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Abstract. The trends in latent and sensible heat fluxes (LHF and SHF) over the oceans surround-
ing the Arctic Ocean and the contributions of the Arctic Oscillation, the Arctic dipole anomaly,
the third principal component, and the Pacific-North American pattern on them are investigated
using the objectively analyzed air-sea fluxes (OAFlux) dataset from 1979 to 2008. Significant
positive trends in LHF appear over western and northern European coasts and the coast of the
Aleutian Islands, especially in autumn. Besides in summer, autumn and winter positive trends in
LHF also exist over the coast of the western North Pacific Ocean; in summer, there is also a patch
of positive trends over the central North Atlantic Ocean. On the contrary, negative trends in LHF
change greatly in a year. There are main negative trend centers over the Barents Sea, the coast of
northeast Canada, the Bering Sea, the Sea of Okhotsk, and Hudson Bay, especially in summer
and autumn. Trends in SHF are similar to those in LHF except for a small difference in area.
There are significant correlations between the four indices and both LHF and SHF over these
oceanic regions which result mainly from strong relationships between the sea–air-specific
humidity and temperature differences and the four indices. The four indices only explain a
small portion of the trends in LHF and SHF. The trends in air–sea-specific humidity and temper-
ature differences are more closely associated with those in LHF and SHF than those in wind
speed. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-
lication, including its DOI. [DOI: 10.1117/1.JRS.7.073531]
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1 Introduction

Latent and sensible heat fluxes (LHF and SHF) at the ocean surface are the dominant mechanism
for transferring heat from ocean to atmosphere, and their importance to the general circulation of
the atmosphere has long been recognized. The amount of LHF and SHF and their distribution
over the global oceans are required for climate research. In recent decades, the Arctic sea ice and
sea surface temperature (SST) have apparently changed.1,2 Gill and Niiler3 revealed that over
large scales, surface temperature changes are dominated by changes in surface heat fluxes
including LHF and SHF, in comparison with advective influences. The roles of both LHF
and SHF in the changes of the Arctic sea ice and SST need to be investigated. Hence, it is
necessary to obtain trends in LHF and SHF in the Arctic regions and their relationships
with surface atmospheric variables.
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Several large-scale circulation indices impact the atmospheric and oceanic environment over
the Arctic regions. The Arctic Oscillation (AO) is the leading empirical orthogonal function
(EOF) of monthly and seasonal extratropical sea level pressure (SLP) anomalies in the
Northern Hemisphere characterized by deep, zonally symmetric structures.4 The North
Atlantic Oscillation (NAO), which is the Atlantic section of the AO,5 influences greatly the LHF
and SHF over the northern Atlantic Ocean. Cayan6 found that when the NAO is in its strong
Icelandic low phase, positive anomalous LHF and SHF occur east of Labrador, south of
Greenland, and off the coast of Africa; negative anomalous LHF and SHF occur offshore of
the United States just north of Bermuda. Cayan6 also found that the Pacific-North American
(PNA) pattern has a positive correlation with LHF and SHF over a broad region southwest of
the Aleutian low and a negative correlation over the region east of the Aleutian low along the
west coast of the United States. The second EOF of the SLP north of 70°N is denoted as the
Arctic dipole anomaly (DA), which is an important driver of the Arctic sea ice transport from the
western Pacific Arctic to the northern Atlantic Arctic based on data analysis for the period 1962
to 2002.7 The third mode (PC3) refers to a seesaw structure in SLP anomalies between the
Barents Sea and the Beaufort Sea, which influences Fram Strait sea ice flux.8 The second mode
EOF of monthly winter SLP anomalies poleward of 30°N, called the Barents Oscillation (BO),
has a high temporal correlation with the sensible heat loss from the Nordic Seas.9

Cayan6 reported that the two leading EOFs of SLP are the NAO and the Eastern Atlantic (EA)
pattern in the North Atlantic,10 and PNA and the Bering Sea (BER) pattern11 in the North Pacific,
respectively. Among the four indices, the EA and BER indices are correlated with the PC3 index
with above 95% confidence. In addition, a significant correlation also occurs between the DA
and BO indices. Hence, this article investigates the extent to which the AO, DA, PC3, and PNA
can account for the recent trends in LHF and SHF over the oceans surrounding the Arctic Ocean,
together with the contribution of surface meteorological variables.

The article is arranged as follows: Sec. 2 describes the data sources and analytical methods.
Section 3 discusses the results, and the conclusions are given in Sec. 4.

2 Data and Methods

The monthly LHF and SHF are derived from the Objectively Analyzed air-sea Fluxes (OAFlux)
dataset with a spatial resolution of 1.0 × 1.0 deg from January 1979 to December 2008.12 The
positive fluxes are defined upward. To obtain the best possible global daily estimates for wind
speed at 10 m, SST, and air temperature and humidity at 2 m, the OAFlux synthesis uses surface
meteorological fields derived from satellite remote sensing and reanalysis outputs produced from
the National Centers for Environmental Prediction (NCEP) and the European Centre for
Medium-Range Weather Forecasts (ECMWF) models.13 Satellite products in the OAFlux syn-
thesis include wind speed retrievals from both active (scatterometer) and passive (radiometer)
microwave remote sensing, and SST daily high-resolution blended analysis by Reynolds et al.14

The synthesis includes also the near-surface humidity product derived by Chou et al.15 from the
Special Sensor Microwave Imager column water vapor retrievals. The OAFlux project uses the
state-of-the-art Coupled Ocean Atmosphere Response Experiment (COARE) bulk flux algo-
rithm version 3.016 to compute the fluxes. Yu et al.13 indicated that the OAFlux estimates
are unbiased and have a smaller mean error than NCEP1, NCEP2, and ECMWF. In addition,
OAFlux data for wind speed at 10 m, humidity at 2 m, and SST are also used.

The AO, DA, and PC3 indices are defined as the standardized leading three modes of EOF
analysis of monthly SLP poleward of 70°N. The PNA index is obtained from the website http://
jisao.washington.edu/data/pna/. The total linear trends are obtained from a least square linear fit
at each grid point at specific periods. The trends that are linearly congruent with the monthly AO,
DA, PC3, and PNA indices can be obtained in the following manner:4

a. Regressing monthly values of the time series at each grid point onto the AO index.
b. Multiplying the resulting regression coefficients by the linear trend in the AO index.
c. The trends that are linearly congruent with the monthly DA, PC3, and PNA indices are

estimated by a similar method as the AO index.
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Residual trend is defined as the trend obtained by subtracting the trends in the AO, DA, PC3,
and PNA indices from the total trend.

3 Results

3.1 Trends of LHF and SHF

The trends of LHF over the oceans surrounding the Arctic Ocean for the four seasons are shown
in Fig. 1. In spring [Fig. 1(a)], LHF over the northern Pacific regions has a positive trend over the
coast of the Gulf of Alaska and a negative trend offshore of the Kamchatka Peninsula; over the
northern Atlantic regions, we see a positive trend over the Norwegian Sea and the North Sea, and
a negative trend over the regions south of Greenland and northeast of Iceland. Elsewhere a pos-
itive trend occurs offshore of Canada at 70°N. The LHF trend in spring is the smallest among the
seasons, from −5.8 to 9.9 Wm−2 decade−1.

In summer [Fig. 1(b)] over the northern Pacific regions, a significant positive trend occurs
over the Sea of Okhotsk, but the area of positive trend over the Gulf of Alaska decreases. A small

Fig. 1 Trends of LHF over the oceans surrounding the Arctic Ocean. (a) spring; (b) summer;
(c) autumn; (d) winter. Units are Wm−2 decade−1. The thin lines indicate the regions of >95%
confidence level.
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patch of negative trend appears over the Bering Sea, the Gulf of Alaska, and the region southwest
of the Aleutian Islands. Most of the North Atlantic region shows a positive trend in LHF and a
negative trend over the Barents Sea, the coast of northeast Canada, and Hudson Bay. The trend in
LHF from −5.8 to 11.1 Wm−2 decade−1 in summer is larger than that in spring as a result of
increasing sea temperature.

In autumn [Fig. 1(c)], the main negative trend occurs over the Bering Sea, the Sea of Okhotsk
and Hudson Bay, where the largest negative trend is −9.3 Wm−2 decade−1. A positive trend
occurs over the coast of the Kamchatka Peninsula, the Aleutian Islands, and northern and
western Europe. The largest positive trend of 14.5 Wm−2 decade−1 appears on the
Netherlands coast, possibly because the cold land and warm sea lead to a larger sea–air humidity
difference near the coast.

In winter [Fig. 1(d)], no significant negative trend occurs over the northern Pacific and Atlantic
regions. A positive trend is situated over the eastern part of the northern Pacific Ocean and the coast
of Norway. Elsewhere the largest positive trend of 16.7 Wm−2 decade−1 occurs offshore of
Canada at 70°N influenced mainly by the North Atlantic Current.

The trend in SHF over the northern Pacific and Atlantic regions is shown in Fig. 2. In spring,
the trend pattern is similar to LHF, but the negative trend in LHF south of Greenland is less

Fig. 2 Same as Fig. 1 but for SHF.
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significant than in SHF with a maximum value of −10 Wm−2 decade−1 [Fig. 2(a)]. In summer
over the northern Atlantic regions and the Sea of Okhotsk, the trend pattern in SHF is similar to
that in LHF, but the remarkable positive trend over the Gulf of Alaska seen in LHF is not seen in
Fig. 2(b). In addition, the magnitude of the trend in SHF is less than that in LHF. The autumn
trend in SHF has a pattern similar to that in LHF with the exception of a slight difference in
magnitude [Fig. 2(c)]. The largest change of SHF occurs in winter, ranging from −19.3 to
−18.9 Wm−2 decade−1, but the area is confined to the oceans northwest of Ireland and northeast
of Iceland, Fram Strait, the Barents Sea, and the northern Bering Sea [Fig. 2(d)].

3.2 Relationships Between LHF and SHF and the Indices

To explore the relationships between LHF and the four indices, correlations between the four
indices and the grid point fields of wind speed, sea–air-specific humidity difference and LHF
in autumn are superimposed on the patterns of the four indices in Figs. 3–6, respectively. In
Fig. 3(a), when the SLP anomaly at high latitudes is positive, less frequent storms lead to

Fig. 3 Correlation coefficients, spatial patterns of the AO index versus all grid point time series of
wind speed (a), sea–air-specific humidity difference (b), and LHF (c) in autumn from 1979 to 2008.
Thin contours show the patterns of the AO index. The thick solid green lines indicate the regions of
>95% confidence level.

Yu et al.: Trends in latent and sensible heat fluxes over the oceans surrounding the Arctic Ocean

Journal of Applied Remote Sensing 073531-5 Vol. 7, 2013



lower wind speed in the northeast Atlantic Ocean.6 Similarly, the pattern in the northern Pacific
region is a zonal dipole structure, that is, the wind speed increases over the Sea of Okhotsk and
decreases over the Gulf of Alaska and the Bering Sea.

The relationship between the SLP and air–sea-specific humidity difference is similar to that
of the SLP and wind speed only in the Sea of Okhotsk [Fig. 3(b)]. The other positively correlated
region lies south of Greenland and Iceland. A small patch of negative correlation lies northwest
of the Bering Sea. The pattern of air–sea-specific humidity difference is associated with wind
advection. The cold dry air from northern Europe and the Kamchatka Peninsula moves toward
the Sea of Okhotsk and the region south of Greenland and Iceland, whereas warm moist air
moves northwest toward the Bering Sea. The cold (warm) dry (moist) air induces a greater
(smaller) air–sea-specific humidity difference.

The correlation pattern between AO and LHF [Fig. 3(c)] resembles more than that of the
correlation of air–sea-specific humidity difference, with significant positive centers in the
Sea of Okhotsk and south of Greenland at 30°W. But the regions with negative correlation of
wind speed in Fig. 3(a) do not result in negative correlations of LHF in Fig. 3(c). A small neg-
ative correlation is situated on the east coast of the Bering Sea. The spatial pattern of correlation
between LHF and AO is consistent with that between LHF and NAO at high latitudes.5

Fig. 4 Same as Fig. 3 but for the DA index.

Yu et al.: Trends in latent and sensible heat fluxes over the oceans surrounding the Arctic Ocean

Journal of Applied Remote Sensing 073531-6 Vol. 7, 2013



The correlations of the DA index with wind speed, air–sea-specific humidity difference, and
LHF are quite large and very different from those with the AO index [Figs. 4(a)–4(c)]. When the
pressure anomaly of the center in the Kara Sea is negative, negative correlations are scattered
over the northern Pacific west of 170°W, and positive correlations occur over the Gulf of Alaska;
for the northern Atlantic region, positive correlations occur over the oceans north of 60°N, and
negative correlations occur between 57°N and 50°N. In Fig. 4(b), in contrast with the correlation
of wind speed, the center of negative correlations between DA and air–sea-specific humidity
difference in the northern Atlantic region moves eastwards near the coast of Ireland and that
of positive correlation shrinks northwards. In the northern Pacific region, the negative correla-
tions are confined to the western Sea of Okhotsk. The pattern of the correlation of LHF with DA
partially resembles both of the above but is more similar to that of air–sea-specific humidity
difference in the northern Atlantic regions. But the region with negative correlation of LHF
in the northern Pacific is larger than that of air–sea-specific humidity difference and wind speed.

The two variables also influence the relationships between LHF, and PC3, and PNA (Figs. 5
and 6) When the Barents Sea is in the positive phase, a significantly positive correlation occurs
over the Bering Sea, and a negative correlation occurs over the Davis Strait and the seas sur-
rounding Iceland. When the circulation is in its strong Aleutian low phase, the cold and dry air
from land and the warm and moist air from sea bring about a positive correlation in the region
southwest of the Aleutian Islands and a negative correlation over the Gulf of Alaska, which

Fig. 5 Same as Fig. 3 but for the PC3 index.
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agrees with the result of Cayan.6 A positive correlation also exists over Hudson Bay and the
northern Atlantic Ocean south of 70°N.

The relationships between the four indices and SHF in autumn are similar to those between
the four indices and LHF, and the pattern of SHF caused by the four indices is associated with
that of wind speed and air–sea temperature difference. In other seasons, the relationships
between the four indices and both LHF and SHF are similar to those in autumn with the excep-
tion of the difference in correlation coefficients. Similar explanations of these relationships in
autumn also apply to those in other seasons.

3.3 Contributions of the Indices

The different seasonal trends in the AO, DA, PC3 and PNA indices can produce different impacts
on the trends in LHF and SHF among seasons. In this subsection, we investigate the contribu-
tions of the four indices to the seasonal trends in LHF and SHF over the northern Pacific and
Atlantic regions.

Due to the more remarkable change of LHF and the extensive open water in autumn, only
the patterns of autumn LHF caused by the four indices are shown in Fig. 7. When the AO index
shows a decreasing trend of 0.77 SD per 30 years, the positive trends occur mainly over the

Fig. 6 Same as Fig. 3 but for the PNA index.
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Gulf of Alaska, the Bering Sea, the Davis Strait, the Norwegian Sea, the Greenland Sea, and
the Baltic Sea; the negative trends are over the Sea of Okhotsk, the southern Hudson Bay, and
the southern part of the northern Atlantic Ocean. The maximum value of 1.07 Wm−2 decade−1

is over the Gulf of Alaska, and the minimum value of −1.57 Wm−2 decade−1 is over southern
Hudson Bay. The structure of the pattern has been explained in the previous subsection. In the
same 30 year period, the positive trend of DA with the value of 0.76 SD per 30 years leads to
the change in LHF from −2.10 to 2.10 Wm−2 decade−1. The maximum value occurs in the
Greenland Sea, the minimum value offshore of Ireland. The impact of PC3 on the trend in LHF
is the least among the four indices with less than half of that caused by DA. The negative
change in LHF caused by PNA appears mainly in the Gulf of Alaska with the minimum
value of −1.25 Wm−2 decade−1. Most of the northern Atlantic Ocean, the Sea of Okhotsk,
and the sea surrounding the Aleutian Islands display increasing trends of LHF with a maxi-
mum value of 14.5 Wm−2 decade−1.

The pattern of the trends in LHF caused by the four indices among other seasons is similar to
that in autumn, with some differences in sign and magnitude. Among the four indices, the impact
of DA on the trend in LHF is the largest among seasons. In spring and summer, the contribution

Fig. 7 Trends of autumn LHF associated with (a) AO; (b) DA; (c) PC3; (d) PNA. Units are
Wm−1 decade−1. The solid thin lines indicate the value of 0.
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of AO to the trend in LHF is smallest, but in autumn and winter, the least effect comes from PC3.
For the four indices, their contributions to the trend in LHF show some seasonality, especially for
AO and PC3, whose contributions in autumn and winter are more significant than that in spring
and summer.

The spatial structure of the trend in SHF related to the four indices is nearly the same as that
of LHF, but the magnitude of the trend is different (not shown). Like LHF, DA exerts the strong-
est effect on the long-term change of SHF, and in spring and summer, the smallest contributor is
AO; in other seasons, it is PC3. Compared to LHF, the range of the trend in SHF related to the
indices is larger in spring, autumn, and winter but smaller in summer.

3.4 Residual Trends

Residual trends, which reflect the trends that cannot be explained by the four indices, are shown
in Fig. 8. The spatial patterns of residual trends are similar to those of total trends in Fig. 1. The
largest residual trend in LHF occurs over the ocean south of Greenland and the Norwegian Sea in
spring, over the Barents Sea and southern Hudson Bay in summer, over Hudson Bay and the

Fig. 8 Residual trends of LHF over the oceans surrounding the AO. (a) spring; (b) summer;
(c) autumn; (d) winter. Units are Wm−1 decade−1. The solid thin lines indicate the value of 0.
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coast of West Europe in autumn; and it is scattered in the northern Atlantic Ocean in winter. The
residual trend in SHF has the same characteristics as LHF (Fig. 8). Hence, the similarity between
the residual and total trends in LHF and SHF indicates that other factors may contribute mainly
to the trends in LHF and SHF.

3.5 Trends of Other Meteorological Variables

Because the trends in LHF and SHF are less affected by the main large-scale circulation indices,
we seek the explanation in meteorological variables. The trends in air–sea-specific humidity
difference, 10-m wind speed, and air–sea temperature difference are shown in Figs. 9–11.
The spatial patterns of the trends in air–sea-specific humidity difference are similar to those
of LHF among seasons (Fig. 9) but with some small differences. In summer, the significant
increasing trend in LHF in the region south of Greenland does not correspond to the remarkable
increasing trend in air–sea-specific humidity difference in the same region. In autumn, the extent
of the significantly negative trends of air–sea-specific humidity difference exceeds that of LHF in
the Okhotsk Sea. The spatial patterns of the trends in wind speed among seasons are not

Fig. 9 Same as Fig. 1 but for air–sea-specific humidity difference. Units are g kg−1 decade−1.
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consistent with those of LHF, especially over the central North Atlantic Ocean in summer. But
along some coasts, for example, the coasts of the Gulf of Alaska and North Europe, and the
southern Hudson Bay, they show a certain consistency. According to the bulk parameterization
of LHF, apart from wind speed and air–sea-specific humidity difference, aerodynamic transfer
coefficient can also influence LHF. Moreover, the aerodynamic transfer coefficient is related to
wind speed, and their relationship is nonlinear and complicated.16 Hence, the consistency of
wind speed and LHF is various depending on the time and circumstances.

The 30-year trends in air–sea temperature difference are shown in Fig. 11. The similarity of
the spatial patterns of the trends between air–sea temperature difference and SHF is more
remarkable than that between air–sea-specific humidity difference and LHF. The air–sea temper-
ature difference is larger for larger SHF. But compared to the trend in air–sea temperature differ-
ence, wind speed cannot show a consistent trend with SHF, especially in the summertime North
Pacific and Atlantic. Like LHF, decreasing trends in wind speed and SHF occurs over the
southern Hudson Bay. According to previous research,17,18 not only wind speed but also the
atmospheric stable condition measured by the Richardson number can influence the aerody-
namic transfer coefficient for heat. Hence, the trends in aerodynamic transfer coefficient need
to be explored further.

Fig. 10 Same as Fig. 1 but for 10-m wind speed. Units are ms−1 decade−1.

Yu et al.: Trends in latent and sensible heat fluxes over the oceans surrounding the Arctic Ocean

Journal of Applied Remote Sensing 073531-12 Vol. 7, 2013



4 Conclusions

In this study, the trends in LHF and SHF over the oceans surrounding the Arctic Ocean were
investigated using the OAFlux dataset from 1979 to 2008. Additionally, the contributions of the
AO, DA, PC3, and PNA indices to the trends in SHF and LHF, and the impacts of air–sea-spe-
cific humidity difference, wind speed, and air–sea temperature difference were also considered.

Among the seasons, the mainly positive trends in LHF occur over the coast and the ocean
south of Greenland, and the mainly negative trends occur over Hudson Bay, the Barents and
Bering Seas, and the coast of Canada. The ranges of the trends in LHF in autumn and winter
exceed those in spring and summer. Among seasons, the spatial patterns of the trends in SHF are
not in agreement with those of LHF, especially over the summertime northern Pacific region. The
range of the trends in SHF in winter, which is the largest among the seasons, is from −19.3
to −18.9 Wm−2 decade−1.

Through correlation analysis, we find strong relationships between the four indices and both
LHF and SHF in the northern Pacific and Atlantic regions. The relationships can be explained by
the wind speed and air–sea-specific humidity and temperature differences. Among these vari-
ables, air–sea-specific humidity and air–sea temperature differences are more important than
wind speed.

Fig. 11 Same as Fig. 1 but for sea–air temperature difference. Units are °C decade−1.
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The four indices make a smaller contribution to the trends in LHF and SHF although the
wintertime DA leads to a change of SHF from −7.27 to 3.70 Wm−2 decade−1. Spatial patterns
of the residual trends in LHF and SHF are similar to total trends of LHF and SHF. However, other
explanations for the residual trends should be investigated, e.g., local factors.

The trends in air–sea-specific humidity difference and temperature difference can account for
those in LHF and SHF over the 30 years although in some regions, the trend in wind speed also
influences LHF and SHF. Due to the uncertainty of the effect of wind speed on aerodynamic
transfer coefficient, the consistency between wind speed and heat fluxes is broken. The trends in
aerodynamic transfer coefficient for heat need to be investigated in the future.
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