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Abstract. The NOAA/NASA Pathfinder sea surface temperature (SST) data from 1985 to 2006 are examined
for variability and trends spanning the recent 1995-98 Pacific Decadal Oscillation (PDO) reversal to look for
implications to tropical ecosystems. These twenty-two years of satellite observations reveal some noteworthy
shifts that differ among major ocean basin. The data also reveal expected more rapid SST increases toward
higher latitudes, especially in the northern hemisphere, consistent with Intergovernmental Panel on Climate
Change (IPCC) projections. Over the 22-year timeframe, most regions showed rising trends but a few regions
are presently experiencing 22-year cooling trends and thus decreasing pressure from thermal stress. What will
be instructive for the future of our valuable coral reef ecosystems is whether the dramatic regional shift in trends
since the recent 1995-98 PDO reversal continues to persist into the second decade of the 21st Century or if the
pattern becomes overwhelmed by the pattern consistent with long-term climate change.
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Introduction
Our tropical oceans continue to reveal regionally
diverse but changing sea surface temperature (SST)
patterns and trends as we move into the 21st Century.
Increasingly coral reef ecosystems have been in the
news due to episodic massive coral bleaching that, in
many locations, has the marine conservation
community concerned about the future of their
valuable habitats. In 2005, the coral community
witnessed another record breaking thermal stress
event throughout much of the eastern Caribbean from
Puerto Rico to the British and US Virgin Islands to
Barbados (Wilkinson and Souter 2008); in 2004 and
2006 Kiribati experienced massive bleaching; while
in 2002 the Great Barrier Reef saw another round of
extensive bleaching (http://www.reefbase.org/).
With global satellite archived SSTs now spanning
more than two decades, we now have sufficient data
to examine their trends not only globally but also by
basin. In this paper we have taken each ocean basin
in its entirety over the tropical belt and then
subdivided them each into their northern and southern
hemispheric component. Being aware that many
climatologists have established that some of the
extreme variability during the 1990s can be attributed
to a mid-90s reversal in Pacific decadal patterns
(Mantua et al. 1997) we have also looked at the 1st
half of the 22-year record and compared it with the
2nd half.
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Data
In this analysis NOAA’s Coral Reef Watch (CRW)
updates our climate trend statistics for the tropics
using 4-km resolution Version 5.0 Pathfinder daily
SST data. This builds upon our previously published
analyses (Strong 1998; Strong 1991; Strong et al.
2006) by incorporating four additional years of SST
data and improving the resolution of our results from
50-km to 4-km. The Pathfinder SST data are
produced by retrospective analysis of daily Global
Area Coverage (GAC) retrievals and are available in a
variety of temporal resolutions (Casey and Cornillon
1999; Kilpatrick et al. 2001). Data are available at
http://www.nodc.noaa.gov/SatelliteData/pathfinder4k
m/.
We analyzed global satellite-derived SSTs from
35ºN to 35ºS from 1985 to 2006. Continued monthby-month comparisons of coincident in situ and SSTs
at various locations around the global oceans reveal
tight correlations and, most importantly, no biases
between the buoy-measured and remotely-sensed data
sets over time (not shown). Therefore we have the
ability over this time period to examine our tropical
oceans more completely than had been possible with
in situ SST measurements, baring prolonged periods
of cloudiness where SSTs become obscured from the
view of the satellite – fortunately this is more of an
issue at higher latitudes than for the tropics. Since the
satellite-derived Pathfinder SSTs come from

continuous,
overlapping,
operational
NOAA
satellites, they have what we believe to be the best
possible climate-quality global SST data since 1985.
In calculating SST trends for the 22-year time frame
from the daily 4-km Pathfinder SSTs, we used only
the daily nighttime SSTs. This was done to avoid the
error caused by uneven day-night data distribution for
places that experience significant diel variation in
SST caused by daytime solar heating and nighttime
cooling, especially during calm weather conditions.
First, only high quality SST values were used (quality
flag ≥ 4 as set in the Pathfinder processing — in a
scale ranging from 0 to 7, lowest to highest quality)
(Kilpatrick et al. 2001). The monthly mean SST at
each 4-km pixel was calculated by averaging all the
available, high quality daily nighttime SSTs in the
3x3 pixel box centered on the pixel where the SST is
made. If a pixel contained no qualified data during a

month, a missing data flag was assigned to that pixel
for that particular month. Based on the resulting
monthly mean SSTs, for every pixel, one round of
temporal linear interpolation was conducted to fill
missing monthly mean SSTs using the monthly mean
SSTs of the prior and subsequent month if both are
available. No further missing data filling was
performed for monthly mean SSTs. Finally, our
annual mean SSTs at each pixel were calculated from
the 12 monthly mean SSTs at the pixel, where we
required that all 12 monthly mean SSTs had to be
available for an acceptable calculation of an annual
mean for that year; otherwise we flagged the value as
missing data for that year. SST trends were calculated
from the annual mean SSTs for all pixels that had
annual mean SSTs available for at least half of the
total number of the years covered.

Figure 1: 22-year satellite SST Trends (1985-2006)

Global Images of Changing SSTs
In Fig. 1 we present our SST trends from monthly
mean SSTs at 4-km resolution for the 22-year time
frame. The pixels where the availability of SST data
is not sufficient to calculate a trend, as explained in
the preceding section, show up as areas of “gray” in
the Fig. 1 and principally occupy areas off western S.
America, west of Baja California, the region close to
and surrounding Indonesia and Papua New Guinea, as
well as the south Atlantic off Africa. These areas do,
in fact, have persistent cloud cover that has resulted in
a few months of data being hidden from the view of
the NOAA satellite radiometers. Areas shown in
green demonstrated weak cooling or warming (-0.2 to
+0.2°C /decade) for the period while those areas
depicted as more orange or red demonstrated much
higher increases in SST. In the 22-year period, the
entire tropical region demonstrated either warming or
very slight cooling (> -2°C/decade) – except for the
small “blue” (≤ -2°C/decade) region off Mexico in the
northeastern tropical Pacific Ocean.
When we examine the tendencies over two 11-year
intervals that straddle the mid-1990s shift in Pacific
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decadal temperatures, often referred to as the pacific
Decadal Oscillation or PDO (Mantua et al. 1997;
Bondi et al. 2001), we observe much more local
variability and some fairly robust 11-year trends (Fig.
2). Whereas the earlier 11-year interval (1985-1995)
shows some downward SST trends in the tropics, all
of those regions (predominantly in the southern
hemisphere) exhibited pronounced reversals in the
following 11 years (1996-2006).

Figure 2: SST tendencies for first 11 years [top: 1985-1995] and
second 11 years [bottom: 1985-1995]. Color scale as for Fig. 1.

Fig. 3 provides 22-year trends calculated from
mean annual SST, both globally and divided by

hemisphere. Over 95% of the tropical ocean pixels
gave cloud-free SSTs that went into these
calculations. Mean tropical SSTs increased at a rate
of + 0.21 °C/decade with a northern tropical ocean
increase one and a half times as fast as that of the
southern tropics.

Figure 3: Tropical [35N-35S] yearly SST means with trends; global
tropics and by hemisphere.

Fig. 4 plots the zonal oceanic zonal means of the
1985-2006 SST trends at 4-km resolution between
35S and 35N. For each line of latitude, the mean
value is calculated from all data available at that
latitudinal row.

Some Representative Virtual Station Trends
In our collaborations with marine park managers,
CRW maintains a set of 24 representative operational
Virtual Stations around the globe (Liu et al. 2006)
spanning all ocean basins (in late-2008 an additional
166 stations were added as “experimental” Virtual
Stations
–
http://coralreefwatch.noaa.gov).
Operational stations are maintained “24/7” and the
data for these stations continue from satellite to
satellite as the NOAA observing system is maintained
seamlessly
through
time,
with
routine
verifications/calibrations preserving data quality and
continuity.
The new 166 sites are termed
“experimental”
Virtual
Stations
as
the
representativeness and final location of these sites is
under evaluation. Below, the trends at some of the
operational and experimental Virtual Station sites are
discussed, along with some other representative sites
selected that help extend this trend analysis across the
tropics. Fig. 5 provides trends at these selected sites.
Caribbean – Atlantic Ocean
Four selected operational northern hemisphere,
Caribbean-Atlantic Virtual Station sites are shown
here (Fig. 5a). SST trends range from a low of
+0.22°C/dec at Puerto Morelos and Lee Stocking
Island (Bahamas) to a high nearly twice that at the US
Virgin Islands.
Puerto Morelos:
USVI:
Bahamas [Lee Stocking]:
Bermuda:

+ 0.22°C/dec
+ 0.41°C/dec
+ 0.22°C/dec
+ 0.27°C/dec

[σ = 0.06]
[σ = 0.10]
[σ = 0.09]
[σ = 0.08]

Figure 4: Trends averaged across latitudinal pixels: 19851996[blue], 1996-2006[red], and 1985-2006[green]

This mean row value is considered as the mean
value for all of the water pixels in that row. For most
rows, the percentage of missing data pixels is very
low (< 5%). The y-axis, i.e., latitude axis, is not linear
and is plotted in proportion to the variation of the
water surface area in the meridional direction as the
result of both the change in latitude and change in
landmass at different latitudes.
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Figure 5a: Atlantic Ocean Virtual Stations

Mid-Atlantic Ocean - Extremes
Two additional middle Atlantic SST Virtual Stations
were considered as mid-ocean examples on either side
of the equator (Fig. 5a). Trends [as can be seen Fig. 1]
are high in the North Atlantic but there is no
significant trend in the South Atlantic.

Mid N. Atlantic:
Mid S. Atlantic:

+ 0.39°C/dec [σ = 0.11]
- 0.04°C/dec [σ = 0.13]

Indian Ocean
The three Virtual Stations across the Indian Ocean
(Fig. 5c) show the most dramatic increase in SSTs in
the Seychelles, +0.30°C/dec, and lower rise of
+0.19°C/dec at our Zanzibar site.
Zanzibar:
Seychelles:
Scott Reef:

+ 0.19°C/dec [σ = 0.08]
+ 0.30°C/dec [σ = 0.12]
+ 0.24°C/dec [σ = 0.14]

These analyses at our Virtual Stations suggest
significant variability between and within oceanic
basins.
Regional Trends
Examining our data by ocean basin shows interesting
patterns. The greatest rate of warming has occurred
in the North Atlantic. The Southern basins continue
to lag behind with trends nearly half those found
north of the Equator – the South Pacific rate is nearly
one third that of the tropical North Atlantic, offset
primarily by the weaker rises over much of the
eastern portion of each region.

Figure 5c: Indian Ocean Virtual Stations.
Figure 6a: Atlantic Ocean Trends.

Pacific Ocean
We found quite a range of increasing SST trends over
the Pacific as represented by seven example Virtual
Stations (Fig. 5b) from +0.38°C/dec at Bolinao,
Philippines to only +0.19°C/dec at Heron Island,
Australia.
Midway:
Guam:
Kiribati:
Palau:
Bolinao:
Heron Island:
Oahu:

+ 0.34°C/dec
+ 0.36°C/dec
+ 0.20°C/dec
+ 0.29°C/dec
+ 0.38°C/dec
+ 0.19°C/dec
+ 0.20°C/dec

[σ = 0.17]
[σ = 0.15]
[σ = 0.25]
[σ = 0.18]
[σ = 0.17]
[σ = 0.11]
[σ = 0.12]

Figure 6b: Indian Ocean Trends.

Figure 6c: Pacific Ocean Trends.

Discussion
We have presented a case for increasing ocean SSTs,
first with only 8 years (1982-1989) of SST satellite
data (Strong 1998; Strong 1991), then 10 years later
(Strong et al. 2006), and now with 22 years of
rigorously reconstructed Pathfinder SSTs. Under the
growing concern for continued rising temperatures
looming for the rest of this century, we can see some
fairly consistent trends stabilizing with a longer

Figure 5b: Pacific Ocean Virtual Stations.
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record over the global tropics. Although most of our
coral reef sites tend to favor the warmer nonupwelling sides of each ocean basin (where corals
grow best) and are confined within 35 degrees of
latitude on either side of the Equator, they are often in
regions that appear to have some of the higher
warming trends in their respective basins. This would
be expected since the eastern sides of each basin are
more influenced by upwelling (and increased cloud
cover) that introduces cooler water from below
helping to stabilize our warming oceans. With
convergent water movement and a tendency more
toward sinking water columns in the tropics on the
western sides of these basins, warmer surface waters
accumulate heat in the upper layer more quickly,
where these reefs thrive, thus favoring SST trends that
would be expected to be larger than those of their
eastern region (upwelling) counterparts.
Since the overall calculations of our tropical SST
trends have missed several percent of the total sea
surface area where cooler SSTs persist due to frequent
persistent cloud cover, we might expect the trends for
our total areas (all pixels) in each basin to be slightly
less than what has been shown if we were able to
incorporate these SST pixels (cloudy/upwelling) into
our calculations (this will eventually become possible
when satellite microwave SSTs become integrated
into our observation program of SSTs).
We were able to process several years of archived
operational
SST
annual
mean
SSTs
(http://coralreefwatch.noaa.gov) for our Virtual
Station sites to compare with the Pathfinder SSTs.
These results (not shown) revealed nothing unusual
and were virtually coincident giving us confidence in
the accuracy of both our operational SSTs and reprocessed Pathfinder SSTs. These results all
consistently point out that coral reefs are already
experiencing rapid temperatures increases beyond
those to which they may be able to adapt (Donner et
al. 2005; Hoegh-Guldberg et al. 2007).
An interesting finding that can be seen in each of
the three tropical ocean basins is that 2003 has been
our warmest year of the 22-year record. Since that
time SSTs have been gradually dropping, indicating a
downward shift from the long-term trend. If this is a
result due to the recent PDO reversal there might be
some hope for our thermally stressed ecosystems. 17
of our 24 Virtual Stations showed cooler than normal
SSTs during the first half of 2008, including some of
the lowest monthly values seen this century! If this
reduced short-term trend continues to prevail there is
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a glimmer of hope for many of our coral reefs for the
next decade or two. The long term concern is the path
of temperatures after the next PDO reversal, perhaps
in the mid-2010s, when SST increases might surpass
those seen during the 80s and 90s reaching yet higher
levels of thermal stress (Hoegh-Guldberg et al. 2008).
Based on our results and continued trends, unless
coral reefs are able to develop coping mechanisms for
increased thermal stress during the next decade, the
flowing decades will only continue to put our fragile
reefs under increased concern.
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