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Investigation on the Tendencies of the Land–Ocean
Warming Contrast in the Recent Decades
Lilong Zhao, Jianjun Xu, Al Powell, Dong Guo, Chunhua Shi, Min Shao, and Donghai Wang

Abstract—In this letter, the surface climate temperature trends
for the land and the oceans (land–ocean warming contrast) have
been examined and compared based on five data sets. The five data
sets included three reconstructed data sets of surface temperature
observations and two data sets derived using the satellite microwave sounding unit retrieval products in the lower troposphere
(LT) for the period from January 1980 to December 2014. Unlike
previous studies, the current study shows that the warming trends
significantly decreased over both the land and ocean since 1992
and reached their minimum (near zero) in the early 2000s, which
is consistent with the occurrence of the warming hiatus. However,
due to the sharp decrease in the surface warming trend over the
land (1992 to 2007) in conjunction with an increase in the ocean
surface warming trend after 2002, the combined trend carries an
overall positive sign (between 2005 and 2007) due to the greater
ocean warming trend. The rate of warming increase in the ocean,
which began in 2002, is surprisingly fast and is approaching the
highest warming trends observed over the land since 1980. These
basic land and ocean trend results are confirmed by all five data
sets with slightly different values due to the various techniques
used in compiling the data sets. However, there is consistency in
the overall trend pattern results.
Index Terms—Global warming, land–ocean warming contrast
(LOWC), remote sensing, temperature trend.

Manuscript received October 13, 2015; revised March 2, 2016; accepted
May 22, 2016. This work was supported by the Program of the National
Natural Science Foundation of China (41230528, 41305039, and 91537213),
Guangdong Ocean University Research Support Funding for Air–Sea Interaction and Data Assimilation, Postdoctoral Science Foundation of Jiangsu
Province (1402166C), and a project funded by the Priority Academic Program
Development of Jiangsu Higher Education Institutions. (Corresponding author:
Jianjun Xu.)
L. Zhao is with the Key Laboratory of Meteorological Disaster of Ministry
of Education, Collaborative Innovation Center on Forecast and Evaluation
of Meteorological Disasters, Nanjing University of Information Science &
Technology, Nanjing 210044, China, and also with College of Ocean and
Meteorology, Guangdong Ocean University, Zhanjiang 524008, China (e-mail:
nk_endy@163.com).
J. Xu is with the College of Ocean and Meteorology, Guangdong Ocean
University, Zhanjiang 524008, China (e-mail: gmuxujj@163.com).
A. Powell is with the NOAA Satellite and Information Service (NESDIS),
Center for Satellite Applications and Research (STAR), College Park,
MD 20740 USA (e-mail: Al.Powell@noaa.gov).
D. Guo and C. Shi are with the Nanjing University of Information Science
& Technology, Nanjing 210044, China (e-mail: guodong@cams.cma.gov.cn;
shi@nuist.edu.cn).
M. Shao is with the Global Environment and Natural Resources Institute,
College of Science, George Mason University, Fairfax, VA 22030 USA (e-mail:
mshao@gmu.edu).
D. Wang is with Sun Yat-Sen University, Guangzhou 510275, China.
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/LGRS.2016.2594954

I. I NTRODUCTION

A

CCOMPANYING the global warming hiatus, observed
in the roughly “flat” temperature anomaly (TA) trends in
the late 1990s or the early 2000s [1]–[3], the response of the
land–ocean warming contrast (LOWC) to the decadal hiatus received much attention [4], [5]. Due to the ocean having a much
larger heat capacity, many earlier studies [4], [6] indicate that
surface temperature of the land increases at a greater rate than
the ocean during the rapid warming period before the 1970s.
However, the LOWC is not simply a result of the different thermal inertias of land and ocean regions [7]. With a rapid global
warming in recent decades and the significant decline in the sea
ice extent and snow cover [8], the energy balance between land
and ocean was changed [9]. Consequently, the response of the
LOWC related to the changing global temperature balance is
worth a study. In this research, the LOWC will be evaluated
by comparing the surface temperature trends over the land and
ocean separately to provide additional insight into this global
phenomena.
This study attempts to quantitatively examine the uncertainty
in the estimates of the asymmetric ocean–land temperature
trends in the ground-based observations and satellite-retrieved
products from 1980 to 2014. Section II describes the data sets,
and Section III presents the discrepancies of the temperature
trends over the global land and ocean. Section IV examines the
variation of the LOWC. This letter is concluded in Section V
with a final summary of our results.
II. DATA
The temperature data sets used in this study are from two
sources of observations.
1) Three reconstructed surface temperature (RST) observation data sets over the land and ocean: a) The latest
version of HadCRUT4 is a blend of the CRUTEM4
land-surface air temperature data set and the HadSST3
sea-surface temperature data set [10]. b) The Goddard
Institute for Space Studies (GISS) surface temperature
(GISTEMP) is from the NOAA Global Historical Climatology Network (GHCN) version 3, the Extended Reconstructed Sea Surface Temperature version 4 (ERSST.v4)
[11]. c) The National Climatic Data Center (NCDC)
merges their surface air temperature using sea surface
data from the ERSST.v4 and land surface air temperatures from the Global Historical Climatology NetworkMonthly (GHCN-M) version 3.3.0 [12]. This data set
will be named as NCDCT3 in this letter.

1545-598X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
2

IEEE GEOSCIENCE AND REMOTE SENSING LETTERS

Fig. 1. Left panels present the time series of the global TAs from the land
and ocean surface observations of HadCRUT4, GISTEMP, NCDCT3, and
MSU satellite retrievals of the RSS and UAH data sets in the LT. (a) Land.
(b) Ocean. UAH MSU LT (green), RSS MSU LT (deep blue), NCDCT3 (thin
blue), GISTEMP (red), and HadCRUT4. The right panels present the SD of the
time series, a measure of uncertainty. (c) Land. (d) Ocean.

2) Two microwave sounding unit (MSU) satellite temperature retrievals of the lower troposphere (LT; e.g.,
MSULT): a) The University of Alabama in Huntsville
(UAH) MSU LT is the updated version 6.0 including
AMSU data [13]. b) RSS MSU LT was created by Remote Sensing Systems, Inc. (RSS V3.3) using different
corrections and merging procedures than those used by
UAH [14].
All monthly data spanned the period from January 1980
to December 2014. The TAs in the HadCRUT4 and NCDC
data sets were computed against the period 1961 to 1990 and
in the GISTEMP data set against the period 1951 to 1980.
Land and ocean surface data are available separately from
HADCRUT4, NCDC, RSS, and UAH. Land and ocean of GISS
were determined using a land-fraction map provide by GISS.
III. D ISCREPANCIES OF THE T EMPERATURE T RENDS
OVER THE G LOBAL L AND AND O CEAN
Fig. 1 shows the global (land and ocean) surface TA time
series of the three RST observations and the two MSULTsatellite-retrieved products over the period 1980 to 2014. The
results are consistent across five different data sets that the
amplitude of the TA increased with time [Fig. 1(a) and (b)].
However, the amplitude of land surface TA (LSTA) is larger
than the sea surface TA (SSTA). The standard deviation (SD)
representing the range or uncertainty of the TA shows that the
global LSTA and SSTA averaged for the five data sets have peak
values (amplitudes) of 0.28 ± 0.018 ◦ C and 0.15 ± 0.026 ◦ C,
respectively. Additionally, the SD demonstrates a significant
difference between the RST observations and MSULT-retrieved
products. The two MSULT-satellite-retrieved products have
smaller SDs over the land [Fig. 1(c)], but the three RST
observations have smaller SDs over the ocean [Fig. 1(d)].
Fig. 2 shows the running linear trends of the LSTA and
SSTA from the five data sets over the period 1980 to 2014.
The dynamical trend using running linear least squares (LLS) fit

Fig. 2. (Left panel) Running linear trends for 11-year moving time window in
the period of 1980 to 2014 over the land (a) and ocean (b). The x-axis shows the
value for each 11-year period. Filled points represent trends that are significant
at the 90% significance level. (Right panel) PDF for the running decadal trends
(◦ C/decade) over the land (c) and ocean (d).

approach with the moving 11-year time window (132 months)
is used to estimate the decadal temperature trends. To test the
robustness of any trends, we computed the statistical significance at 90% confidence level of the population of all of the
11-year trends. Those trends at 90% confidence level are indicated by filled points, and those not exceeding 90% significance
are unfilled or open point marked. Different from the traditional
LLS fit approach, in which the trend rate is one constant number
for the full study period, the running LLS fit technique can
provide more detailed information about the trend changes with
time. Since we are assessing climate tendencies, the 11-year
sliding window was selected for this analysis to provide enough
sample periods to ascertain trend rates of change over time.
Over the land [Fig. 2(a)], all of the time series tend to capture
the same broad features of the warming trends, especially the
strong decadal warming persistence within the periods of 1982
to 1992 (∼0.45◦/decade) and 1989 to 2005 (∼0.39 ◦ C/decade).
The filled points clearly indicate that the trends exceed the significant test at the 90% confidence level. These warming trends
are found in both RST observations and MSULT-satelliteretrieved data sets, and the results are similar to those found in
previous studies [15]. The RST observations have much better
agreement with MSULT-retrieved trends before 1992, and all
warming trends decreased after that time. Of particular interest
is the large trend differences found in the two MSULT-satelliteretrieved data sets. The RSS-derived temperature trend moves
toward lower values, while the UAH-derived temperature trend
increases after 1996 (with an average trend difference of about
∼0.25 ◦ C/decade over the decadal period of 1996 to 2004). The
RSS-derived temperature underestimates the warming, and the
trend values from this data set are significantly lower than all
of the other land decadal trends. Similarly, the UAH-derived
temperature trends starting from 1998 [top row of labeled
values on the abscissa in Fig. 2(a)] overestimate the warming.
In addition, it is worth noting that the warming trends in the
three RST observations are near zero starting in 2002, which is
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consistent with the occurrence of the warming hiatus discovered
in previous studies [1], [2].
The running temperature trends over the ocean show a similar temporal characteristic as the land in all data sets [Fig. 2(b)].
Generally, the ocean trends have a lower magnitude than the
land trends over the entire study period [6], [7]. However, 1992
is a special year in all five data sets. Starting in 1992, Fig. 2(a)
clearly displays a decreasing warming trend over the land which
is declining at a rate much faster than over the ocean.
To estimate the discrepancies in the temperature trends over
the land and ocean, the fitted probability density functions
(pdfs) of the 11-year running decadal trends during the period
of 1980 to 2014 are calculated. We utilize general nonparametric kernel density estimation techniques for building pdfs.
These techniques estimate the pdf directly from the data without any assumptions about the underlying distributions [16].
Fig. 2(c) shows that the two satellite data sets are quite different
from the other data sets in terms of peak locations. The central
values of UAH and RSS are much larger and smaller than the
three RST data sets, respectively. As can be seen in Fig. 2(a), the
large discrepancies between UAH and RSS after 1996 indicate
opposing trends, with the UAH data set showing a warming
trend and the RSS data set showing a cooling trend over the
land. The land pdfs of HADCRUT4 (black line), NCDCT3
(aqua line), and GISS temperature (red line) have very similar
shapes due to the high degree of consistency in the running
decadal trends denoted in Fig. 2(a).
The distribution of the pdf shows a different pattern over the
oceans [Fig. 2(d)]. The two MSU-satellite-retrieved data sets
(RSS and UAH) display a relatively lower peak value than the
three surface observation data sets. The main reason for the
lower peak values is that the satellite data sets show greater
fluctuations due to the exaggeration of the El Nino as well
as greater sensitivity to volcanic activity over the oceans [17].
Moreover, MSU trends are less than the surface data set trends
during the period of 1980 to 2014 over the oceans. A bigger
discrepancy between GISTEMP and the other two RST observations over the ocean is noted in Fig. 2(d).
An interesting point illustrated by Fig. 2 is that the temperature trends in the two MSULT-satellite-retrieved data sets
exhibit greater consistency over the ocean but larger discrepancies over the land, especially in the period after 1992.
IV. O PPOSITE T ENDENCY OF THE LOWC
The aforementioned analysis suggests that the surface temperature over land has not only a larger amplitude anomaly
(Fig. 1) but also a stronger warming trend compared to their
ocean counterpart (Fig. 2). Since 1992, the warming trends
significantly decreased over both land and ocean, but the decreasing rate of the warming trend over the land is faster than
that over the ocean (Fig. 2). The different decreasing rates over
the land and ocean should produce changes in the LOWC. To
evaluate the robustness of the variations of land–ocean contrast,
the temperature trends were fitted using a decreasing length
of the LLS which should provide a better indication of the
most recent trends. This is contrasted with the increasing length
for fitting trends used in [18]. The decreasing fitting length
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Fig. 3. (Left panels) Decreasing length for trend fits by moving the start
date from January 1980 to January 2007. The x-axis shows the decreasing length of the period. (a) HadCRUT4. (b) NCDCT3. (c) GISTEMP.
(d) RSS-MSU LT. (e) UAH-MSU LT. Filled points represent trends that are
significant at the 90% significance level. The arrow indicates the transition
time of the LOWC. (Right panels) The linear trends in the three subperiods for
GISTEMP data. (f) 1980 to 2014. (g) 2000 to 2014; (h) 2005 to 2014. The color
shading represents the trends (◦ C/decade), and stippling in (f)–(h) indicates the
90% confidence level from t test.

approach is described as follows. The end date of the time series
is first fixed at December 2014 using the monthly data, and then,
the length of the time series is gradually reduced by 12 months
for each year. This results in the trends being calculated over
a total of 35 years (420 months) over the period 1980 to 2014.
Eleven-year trend periods (132 months) are initially used in the
calculations and reduce to 8 years (96 months) in 2007 (2007
to 2014) by moving the yearly start date toward the end of
the data set. This means that 2004 was the last full 11-year
trend calculation. This is different from the fixed-length running
decadal trends for trend fitting. The statistical significance tests
are computed with multiple periods according to the decreasing
length of the trend fitting period. The global mean temperature
trends over the land and ocean are shown in Fig. 3(a)–(e).
Generally, the trends are consistent with previous analyses [6],
[7], where the warming trends over the land are larger than
those over the ocean. However, the magnitude of the warming
trends decrease after 1992, which is consistent with the running
decadal trends discovered in Fig. 2(a) and (b). Furthermore,
the decreasing rate of the warming trends over the land is
significantly faster than that over the ocean.
Over the ocean, the temperature trends in all data sets show a
declining warming trend after 1992. The minimum ocean trend
is generally near zero in 2002 [blue line in Fig. 3(a)–(e)] and
then tends to increase after the minimum point. However, the
temperature trends over the land continued to decrease [red line
in Fig. 3(a)–(e)], which leads toward a contrasting distribution
of the LOWC after 2005 where the warming trend over the
ocean is clearly larger than the trend over the land. It is worth
noting that this characteristic change in the trends is found in all
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of the data sets regardless of whether the primary source data
were RST observations or MSULT-satellite-retrieved products.
For example, the RSS MSU LT derived temperature trends
show that the opposite tendency of the LOWC occurred around
1995, when the decline in the land trend became smaller than
the decline in the ocean trend, much earlier than the other
data sets (versus 2002 in the HadCRUT4 and 2005 in the
NCDCT3, GISTEMP, and UAH MSU LT). As the trends approach zero and the trend in the ocean changes from decreasing
to increasing, in spite of the reduced statistical significance in
the periods (approximately 2000 to 2014 to 2004 to 2014),
the filled points in Fig. 3(a)–(e) demonstrate that the trends
exceed the significance test at the 90% confidence level after
approximately 2005 in most of the data sets. This suggests
sufficient confidence in the reliability of the temperature trend
reversal in the ocean to look for the impacts of the trend changes
regionally.
It is not hard to find that the LOWC has been changed after
the occurrence of the hiatus with the key transition years being
from 2002 to 2005. According to our previous studies [19], the
temperature trends depend on the global or regional scales. To
measure those discrepancies, the spatial pattern of the trends in
the three subperiods of 1980 to 2014, 2000 to 2014, and 2005
to 2014 are discussed. Because the GISTEMP data have a good
coverage over the polar areas for a surface-based observation
set, it was used to create the analysis. The results indicate
[Fig. 3(f)–(h)] that the distributions of temperature trends are
highly sensitive to the selected periods and locations. During
the period of 1980 to 2014, the warming trends dominated
all land and most ocean areas except for part of the eastern tropical Pacific Ocean and the narrow belt around 60◦ S
over the southern oceans. The largest warming trend exceeded
0.3 ◦ C/decade over the Arctic, Eurasian land, and western part
of extratropical Pacific Oceans. During the period of 2000 to
2014, the warming trends over both polar regions decreased.
The original warming trends are replaced by cooling over the
central Eurasian, North American, and central South African
continents. Most of the Pacific Ocean, central Atlantic Ocean,
and southern Indian Ocean have started to show strong cooling
trends. It is clearly consistent with the occurrence of the early
2000 hiatus.
Compared to the hiatus period (approximately 1997 to 2005
and represented by the middle graph in Fig. 3(g) identified
as the 2000 to 2014 trend period), there are some remarkable
differences compared to the 2005 to 2014 period [Fig. 3(h)].
First, the warming trends over the Arctic switched to cooling
trends; second, the cooling continued over three continents
(Asia, North America, and South America); and third, warming
trends significantly increased over the North Pacific and Indian
Ocean. The results clearly demonstrate that the LOWC changed
some time in the period 2002 to 2005, which is closely related
to continued cooling over land and increased warming over the
Pacific and Indian Oceans. The results shown in Fig. 3(f)–(h)
are consistent with the results from the other data sets, except
in the Arctic region. Since the GISTEMP data set has the best
coverage of the Arctic and the other data sets have less coverage
in the Arctic, the results of GISTEMP in the Arctic need to be
validated by additional or other observations in the Arctic.
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V. C ONCLUSION
Based on two primary types of data sets, the reconstructed
surface-based data sets and the satellite-based data sets, the
land–ocean temperature trend contrast has been examined over
the period of 1980 to 2014. The land surface temperatures
have larger anomalies and trends than the ocean in the last
three decades (1980 to 2014). The results indicate that, in the
satellite-based MSU LT data sets, UAH and RSS, the amplitude
of the TAs is smaller than in the surface-based observations
(HADCRUT4, GISTEMP, and NCDCT3) over the land. However, in the satellite-retrieved data sets, the TAs are larger over
the oceans than in the surface observation data sets.
The running decadal trends show that the warming trends are
generally larger over land (even though they are declining) than
the oceans. Since 1992, the rate of warming has significantly
decreased over both land and ocean, but the decreasing rate
of the trends over the land is greater than that over the ocean.
The different decreasing trend rates over land and ocean should
produce changes in the LOWC, particularly after the ocean
trend begins to increase after 2002.
The pdfs of the running decadal trends show that the
GISTEMP data are different from the other two reconstructed
surface observation data sets over the oceans [Fig. 2(d)], but
three surface-observation-based data sets are in much better
agreement over the land [Fig. 2(c)]. The RSS- and UAHretrieved data sets both underestimated and overestimated the
warming trends in comparison with the three surface-based observations over land [Fig. 2(a) and (c)], respectively. However,
temperature trends in the two MSU-retrieved data sets exhibit
greater consistency over ocean, and both of them underestimate
most of the temperature trends during the period of 1980 to
2014 [Fig. 2(d)].
The decreasing length approach to fitting the trend confirmed
that the warming trends are larger over land than over oceans
before the early 2000s. After 1992, there is a general decrease
of the observed warming trend, and the decreasing rate of the
warming trend is significantly greater over land. Furthermore,
the trend reaches a minimum near zero in the early 2000s,
which is consistent with the global warming hiatus discovered
in previous studies. However, due to the decreasing trend
over land and increasing trend over the oceans after 2002,
the land–ocean temperature trends support contrasting patterns
after 2005 with the ocean warming while the land continues its
cooling trend. This pattern has been consistently found in all
five different data sets analyzed for this research.
The global trends analyzed in the three subperiods using
GISTEMP data set demonstrated that the temperature trends
are highly sensitive to the selected periods and regions. During
the period of 1980 to 2014, the warming trends dominated
all land and most ocean areas except for part of the eastern tropical Pacific Ocean and the narrow belt around 60◦ S
over the southern oceans. The largest warming trend exceeded
0.3 ◦ C/decade over the Arctic, Eurasian land, and western part
of extratropical Pacific Oceans.
Consistent with the warming hiatus over the period of 2000
to 2014, the warming trends over both polar regions significantly decreased. The original warming trends are replaced
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by cooling over the central Eurasian, North American, and
central South African continents. Most of Pacific Ocean, central
Atlantic Ocean, and southern Indian Ocean showed strong
cooling trends. It clearly indicates that the global warming
hiatus is affected not only by cooling in the eastern Pacific
Ocean discovered in many previous studies [2], [3], [20] but
also by the cooling over the land.
In contrast, there are some remarkable differences in the period of 2005 to 2014. The three continents including Eurasian,
North American, and South African continents showed enhanced cooling during the period of 2005 to 2014, with warming trends increasing over the North Pacific and Indian Ocean.
These trends, if accurate, will lead to the opposite land–ocean
contrast that was observed prior to 2000. It seems that the
cooling over the land may dominate the projected pattern of
land–ocean contrast derived from this analysis. However, the
increasing trend of ocean warming could ultimately be the
largest long-term trend factor since the ocean has a significantly
greater heat capacity. Future work will address different data
sets, such as climate model simulations, and extensions to the
length of the data sets to confirm the findings and improve
our understanding of the land–ocean contrast. The reasons responsible for the enhanced cooling over the continents [21] and
enhanced warming over the oceans in the recent 10 years will be
an area for future research.
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