens over
time, it can offset or partially offset the warming trend of global warming within a time
scale of 50 years, and cause cooling phenomena in regions such as northern East Asia [50].

5.2.3. Climate Impact Mechanisms on Land Surface

Warming and cooling actually reflect the positive and negative effects of the net fluxes
of surface input and output energies, which are directly manifested as the net climate
effect of multiple driving mechanisms [51]. These mechanisms are mainly observed via the
comprehensive effects of the heat exchange process between the land and the atmosphere,
including the terrestrial climate effects caused by carbon sequestration, evaporation, and
surface albedo [20]. And the dynamic comprehensive effect of terrestrial climate effects is
the net climate effect at the land surface, and determines the direction of climate change in
the absence of greater ocean current or atmospheric circulation, compelling the formation
of cooling zones. Therefore, we have proposed four climate mechanisms of net climate
forcing on carbon sequestration, evaporation, and surface albedo to reveal the causes
of the warming and cooling of the global terrestrial surface, based on previous related
studies [17,25,52,53] and several climate mechanisms proposed by Bonan [54] (Figure 9).

In areas with high vegetation coverage and abundant rainfall and heat resources,
although the low surface albedo formed by high vegetation can absorb a large amount
of solar heat radiation and promote surface temperature rise [55], the strong carbon sink
effect and evaporation greatly consume surface heat, which not only offsets the surface
temperature increase effect caused by the low surface albedo, but also directly leads
to the reduction of surface temperature. The climate service impact mechanism is an
intense cooling climate mechanism dominated by strong carbon sequestration and strong
evaporation effects, which leads to extremely obvious cooling phenomena in some tropical
rainforest areas, such as NWSA, WSA, NEB, SEAF, NEAEA, and PH. Research shows that
afforestation and reforestation in tropical, temperate, and cold zones can reduce global
warming through carbon sequestration. Although the surface albedo is low in tropical
rainforest areas, the surface warming caused by low forest albedo is offset by the cooling
caused by strong evaporation [54]. The impact of forests on local temperatures has a clear
latitudinal pattern, ranging from strong cooling in tropical regions to moderate cooling in
temperate regions, as well as warming in high-latitude regions. However, although these
cooling zones are located in areas dominated by strong carbon sinks and strong evaporation
effects, they are close to the sea and have a clear distribution of warm currents, which
weakens the cooling effect dominated by strong carbon sinks and evaporation. Therefore,
the cooling effect has been relatively weak compared to other regions over the past century.
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Figure 9. Climate mechanisms of carbon sequestration, evaporation, surface albedo, and influencing
factors of ocean currents and atmospheric circulation on global climate change. (a—d) represent
the climate services in tropical forests, temperate forests, boreal forests, and cold desert regions,
respectively. Text boxes indicate key processes with uncertain climate services. The cooling factors
of the climate are shown in (e). The four colors displayed in cooling zones represent that the
cooling zones were affected by four different climate mechanisms on the surface, respectively. The
blue represents intense cooling climate mechanisms dominated by strong carbon sequestration and
strong evaporation effects based on the climate services in tropical forests. The green represents the
moderate cooling climate mechanisms dominated by strong carbon sequestration effects based on the
climate services in temperate forests. The oxblood red represents the climate mechanism of moderate
warming dominated by low surface albedo effects based on the climate services in boreal forests. The
brownish red represents the climate mechanisms of mild warming dominated by moderate surface
albedo effects based on the climate services in cold desert areas. The green snowflake sign indicates
that cooling zones near it are located at the junction of various climate types and are affected by air
mass intersections.
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The moderate cooling climate service mechanism dominated by a strong carbon
sink effect is mainly manifested in the subtropical and temperate regions, where the
vegetation coverage has decreased relative to the tropical rainforest. Here, the surface
albedo contributes to the middle warming effect, the evaporation effect has decreased,
and the cooling effect is in the middle, which offsets the surface warming effect caused
by the surface albedo, but the carbon sink effect is still strong. It is clearly distributed
in subtropical regions and their temperate border areas, such as SUS, XNC, SSA, SEAU,
and SWC.

In addition, this phenomenon of temperature rise caused by lower surface albedo due
to vegetation restoration is very obvious in the Qinghai Tibet Plateau and the global glacier-
covered areas. Under the conditions of global warming, the vegetation of the plateau turns
green and the cryosphere shrinks, leading to the continuous reduction of the plateau’s
surface albedo; that is, the surface darkens as a whole. The darkening of the surface will
significantly change the surface energy balance, significantly reduce upward short-wave
radiation, increase the surface net radiation, and then enhance the surface sensible heat
flux, which will increase the local air temperature [56].

With the increase in latitude, the warming effect of surface albedo is extremely strong
in areas with less rainfall and relatively high vegetation coverage, while the two cooling
effects of the carbon sink effect and the evaporation effect are reduced, making it difficult
to offset the warming effect caused by surface albedo, and leading to the warming effect
of cold-zone forests on the global climate. This climate impact service mechanism is a
moderate warming climate service mechanism dominated by a low surface albedo effect.
It is extremely strong in high-vegetation-coverage areas with less rainfall in temperate
zones, especially in temperate continental climate and frigid regions with high vegetation
coverage in the mid and high latitudes of the northern hemisphere, northern and southern
Africa, and the Mediterranean climate region in the eastern United States, such as NENA,
which shows an overall warming phenomenon due to the rapid recovery of vegetation.

In high-latitude areas or desert areas with sparse vegetation coverage, lower vegetation
coverage leads to higher surface albedo, thereby increasing surface radiation and weakening
the warming effect. Due to the lack of water and light, the carbon sink effect and evaporative
cooling effect are extremely weak, which makes it a mild warming climate mechanism
dominated by a moderate surface albedo effect. This climate service mechanism is most
obvious in the high-latitude cold zone of the northern hemisphere, and the global tropical
grassland and tropical desert climate regions, such as WAS.

The climate mechanisms of intense cooling and moderate cooling dominated by
strong carbon sequestration and strong evaporation effects are the two main reasons for the
formation of inland cooling zones. Although these areas are also affected by the warming
effect of lower vegetation albedo in tropical or subtropical areas with abundant rainfall, this
positive effect can be offset by higher evapotranspiration, and the net effect is the decline
of daytime surface temperature. This cooling mechanism is mainly reflected in the four
cooling zones of SWC, SUS, NESEA, and PH. In areas with high vegetation cover at mid
to high latitudes, strong ecosystem carbon sinks can result in relatively low atmospheric
CO, concentrations, resulting in a weaker greenhouse effect in the regions. This carbon
sequestration cooling mechanism is more evident in the seven cooling regions of WSA,
SEAF, SSA, NAU, SEAU, XNC, and WAS. For the cooling areas of SWC, NESEA, and PH,
cooling may also be related to the darkening of the surface of the Qinghai Tibet Plateau and
its surrounding areas. The darkening of the surface can strengthen the upward movement
of the air mass by enhancing the surface sensible heat flux, and then enhance the high
pressure in South Asia and the subtropical high pressure in the western Pacific downstream.
This not only enhances the summer precipitation in South Asia, but also further exacerbates
the current East Asian summer precipitation phenomenon. For SUS, it may also be affected
by the darkening of the surface of the Rocky Mountains.
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5.3. Limitations and Future Prospects

The reasons for cooling are extremely complex. In addition to the above influencing
mechanisms, surface roughness can also affect turbulence between land and air, thereby
affecting local diffusion flux. The transition from bare land to vegetation often generates
momentum feedback by increasing surface roughness, leading to enhanced turbulent
exchange between the surface and the atmosphere, and further leading to a cooling trend
on the surface. An increase in surface roughness will also promote convergence and upward
movement, as well as an increase in precipitation, thereby promoting transpiration cooling
effects. The cooling mechanism of the SWC cooling zone in China may be related to the
strong surface and atmospheric turbulence generated by the undulating surface. It is worth
noting that the process of vegetation affecting climate is not the result of a single factor, but
rather the comprehensive effect of all surface biogeophysical processes. The final climate
feedback mechanism formed depends on the balance between different mechanisms, which
is also the main reason why the biogeophysical effects of vegetation change on climate are
complex and uncertain. For example, in exploring the biogeophysical effects of large-scale
deforestation on surface climate, it was found that the net effect of deforestation on climate
depends on which physical process dominates. In the cold zone of the northern hemisphere,
the albedo effect is stronger, so deforestation will lead to cooling. On the contrary, in the
tropics, the sharp temperature rise caused by the decrease of evapotranspiration and surface
roughness offsets the temperature drop caused by the increase of albedo, becoming the
main influencing factor and warming the region as a whole.

In this study, results show that most zones are jointly affected by many factors with
different contributions and formed via different main controlling factors. In addition, the
superposition of multiple factors will cause the strengthening or weakening of climate
effects and will cause uncertainties regarding the dynamics of the direction and intensity
of net climate effects [57], which may lead to significant differences in the cooling rates of
different cooling zones and increases or decreases in the number of global cooling zones
via their spatial shifts or terminations.

The identified numbers and areas of cooling zones were smaller than the actual values
due to the limited resolutions of the available global temperature data. The uneven dis-
tribution of meteorological observation stations may affect the research results [58,59]. If
the spatial resolution is small enough, more subtle cooling zones are likely to be identified,
and their climate mechanisms will be more complex. In the future, there will be not only
warming in global terms, but also local cooling due to carbon sequestration, evaporation,
surface albedo, and other factors in each place. Furthermore, the trend of local cooling is
likely to be strengthened or sustained. Future research should further reveal the interaction
mechanisms between the main control factors such as surface albedo, carbon flux, evapora-
tion, and global climate change, and accurately calculate the contribution rates of the main
control factors to global climate change, so as to provide a more sufficient theoretical basis
for the accurate prediction of future climate change.

6. Conclusions

1.  There was amazing cooling; 8,305,500 km? of land surface has shown a cooling trend
since the 1900s, covering five continents and 32 countries, accounting for 86% of the
land area in China, and distributed over 16 zones. The average global land surface
warming rate was 0.93 °C/century, while the average cooling rate in the cooling zones
was —0.24 °C/century. The maximum cooling rate was —1.40 °C/century, and it was
1.43 times the average rate of global land warming (0.98 °C/century).

2. There was a slight difference in temperature change rates in each cooling zone, and
the rates in nearly half of the cooling zones were slow. Abrupt change points were
detected in all cooling zones, leading to alternating occurrences in time series of
several significant heating zones and cooling zones.

3. The cooling zones near the sea were greatly influenced by ocean currents and were
mainly affected by a small time scale periodicity of less than 30 years, whereas the
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cold zones located relatively far from the sea and less affected by ocean currents were
mainly affected by the medium time scales of more than 30 years.

4. Eight cooling zones involving 2,684,900 km? will show continuous cooling in the
future, and the rest will probably warm up in 2114, 2041, 2096, 2099, 2119, 2073, 2048,
and 2101, respectively.

This study has found 16 cooling zones under global warming conditions, and that
8,305,500 km? of the global land surface has been cooling since the 1900s. In addition, the
spatial locations of 16 huge cooling zones were accurately identified, and cooling trends,
abrupt changes, multi-time scale evolutions, and the future sustainability of temperature
changes were also revealed. The causes of global cooling phenomena in different cooling
zones were further explained based on increased carbon sequestration, evaporation, surface
albedo, cooler ocean currents, and cooling caused by atmospheric circulation. This study
has provided new theoretical possibilities for the mitigation of global warming and the
exploration of surface cooling mechanisms.
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