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[1] Using the Objectively Analyzed Air-Sea Fluxes data provided by the Woods Hole
Oceanographic Institution and the trend empirical orthogonal function analysis method, we
have investigated the trend of ocean surface latent heat flux (LHF) over the tropical and
subtropical Pacific (100°E-70°W, 35°S—35°N) during the period 1977-2006. The present
study suggests that the ocean surface LHF presents a large-scale upward trend pattern, and
the identified positive surface LHF trend is closely associated with both the sea surface
temperature (SST) warming and the surface wind speed strengthening. The SST increasing is
the primary direct/local cause of the surface LHF trend, while the large-scale surface wind
speed strengthening, ascribed to its contribution to the observed SST trend pattern, is an
important indirect/nonlocal factor of the surface LHF trend. The present work also suggests
that the coherent upward trends in surface LHF, surface wind speed, and SST should be in
essence closely linked to the global warming forcing. To some extent, these results unify the

two seemingly contradictory conclusions proposed previously by other researchers and
attempt to help obtain a new insight into the causes of the positive basin-scale surface

LHF trend.

Citation: Li, G, B. Ren, C. Yang, and J. Zheng (2011), Revisiting the trend of the tropical and subtropical Pacific surface latent
heat flux during 1977-2006, J. Geophys. Res., 116, D10115, doi:10.1029/2010JD015444.

1. Introduction

[2] The ocean surface latent heat flux (LHF) is of great
interest [e.g., Cayan, 1992a, 1992b, 1992c; Alexander and
Scott, 1997; Tanimoto et al., 2003; Tomita and Kubota,
2005; Grodsky et al., 2009; Li et al., 2009, 2011a, 2011b],
because it plays an integral role in understanding and mod-
eling the fresh water cycle and the energy budget between the
atmosphere and the ocean [e.g., da Silva and Levitus, 1994;
Kiehl and Trenberth, 1997]. The ocean surface LHF, which is
directly related to the ocean surface evaporation flux, is an
important component of the global atmospheric hydrological
cycle and the resulting heat release drives much of the large-
scale atmospheric circulation.

[3] Most studies of ocean surface LHF focus on its char-
acteristics and roles in the air-sea interaction processes on the
synoptic, intraseasonal, seasonal, and interannual time scales
[e.g., Alexander and Scott, 1997; Araligidad and Maloney,
2008; Foltz et al., 2003; Behera et al., 2000]. In addition,
there also have been a few studies paying attention to long-
term variability of ocean surface LHF. For example, two
potentially important papers [Liu and Curry, 2006, hereafter
LC; Yu and Weller, 2007, hereafter YW] have dealt with
aspects of long-term trend of the ocean surface LHF and
the possible causes of these changes. On the basis of the point
of a decadal strengthening of the Hadley-Walker circulation
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[Chen et al., 2002; Wielicki et al., 2002; Cess and Udelhofen,
2003], LC pointed out that the tropical and subtropical ocean
surface LHF presents a statistically significant positive trend
during the 1990s, and that the positive surface LHF trend is
associated primarily with an increasing surface wind speed.
In contrast, from the point of the global ocean warming in
recent decades [e.g., Cane et al., 1997; Levitus et al., 2000],
YW argued that the globally averaged ocean surface LHF
has been steadily increasing for the period 1981-2005, and
that the positive surface LHF trend is primarily linked to
an increasing sea surface temperature (SST). To some extent,
these two previous studies would confuse people about the
causes of the positive surface LHF trend, because their con-
clusions seem to be conflicting to each other. Accordingly,
one basic issue is particularly proposed: Should the posi-
tive surface LHF trend be related to the surface wind speed
strengthening, or the SST warming, or a combination of both?

[4] The main purpose of this work is to help gain a better
understanding of the above question. The rest of this study
is organized as follows. Section 2 introduces the data and
methods of analysis used in this paper. Section 3 applies
the trend empirical orthogonal function (trend-EOF) anal-
ysis method to examine the long-term trend of ocean surface
LHF over the tropical and subtropical Pacific (100°E-70°W,
35°S-35°N) during the period 1977-2006. In section 4.1, we
quantitatively explore the direct/local cause of the positive
surface LHF trend by means of a linearized bulk formula.
In section 4.2, we further explain the indirect/nonlocal effect
of the surface wind speed strengthening on the positive
surface LHF trend through affecting the SST trend pattern.
In section 4.3, we also illustrate the relationship between the
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identified dominant trend mode variability in surface LHF
and the global warming forcing. Discussions are given in
section 5, followed by a conclusion in section 6.

2. Data and Methods of Analysis

2.1. Data

[5] In this study, we analyze the 1° x 1° monthly gridded
data of ocean surface LHF and related surface meteorological
fields (i.e., surface wind speed, surface air humidity, near-
surface air humidity, etc.) for 1977-2006 derived from the
Objectively Analyzed air-sea Fluxes (OAFlux) project at the
Woods Hole Oceanographic Institution (WHOI) [Yu ef al.,
2008]. The OAFlux data set is constructed not from a
single data source, but through combining the satellite
observations with in situ measurements and outputs of sur-
face meteorological fields from numerical weather prediction
(NWP) reanalysis models [Yu et al., 2008; YW]. In order to
make better data productions, the OAFIux project also utilizes
an updated bulk algorithm COARE3.0 [Fairall et al., 2003].
Validation analyses [Yu et al., 2004, 2007] have shown that
the synthesized OAFlux data represent an improvement over
the NWP flux fields and the International Comprehensive
Ocean-Atmosphere Data Set (ICOADS)-based flux clima-
tologies in both mean and variability.

[6] In general, surface LHF is computed by using the bulk
aerodynamic formula as shown below [Liu et al., 1979]:

LHF = pLeCeU(qs - Qa) (1)

where p is the density of air, L, is the latent heat of evapo-
ration, C, is the latent heat transfer coefficient, and U is the
10 m scalar wind speed. The surface and near-surface air-
specific humidities are denoted by ¢, and ¢,, respectively.
Note that ¢, is computed from the saturation humidity, g,
for pure water at SST [Yu et al., 2008]:

gs = 0.98¢,4,(SST) (2)

where a multiplier factor of 0.98 is used to take into account
reduction in vapor pressure caused by a typical salinity of
34 psu. Positive values of surface LHF indicate heat loss
from the ocean, while negative values denote heat gain by the
ocean, unless otherwise specified hereafter.

[7] Further, we also use the globally averaged surface
temperature (Tg) index from the Goddard Institute for Space
Studies (GISS) Surface Temperature Analysis (GISTEMP)
[Hansen et al., 1999, 2001, 2010] to examine the potential
impacts of the global warming forcing. The Tg index, as
described by Hansen et al. [1996], can be regarded as a proxy
for the externally forced long-term trend that is closely related
to the global warming for recent decades [Ting et al., 2009;
Hansen et al., 2005, 2006].

2.2. Trend-EOF Analysis

[8] Trend-EOF analysis was first suggested by Hannachi
[2007] as a novel nonlinear transformation technique capa-
ble of systematically extracting robust trend patterns from a
space-time gridded climate data. This method is based on an
eigenanalysis of the covariance matrix, similar to conven-
tional EOF analysis, but takes the time positions of the sorted
data instead of the direct observations, and coherent trends
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are associated with the leading nondegenerate eigenvalues.
The outstanding feature of the method is its ability to separate
patterns associated with trends (not limited to linear trends),
albeit small, from patterns not associated with trends. Appli-
cations to the simple low-dimensional time series [Hannachi,
2007] and the actual climate data [Barbosa and Andersen,
2009; Weng, 2010] showed that trend-EOF analysis over-
comes the limitations of usual EOF analysis in capturing
trend patterns by casting the trend in a single dominant mode
rather than spreading it through different EOF modes.

[9] Let X = (x1x; ... x,,), where xx = (X1, X2z, .., x,,k)T,
denote a n x p data matrix for times =1, ..., n at grid points
k=1, ..., p. The data matrix X is supposed to represent
anomalies that are deviations from the climatology. In order
to resolve the issue of trend, a new matrix Q = (¢,4> ... q,)
is first considered, which characterizes the time positions
of sorted series (i.e., the inverse ranks of the data); the new
matrix Q is also weighted using the square root of the cosine
of the latitude at each grid point in order to take into account
the converging longitudes poleward. Then the eigenanal-
ysis is applied to the inverse-rank covariance matrix I'y =
%QTHTHQ, where H=(I,, — %lnl,f) is the centring operator,
I, is the n x n identity matrix, and 1, = (1, 1, ..., 1)7 is
a column vector of length » containing only ones. Since
sequences of inverse ranks provide a robust measure of
monotonicity, the first leading trend eigenvector will provide
the largest monotonicity, hence the largest trend. Never-
theless, the leading trend eigenvector is not to be physically
interpreted straightaway because it is not in the physical/data
space owing to the nonlinear modification. Thus, if v is a right
eigenvector of HQ, the expected trend principal component
(trend-PC time series) in physical/data space is constructed
by w = HXv, and the corresponding trend spatial pattern
is finally obtained by regressing the trend-PC time series w
(scaled to have unit variance) back onto the original data field
[Hannachi, 2007].

3. Long-Term LHF Trend

[10] Figure la shows the annual mean time series of
ocean surface LHF averaged over the tropical and subtrop-
ical Pacific (100°E=70°W, 35°S-35°N). Clearly, the area-
averaged surface LHF has been steadily increasing since the
beginning of the present study period. It has been up about
12 W/m? (~11%), from the low at about 109 W/m? in 1978
to the peak at about 121 W/m? in 1997. Using linear least
squares fit regression, the positive linear slope of area-
averaged surface LHF is 3.07 + 0.98 W/m? per decade during
the period 1977-2006. The error bars on the slopes are given
at the 95% confidence level using a method described by
Santer et al. [2000] that takes into account effects of the
temporal autocorrelation. This similar surface LHF trend change
has been previously noticed by LC and YW.

[11] In order to explore more details of the surface LHF
trend, the eigenanalysis is applied to the new inverse-rank
covariance matrix associated with the annual mean surface
LHF anomalies over the tropical and subtropical Pacific
during the period 1977-2006. The annual mean anomaly is
referred to the annual mean of monthly residual constructed
by removing the long-term monthly mean for each month.
Figure 2 shows the corresponding eigenvalue spectrum asso-
ciated with the dominant 20 trend-EOF modes. The error bars

2 of 9



D10115

1 1 1 1 1 1
1981 1985 1989 1997 2001 2005

1977 1993
BB .I T T T T T T
{bywind speed
L S e N e
=
64 1 1 L L 1 1 L
1977 1981 1985 1989 1993 1997 2001 2008
259 . ; ; . . ;

L © 5T

1 1 1 1 1 1
1977 1981 1985 1989 1997 20 2008
16.1 T T T T T T T
{d) air specific humidity

5'159?? 1981 1985 1989 1993 1997 200 2005
Figure 1. Annual mean time series (solid lines) of (a) sur-
face LHF (W/m?), (b) surface wind speed (m/s), (c) SST
(°C), and (d) air-specific humidity (g/kg) averaged over the
tropical and subtropical Pacific (100°E-70°W, 35°S-35°N)
for the period 1977-2006. Dashed lines characterize the cor-

responding linear trends.

shown in Figure 2 are based on North et al.’s [1982] rule of
thumb. Clearly, the eigenspectrum is not smooth and captures
one well-separated eigenvalue above a “trend-noise” floor.
In conventional EOF analysis, the eigenspectrum is in gen-
eral smooth or more slowly decaying rather like a red-noise
spectrum. The above differences between eigenspectra, due to
the nonlinear transformation to inverted-rank space, have been
similarly reported by the previous studies [e.g., Hannachi,
2007; Li et al., 2011a]. This implies that the coherent trend
signals are only casted into a single dominant trend-EOF
mode.

Eigenvalue specturm
30 . -

Eigenvalue (%)
— N N
< = o

-
o

0 5 10 15 20

Rank
Figure 2. The first leading 20 eigenvalues (%), of the new
inverse-rank covariance matrix associated with the annual
mean surface LHF anomalies during 1977-2006 over the

tropical and subtropical Pacific. The error bars are based on
North et al.’s [1982] rule of thumb.
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Figure 3. (a) Spatial pattern (W/m?) and (b) time series
in the original physical/data space associated with the first
trend-EOF (trend-EOF1) mode of the annual mean surface
LHF anomalies over the tropical and subtropical Pacific dur-
ing 1977-2006.

[12] As explained in section 2.2, the results from the
eigenanalysis of the new inverse-rank covariance matrix
cannot be physically interpreted straightaway, ascribed to the
nonlinear rank-based modification. In order to investigate the
surface LHF trend structure in original physical/data space,
the dominant eigenvector should be projected back onto the
physical/data space to yield the new trend-PC time series and
its associated spatial pattern for the leading trend-EOF mode.

[13] The first trend-EOF (trend-EOF1) pattern in original
physical/data space (Figure 3a), associated with the corre-
sponding increasing trend-PC1 time series (Figure 3b), cap-
tures a large-scale positive surface LHF trend structure that is
generally most pronounced during the late 70s and early 80s
and from 1990 to the early 2000s over the equatorial western
and central Pacific, the tropical region between the eastern
Pacific and the western Atlantic, and the western boundary
current regions, including the Kuroshio and its extension and
the Eastern Australian Current and its extension, in particular
in the Kuroshio and its extension region. Despite the overall
positive trend, the weak negative surface LHF trend also
exists in the equatorial eastern Pacific and the both hemi-
spheric subtropical regions of eastern Pacific.

[14] The trend-EOF1 spatial pattern (Figure 3a) is extremely
similar to the one resulting from the computation of linear
ordinary least squares slopes from the original annual mean
surface LHF data (Figure 4). One method to summarize the
extent of the spatial similarity is via the spatial correlation
statistics as in the work of Larkin and Harrison [2005], and the
corresponding spatial correlation between Figures 3a and 4
is up to 0.99. The area-averaged annual mean surface LHF
anomalies over the tropical and subtropical Pacific recon-
structed from the trend-EOF1 mode can be obtained as shown
in Figure 5a by multiplying the spatially averaging surface
LHF anomalies value for the trend-EOF1 mode (Figure 3a)
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Figure 4. Linear slopes (W/m? per decade) computed by
using linear least squares fit regression from the original annual
mean surface LHF data during 1977-2006.

with the corresponding trend-PC1 time series (Figure 3b).
One can find that the trend-EOF1 mode corresponds to an
obvious positive trend component for the reconstructed area-
averaged surface LHF anomalies over the tropical and sub-
tropical Pacific during the period 1977-2006 with a linear
slope value of 3.09 £ 0.40 W/m? per decade (Figure 5a),
in good agreement with the linear slope value of 3.07 +
0.98 W/m~ per decade computed from the original annual
mean surface LHF data (Figure 1a). All of these indicate that
the trend-EOF analysis has the advantage of isolating long-
term trend from remaining no-trends by casting the long-
term trend in a single dominant trend-EOF mode rather than
spreading it through different EOF modes, as demonstrated by
Barbosa and Andersen [2009]. Furthermore, as compared to
the results from the ordinary linear least squares fit regression
(e.g., Figures la and 4), the trend-EOF analysis has also the
advantage of simultaneously extracting the coherent large-
scale spatial structure and the temporal evolution associated
with long-term trend by using a systematic space-time
eigendecomposition. Thus, the identified trend-EOF1 mode
skillfully captures the large-scale positive surface LHF trend
over the tropical and subtropical Pacific during the period
1977-2006.

4. Interpretation

4.1.

[15] In order to quantitatively estimate which is the domi-
nant factor in determining the surface LHF trend, the surface
LHF anomaly at one given location can be expressed as below
[Alexander and Scott, 1997; Tanimoto et al., 2003]:

Direct/Local Cause

LHF' — th,Ce{U'@ ~ ) +Uqy' — Uqd
+ [Utar - a) - Ula = ad) |} (3)

where () indicates a long-term annual mean and (') indicates
the annual mean anomaly. We focus on the contributions
from the first three terms of right-hand side of equation (3) to
the surface LHF trend in the following analysis, since the last
two terms of right-hand side of equation (3) have indeed been
found negligible [e.g., Cayan, 1992b; Tanimoto et al., 2003;
Lietal., 2011Db].

[16] Figure 6a shows the spatial distribution of linear slope
of the surface LHF trend component that was reconstructed
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by multiplying the trend-EOF1 pattern (Figure 3a) with the
associated trend-PC1 time series (Figure 3b). Similarly,
Figures 6b, 6¢, and 6d represent the spatial distributions of
linear slopes of reconstructed trend components from the first
three terms of right-hand side of equation (3), which can
quantitatively characterize the direct/local contributions from
U, q's, and ¢',, in this order, to the total surface LHF trend,
respectively. One can find that Figure 6b has a large-scale
positive trend pattern, its magnitude is, however, too slight to
determine such a strong surface LHF trend (Figure 6a). It is
noteworthy that Figure 6¢ exhibits a considerable similarity
to Figure 6a in terms of both pattern and magnitude. Since g
is a function of SST (see equation (2)), Figure 6¢ reflects
the direct/local contribution of SST to the surface LHF trend.
Interestingly, Figure 6d has an overall inverse sign to
Figure 6c¢, namely the positive g, trend is well correlated with
the negative —¢q,, trend and vice versa, indicating the negative
local feedback of ¢', to the surface LHF trend. However, the
trend in Figure 6d is much less than that in Figure 6¢, so it
could presumably damp the effectiveness of the g trend on
the identified surface LHF trend but would not alter its basic
character. Figure 6e is similar to Figure 6¢, which is not
surprising from Figures 6¢ and 6d. Consequently, the above
analysis quantitatively suggests that the SST warming is the
primary direct/local cause of the identified positive surface
LHF trend.

[17] The above result exhibits considerable consistency
with that of YW, mainly ascribed to an inherent similarity
between the analysis methods. In essence, both the above
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Figure 5. Annual mean time series of (a) ocean surface LHF
(W/m?), (b) surface wind speed (m/s), (c) SST (°C), and
(d) air-specific humidity (g/kg) anomalies averaged over the
tropical and subtropical Pacific for 1977-2006 reconstructed
from the respective trend-EOF1 mode. See sections 3 and

4.1 for details.
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Figure 6. Slope distributions (W/m? per decade) of annual
mean (a) surface LHF, (b) pL.C.U(q; — §a), (¢) pL.C.Uq's,
(d) —pL.C.Uq,, and (e) pL.C.U(q's — q',) trend components
reconstructed by multiplying the respective trend-EOF1 pat-
tern with the associated trend-PC1 time series for 1977-2006.
Contour intervals are 4 W/m? per decade. Negative contours
are dashed.

analysis and their analysis focused on the direct/local cause of
the surface LHF trend, although the above analysis method by
means of a linearized bulk formula is more quantitative than
the simple qualitative analysis method of YW.

[18] Nevertheless, the above result presents major differ-
ences from that of LC. In essence, the analysis of LC mainly
emphasized the activities of long-term trends of the area-
averaged surface LHF and related surface meteorological
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variables, but not the direct/local cause of the surface LHF
trend. If we adopt the linear trend analysis method as in the
work of LC, what situation will occur? With this question, we
use their analysis method to examine the activities of long-
term trends of the area-averaged surface LHF and related
surface meteorological variables during the period 1977—
2006. Figures 1b, 1c, and 1d show the annual mean time
series of U, SST, and ¢, averaged over the tropical and sub-
tropical Pacific, respectively. The U and SST trends for the
present study period are both strongly positive, while the
positive g, trend is not evident. The corresponding linear
slopes and error bars for the area-averaged annual mean
surface LHF, U, SST, and ¢, during 1977-2006 are shown in

{12 Table 1. All trends reported as statistically significant here-
after exceed the 95% confidence level. It can be found that
18 the positive trends during the period 1977-2006 are all sta-
tistically significant (except g,). Parallel analyses are also
L 14  applied to the annual mean time series of area-averaged

surface LHF, U, SST, and g, anomalies reconstructed from
their respective trend-EOF 1 modes, as shown in Figure 5 and
Table 1. The reconstructed area-averaged annual mean sur-
face LHF, U, SST, and ¢, anomalies over the tropical and
subtropical Pacific are all significantly increasing in statistics
for the period 1977-2006, and their linear slope values are
also in good agreement with the ones computed from the
original annual mean data (see Table 1). Although such, the
above quantitative analysis by means of a linearized bulk
formula (Figure 6) has inferred that the primary direct/local
cause of the positive surface LHF trend is a large-scale SST
warming rather than the statistically significant surface wind
speed strengthening. Consequently, two questions are par-
ticularly emphasized: Does such a strong surface wind speed
strengthening have other influences on the identified positive
surface LHF trend? If it does, what role could the surface
wind speed strengthening play in the basin-scale surface LHF
trend?

4.2. Indirect/Nonlocal Effect of Surface Wind Speed

[19] As explained by Yu [2007], surface wind speed facil-
itates the evaporation by carrying water vapor away from
the evaporating surface and helps to reestablish the air-sea
humidity gradient at a faster pace, indicating the direct/local
effect of surface wind speed on the surface LHF change.
The first term of right-hand side of equation (3) just reflects
this effect. However, this linearization does not necessarily
mean that the first three terms of equation (3) are always
independent of each other. Actually, the large-scale surface
wind speed usually affects the oceanic circulation (or the
atmospheric circulation), which in turn alters SST (or q,,) [Yu,

Table 1. Trend Slopes of the Surface LHF and Related Surface Meteorological Variables Averaged Over the Tropical and Subtropical

Pacific, 100°E-70°W, 35°S-35°N*

1977-2006 1989-2000
Trend Slope per Decade Original Data TEOF1 Mode Original Data TEOF1 Mode
LHF (W/m?) 3.07 £ 0.98 3.09 + 0.40 6.56 + 3.81 6.88 +£2.25
U (m/s) 0.07 + 0.04 0.07 + 0.01 0.20 + 0.13 0.22 + 0.12
SST (deg C) 0.12 + 0.04 0.13 + 0.03 0.11 £ 0.21 (0.13 + 0.11) 0.11 + 0.08
q. (g/kg) 0.05 £ 0.05 0.05 + 0.02 0.01 £0.28 -0.01 £ 0.12

“Error bars on the slopes are given at the 95% confidence level using a method described by Santer et al. [2000] that takes into account effects of the
temporal autocorrelation. Boldface indicates slopes exceeding the 95% confidence level. SST slope after removing the signal covariant with ENSO as in the
work of An [2003] is shown in parentheses. See sections 4.1 and 5 for details.
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Figure 7. Regression pL.C,Uq', pattern (W/m?) with the
normalized trend-PC1 time series (same as Figure 5b but
scaled to have a unit variance) of surface wind speed over the
tropical and subtropical Pacific during the period 1977-2006.
Contour intervals are 4 W/m?. Negative contours are dashed.

2007; Cayan, 1992b], and causes the evaporation changed
by the changing air-sea humidity gradient, indicative of the
indirect/nonlocal effect of surface wind speed on the surface
LHF change.

[20] Similar to recent other observational analyses [e.g.,
Cane et al., 1997; Kaplan et al., 1998; Latif et al., 1997,
Hansen et al., 2006], the SST warming trend pattern
(Figure 6¢) seems to suggest an observed increasing west-
east SST contrast. This response SST trend pattern to the
global warming forcing is usually interpreted in terms of the
wind-upwelling dynamic feedback mechanism [e.g., Cane
et al., 1997; Clement et al., 1996; Seager and Murtugudde,
1997; Fang and Wu, 2008], which forms the foundation
of our present understanding of the ENSO phenomenon
[Bjerknes, 1969]. Stronger large-scale Pacific surface trade
winds would increase the oceanic upwelling rate and the
thermocline tilt, which in turn would cool the SST in the east
and warm the SST in the west, leading to an enhanced west-
east SST contrast. As a result, the enhanced west-east SST
contrast would force the enhanced surface easterlies, which in
turn would increase the oceanic upwelling rate and the ther-
mocline tilt, indicating the positive wind-upwelling dynamic
ocean-atmosphere feedback. Therefore, the large-scale sur-
face wind speed strengthening might provide an important
dynamic feedback that can enhance the SST warming in
the western Pacific, where the thermocline deepens, and
slow down the SST increasing in the eastern Pacific, where
the thermocline shoals, in response to the global warming
forcing. It is worthy to point out that the physical nature of
the long-term SST trend pattern could differ significantly
from that of ENSO pattern, because the former has a wider
meridional trend structure perhaps forced externally by a slow
global climate forcing, while the latter is generated internally
by fast processes within the equatorial ocean-atmosphere
system [Liu et al., 2005].

[21] In order to reveal the indirect/nonlocal effect of the
surface wind speed strengthening on the surface LHF trend
pattern by affecting the SST trend pattern, Figure 7 charac-
terizes the pL,C,Ugq, variation pattern over the tropical and
subtropical Pacific corresponding to a unit standard deviation
ofthe trend-PC1 time series of surface wind speed (Figure 5b,
but scaled to have unit variance) by regression analysis. When
the trend-PC1 time series increase monotonically with time
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as shown in Figure 5b, namely when the surface wind speed
represents a large-scale positive trend structure as identified
in Figure 6b, there should be a tendency toward a response
increased west-east pL.C,Uq, contrast pattern (Figure 7)
under the positive wind-upwelling dynamic ocean-atmosphere
feedback. We can find that Figure 7 is extremely similar to
Figure 6¢ and their spatial correlation is 0.97. Thus, a pos-
sible mechanism follows: the large-scale surface wind speed
strengthening would influence the oceanic circulation, which
in turn would affect the observed increasing west-east SST
(pL.C.Uq;) contrast warming pattern and be beneficial to
inducing the identified surface LHF trend pattern, indicating
the indirect/nonlocal effect of surface wind speed. Supporting
evidences can be also found from some previous studies.
Indeed, an increasing west-east SST contrast warming pat-
tern linked closely to the large-scale surface wind speed
strengthening over the tropical Pacific, in response to the
global warming forcing, has been demonstrated by the pre-
vious works through both modeling studies [e.g., Clement
et al., 1996; Fang and Wu, 2008] and observation analyses
[e.g., Cane et al., 1997].

4.3. Global Warming Forcing

[22] The coherent upward trends in the three trend-PCl
time series for surface LHF, surface wind speed, and SST (see
Figure 5) suggest that the dominant trend-EOF mode vari-
ability in the three fields would be induced by the same
forcing. So, what should be the forcing? In essence, should
the trends identified above originate from the externally
forced global warming (long-term trend), or the internal
Pacific Decadal Oscillation (PDO) (decadal-scale trend), or a
combination of both?

[23] Figure 8 draws the normalized annual mean time series
ofthe 9 yearly running mean GISTEMP Tg index (a proxy for
the externally forced global warming) and the PDO index
[Mantua et al., 1997] along with the trend-PC1 time series for
the three fields (i.e., surface LHF, surface wind speed, and
SST). Clearly, the upward tendency of the trend-PC1 time
series in the three fields is highly in accordance with the
increased year-to-year variability of the Tg index rather than

Globally averaged surface temperature (Tg)
— — LHF

A [— surfoce wind speed
— — SST R

1980 1985 1990 1995 2000 2005
Figure 8. Normalized annual mean time series of the
9 yearly running mean GISTEMP Tg index and the PDO
index [Mantua et al., 1997] along with the trend-PC1 time
series in surface LHF, surface wind speed, and SST over the

tropical and subtropical Pacific for the period 1977-2006.
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Table 2. Correlation Coefficients Between the Tg and PDO
Indices and the Trend-PC1 Time Series of Surface LHF, Surface
Wind Speed, and SST During 1977-2006 Over the Tropical and
subtropical Pacific?

Correlation Tg Index PDO Index
LHF 0.90 (81%) —0.21 (4%)
Surface wind speed 0.94 (88%) —0.27 (7%)

SST 0.94 (88%) ~0.40 (16%)

“Boldface indicates correlations exceeding the 99.9% confidence level by
using a two-tailed Student’s ¢ test after taking into account the autocorrelation
of the noise in the data. Corresponding explained ratios are presented in
parentheses. See section 4.3 for details.

the PDO index. Table 2 also presents the correlations of the
trend-PC1 time series in the three fields with the Tg index as
well as the PDO index. The correlations of the trend-PC1
time series in the three fields with the Tg index are all not less
than 0.90 (statistically significant at a 99.9% confidence level
according to a two-tailed Student’s ¢ test after considering the
autocorrelation of the noise in the data), implying that more
than 80% of the coherent upward trends in the three fields can
be explained (statistically) by the global warming forcing; in
contrast, those with the PDO index are all not statistically
significant. These indicate that the coherent upward trends of
the trend-PC1 time series in the three fields can originate from
the externally forced global warming rather than the PDO,
and therefore the identified basin-scale trend of surface LHF
over the tropical and subtropical Pacific during the period
1977-2006 should be in essence closely linked to the global
warming forcing.

5. Discussions

[24] For the present study period 1977-2006, the area-
averaged surface wind speed and SST are both significantly
increasing at the 95% confidence level (see Table 1). In
the work of LC, the positive trend of area-averaged surface
wind speed during the period 1989-2000 is statistically sig-
nificant, but the positive trend of area-averaged SST does not
achieve the 95% significance level [see Liu and Curry, 2006,
Table 1]. This is likely caused by the differences in sampling
(e.g., the study periods) between the present work and their
work. To minimize the differences in sampling, similar to
their work, we examine the activities of long-term trends of
the monthly mean surface LHF and related surface meteo-
rological variables anomalies averaged over the tropical and
subtropical Pacific during the period 1989-2000 (figure not
shown). The corresponding linear slopes and error bars are
shown in Table 1. Likewise, parallel analyses are applied to
the monthly mean time series of the area-averaged surface
LHF and related surface meteorological variables anomalies
reconstructed from their respective trend-EOF1 modes (see
Table 1). Similar to the entire study period 1977-2006, one
can find that the original (reconstructed) surface LHF, surface
wind speed, and SST anomalies all represent strong posi-
tive trends durln% the period 1989-2000 and thelr slopes are
6.56 +3.81 W/m" per decade (6.88 + 2.25 W/m? per decade),
0.20 £ 0.13 m/s per decade (0.22 + 0.12 m/s per decade), and
0.11 £ 0.21°C per decade (0.11 + 0.08°C per decade),
respectively. But one important difference is worth attention
as compared to the entire study period 1977-2006. Although
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the linear slope of original monthly mean SST anomalies
during 19892000 achieves roughly 0.11°C per decade, which
is mostly equivalent to the ones of original annual mean SST
(0.12 £ 0.04°C per decade) and reconstructed annual mean
SST anomalies from the trend-EOF1 mode (0.13 £ 0.03°C
per decade) for the period 1977-2006, it does not achieve the
95% significance level, very coincident with the work of LC.

[25] Nevertheless, it is worth pointing out that the above
finding, that the positive trend of original monthly mean
SST anomalies during the period 1989-2000 cannot achieve
the statistical significance at the 95% confidence level, is
likely only a bias in statistics owing to the strong 1997-2000
ENSO-related signal that is superimposed on the long-term
trend signal for such a short study span of time. In order to
reduce the potentially negative impact of the interannual
ENSO-related signal on capturing the long-term trend, two
possible solutions are adopted: one is to isolate the long-term
trend in SST from the ENSO by using the trend-EOF analysis
to cast the trend into a single dominant mode [Barbosa and
Andersen, 2009] and the other is to empirically remove the
signal covariant with the ENSO before the computation of

(a) wind speed trend O 07 m/s per decade
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Figure 9. Spatial distributions of (a) reconstructed trend-
EOF1 U trends (m/s per decade), (b) climatological mean
U (m/s), (c) reconstructed trend-EOF1 ¢', trends (g/kg per
decade), and (d) climatological mean (g; — q,) (g/kg) for
1977-2006. The corresponding area-averaged values are

marked on the top right of each map.
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the linear slopes [4n, 2003]. After removing the impacts of
the ENSO by means of the above two methods, the positive
SST trend slopes during 1989-2000 are both statistically
significant (see Table 1), although the slope values (roughly
0.11°C per decade and 0.13°C per decade) are nearly equiv-
alent to the one of original monthly mean SST anomalies
(roughly 0.11°C per decade). The above analysis illustrates
the possible interference of strong ENSO-related signal on
diagnosing the statistically significant SST trend for LC’s
study period 1989-2000.

[26] How does such a significant strengthening in surface
wind speed contribute the less surface LHF trend directly/
locally than the warming in SST? From the linearized
equation (3), one can know that the relative ratio of the
direct/local contributions of the wind- and SST-forced terms

4—4a
other words, the relative importance of these two factors,
from the perspective of direct/local contributions, is not only
dependent on the trends but also on the climatological mean
values. Figures 9a, 9b, 9c, and 9d show the spatial patterns of
the trend-EOF1 U’ trends, climatological mean U, trend-
EOF1 ¢/, trends, and climatological mean (g; — g,) during

1977-2006, respectively. Clearly, over much of the tropical

at one given location can be assessed by (%) : (q—) In

and subtropical Pacific, (%) < (q_‘fq_) , and the area-averaged

(%) : (#) is roughly 1:3. Thus, although the term related

to U in equation (3) has a statistically significant strength-
ening trend, its direct/local contribution to the basin-scale
surface LHF trend is much less than that related to SST.

6. Conclusion

[27] The present study suggests that, over the tropical and
subtropical Pacific during the period 1977-2006, the surface
LHF has a large-scale positive trend pattern and it is closely
associated with both the SST warming and the surface wind
speed strengthening. The SST warming is the primary direct/
local cause of the surface LHF trend, while the large-scale
surface wind speed strengthening, owing to its contribution
to the observed SST trend pattern, is an important indirect/
nonlocal factor of the surface LHF trend. Also, the present
work suggests that the coherent upward trends in surface
LHF, surface wind speed, and SST should be in essence
closely associated with the global warming forcing. These
results have potential implications for understanding and
researching the global hydrological cycle and energy balance
as well as climate change.

[28] In section 4.1, by using a linearized bulk formula, we
first quantitatively analyze the direct/local contributions of
the related surface meteorological variables and find that the
SST warming is the primary direct/local cause of the positive
surface LHF trend. This result is quite similar to that of YW,
mainly ascribed to an inherent similarity between the analysis
methods. Nevertheless, this does not mean that the result
of LC had been denied, because this linearization only takes
into account the direct/local effect of related surface meteo-
rological variables on the surface LHF trend, but the surface
wind speed can impact surface LHF by two ways. The first
way is direct/local: the surface wind speed facilitates the
evaporation by carrying water vapor away from the evapo-
rating surface to allow the air-sea humidity gradients to be
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reestablished at a faster pace. The first term of the linearized
equation (3) only reflects this effect. The second way is
indirect/nonlocal: the surface wind speed alters SST (or ¢,)
through affecting the oceanic circulation (or the atmospheric
circulation), which in turn causes the evaporation changed by
the changing air-sea humidity gradient. So, in section 4.2, we
further discuss the role of the surface wind speed strength-
ening in forming the observed SST trend pattern, indicat-
ing the indirect/nonlocal effect of surface wind speed on the
identified surface LHF trend. To some extent, the present
study unifies the two seemingly contradictory conclusions
proposed previously by LC and YW, and attempts to help
gain a new insight into the causes of the positive basin-scale
surface LHF trend.
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