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Abstract
Falling between the dynamics of the seasonal cycle and expressions of longer-term trends, the
interannual variability of sea surface temperature (SST) in the Red Sea has not received enough
attention. With multiple decades of satellite SST observations with spatial resolution capable of
resolving patterns of variability within the Red Sea, the time has come for a description and
diagnosis of the observed interannual variability of SST in this important semi-enclosed sea.
While interannual variability of SST occurs throughout the Red Sea in both summer and winter,
the greatest variability is found in the northern Red Sea during winter. Objective analysis reveals
two dominant statistical modes of interannual variability of Red Sea SST: a whole-sea mode
described by general warm or cool anomalies throughout the Red Sea (~60% of total variance),
and a meridional gradient mode of opposing SST anomalies in the northern and southern Red
Sea (~20% of total variance). The warm phase of the whole-sea mode corresponds to warm
surface air temperature anomalies extending across the broader region and local surface wind
anomalies opposite to the mean low-level circulation. The whole-sea mode is found to be a
regional response to remote forcing by the East Atlantic/Western Russia (EAWR) pattern. The
gradient mode, on the other hand, is a manifestation of superimposing (and statistically
independent) remote impacts of El Niño-Southern Oscillation (ENSO) and the North Atlantic
Oscillation (NAO) whereby ENSO drives SST anomalies in the southern Red Sea and the NAO
drives SST anomalies in the northern Red Sea.

2
This article is protected by copyright. All rights reserved.

1. Introduction
The Red Sea is a major transportation highway for commercial shipping and its southern
entrance, the strait of Bab-el-Mandeb, is considered one of the major global shipping choke
points. In addition to shipping, artisanal fishing is significant within the Red Sea and important
to the economies of adjoining countries. Scientifically, the Red Sea has been described as a
thermohaline-driven, inverse estuarine circulation such that it provides a natural laboratory for
studying the effects of ocean and climate physics with some relevance to the global scale
thermohaline circulation or Atlantic Meridional Overturning Circulation (AMOC) by way of
analogy (Sofianos and Johns 2017). Because the Red Sea is a semi-enclosed basin, its boundaries
constrain the physical processes so that its response to various types of forcing can be more
easily examined than those of the AMOC. Although the Red Sea is influenced by water masses
from the Indian Ocean (Sofianos and Johns 2003; Sofianos and Johns 2007), its semi-enclosed
structure limits its direct influence from larger scale ocean phenomena compared to other
marginal seas, leading to an hypothesis that much of its temporal variability will be driven by
atmospheric forcing. Because of the potential coupling of deep water formation with extreme
cooling events, it is essential to learn what factors contribute to such anomalous atmospheric
conditions, and to understanding how climate change may be shifting this exchange.
Considerable attention has been given to long-term trends, abrupt warmings,
anthropogenic climate change and implications for coral reefs (Felis et al. 2000; Cantin et al.
2010). Recent work has identified both the seasonal and secular patterns of SST variability in the
Red Sea. There has been an overall secular trend of rising SST in the Red Sea as evidenced in
analysis of SST records since 1985 (Nandkeolyar et al. 2013; Raitsos et al. 2011). These two
works also identified an abrupt increase in Red Sea SST in the 1992-1994 time period,
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coincident with the warm period in the Pacific associated with the two successive El Niños
during 1990-1994.
Felis et al. (2000) examined a 245-year long record of δ18O from a coral core obtained at
Ras Um Sid at the southern tip of the Sinai Peninsula. Correlating δ18O fluctuations with SST
and related salinity variations, it was concluded that the northern Red Sea was modulated by both
the North Atlantic Oscillation (NAO) and El Niño-Southern Oscillation (ENSO)/North Pacific
Ocean dynamics. Papadopoulos et al. (2013) argued that the sea level pressure gradient and the
resulting wind stress have a strong effect on the surface heat fluxes. Abualnaja et al. (2015)
examined the interaction between heat fluxes and several climate indicators. They found that
heat fluxes in the northern Red Sea appeared to be modulated by the NAO, East
Atlantic/Western Russia (EAWR) pattern and Indian Monsoon Index (IMI), especially during
winter and that ENSO was most influential in the southern Red Sea (Abualnaja et al. 2015).
Raitsos et al. (2015) and Dasari et al. (2017) examined the influence of ENSO on the low-level
wind field in the Red Sea region with attention to the so-called Red Sea Convergence Zone
(RSCZ) and Red Sea Trough (RST), showing that ENSO modulates the position of the
RSCZ/RST system with an accompanying adjustment of the scale of the winds blowing along
the major axis of the Red Sea.
Although several studies have found linkages between well-known modes of interannual
climate variability and the Red Sea, a Red Sea-centric view investigating objectively the controls
on SST at that time scale has not been presented. The present study aims to help bridge the gap
between seasonal dynamics and longer-term variability, and to extend our recently growing
knowledge of interannual variability of SST in the Red Sea by systematically describing the
statistics and potential modes of variability at the interannual time scale toward understand their
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associated climate mechanisms including the influence of remote teleconnections. In the
following section, potentially useful data sets are reviewed and compared, justifying the use of a
particular data set for the purpose of this investigation. Results including examination of scales
of variability, objective statistical analysis, and diagnosis of relationships with physical processes
and large-scale climate phenomena are given in section 3. Finally, a brief summary of the major
results and discussion of paths forward is given in section 4.

2. Data and Methods
Several widely-used, satellite-derived, near-global gridded SST data sets exist that are potentially
appropriate for investigating the spatiotemporal variability of SST in the Red Sea. Such data sets
include but are not necessarily limited to the following.


NASA Moderate Resolution Imaging Spectroradiometer (MODIS; Kilpatrick et al. 2015)
level 3 processed infrared SST data products are available at 4- and 9-km spatial
resolution, from 2000 to present (on board the Terra satellite) and from 2002 to present
(on

board

the

Aqua

satellite).

Data

are

available

for

download

at

https://oceancolor.gsfc.nasa.gov/cgi/l3.


The NOAA Optimal Interpolation (OI) v2, high-resolution (Reynolds et al. 2007) SST
data product is a blend of infrared satellite retrievals from the Advanced Very High
Resolution Radiometer (AVHRR), which is independent of MODIS, and in situ
measurements from the International Comprehensive Ocean Atmosphere Data Set
(ICOADS; Worley et al. 2005). The NOAA OI v2 data are available at 0.25° spatial
resolution (or 25-27 km x 28 km in the Red Sea), from 1982 to present. Data are
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available

for

download

at

https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html.


The NOAA AVHRR Pathfinder v5.3 (Casey et al. 2010) level 3C SST data product is
strictly based on infrared retrievals from the AVHRR satellite and is available at 4-km
spatial resolution, from 1982 through 2014. Data are available for download at
https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nodc:AVHRR_Pathfinder-NCEIL3C-v5.3.



Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) v7.1 (Wentz et
al. 2015a) and Global Precipitation Measurement (GPM) Microwave Imager (GMI) v8.1
(Wentz et al. 2015b) SST data products, processed by Remote Sensing Systems, are
available at 0.25° spatial resolution. A complete temporal record could be constructed by
merging TMI (1998 through 2014) and GMI (2014 to present). Data are available for
download at http://www.remss.com/missions.

There are several tradeoffs among these data sets; chief among them, in the present context, is
between record length and spatial resolution. The aim of the present study is to describe and
understand the climatic context of the variability of SST at relatively broad spatial scales within
the basin (i.e., much larger than individual eddies) and on relatively long and persistent temporal
scales (i.e., the year-to-year variation of seasonal means). Thus, a longer record length should be
prioritized for the benefit of statistics, but only so long as the spatial resolution is deemed
sufficient to describe meaningful spatial patterns at monthly and longer time scales.
Given that the width (or minor axis) of the Red Sea varies between ~200 km (in the north,
away from the Gulfs of Suez and Aqaba) and ~300 km (in the south, away from the Bab-elMandeb Strait), it is not unreasonable to propose that a spatial resolution of 0.25° may be
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sufficient for the above stated purpose. In addition to the longest continuous temporal record (35
complete calendar years), the NOAA OI v2 benefits from the input of in situ SST measurements
(largely due to container ships, in the case of the Red Sea). Due to a consistently high volume of
shipping traffic through the Red Sea, there is a remarkably high density of in situ measurements
in the ICOADS data bank for the OI analysis procedure to draw from (Figure 1). In fact, over the
period 1982-2016, the in situ sampling density in the Red Sea rivals that of many regions
globally, with most 1° by 1° grid boxes running down the major axis of the Red Sea having an
average of ~50 in situ SST observations per month.
A direct comparison of the spatiotemporal variability of SST in the Red Sea between the
NOAA OI v2 and a higher-resolution data product (MODIS: Terra, daytime, 11 m, 9 km) for
the overlapping period (2001-2016) is encouraging (Figure 2). The overall spatial variation
present in the annual mean is extremely consistent between the two data products, with the
NOAA OI v2 warmer by ~0.5°C relative to MODIS in the southern half of the Red Sea. Aside
from possible sensor and calibration differences between AVHRR and MODIS, the authors
hypothesize that the warm southern bias may be partially related to seasonally-dependent
atmospheric corrections affecting MODIS, whereas NOAA OI v2 is constrained year-round by
in situ measurements. Both data products reveal the surface thermal manifestations of the wellknown and persistent large-scale cyclonic eddy-like circulation in the central-northern Red Sea
(e.g., Sofianos and Johns 2007; Yao et al. 2014a, 2014b]), as evident in the northward
(southward) tilt of isotherms on the eastern (western) half of the basin, as well as that of the
seasonal intrusion of relatively cool, fresh and nutrient-rich Gulf of Aden Intermediate Water
(GAIW) into the far southern Red Sea through the Bab-el-Mandeb Strait Strait (Churchill et al.
2014; Dreano et al. 2016; Sofianos and Johns 2007; Wafar et al. 2016).
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The temporal variability of SST is also extremely similar between the two data products
(Figure 2, bottom row and Figure 3). For monthly SST averaged throughout the Red Sea, the
correlation between NOAA OI v2 and MODIS is 0.99 (including the seasonal cycle) or 0.83 for
anomalies (i.e., after removing the mean seasonal cycle). By visual inspection (Figure 3, bottom
panel), the high correlation appears to be the result of close correspondence on a broad range of
temporal scales from sharp intraseasonal anomalies to more subtle secular trends. Splitting the
basin into the northern and southern Red Sea at 20°N as well as the gradient between the two
(Figure 4) also reveals impressive temporal agreement, with anomaly correlations of 0.86, 0.76
and 0.83, respectively. To summarize, in terms of the spatial patterns of the mean climatology as
well as the intraseasonal-to-decadal variations about the climatology, the 0.25° NOAA OI v2 and
9-km MODIS products are nearly indistinguishable. For that reason and other considerations
discussed above, the detailed analysis of interannual variability of SST in the Red Sea presented
hereafter is based on the NOAA OI v2 data set.
Ancillary observational data sets employed in the present study include monthly global
10-m wind and 2-m air temperature fields from the NCEP/DOE Atmospheric Reanalysis II
(“NCEP2”) (Kanamitsu et al. 2002), monthly El Niño-Southern Oscillation (ENSO), North
Atlantic Oscillation (NAO) and East Atlantic/Western Russia (EAWR) indices from the NOAA
Climate Prediction Center (see Acknowledgements), and high-resolution coastlines from the
Global Self-consistent, Hierarchical, High-resolution Geography (GSHHG) database version
2.2.3 (Wessel et al. 1996).

3. Results
a. Spatial and temporal scales of SST variability
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The observed annual mean SST in the Red Sea, averaged over 1982-2016, varies from ~25°C in
the extreme northwest corner to ~29°C along the southern Saudi coast (a distance of ~1,000 km)
(Figure 5a). The spatial patterns during boreal summer (June through August) and winter
(December through February) differ substantially in response to seasonally varying solar forcing
and surface wind as shown through heat fluxes by Abualnaja et al. (2015) and Papadopoulos et
al. (2013). The mean boreal summer SST field exhibits SST varying from 27.5°C in the
northwest to >31°C in the extreme south (Figure 5b), while the mean winter SST pattern is
qualitatively very similar to the annual mean but with SSTs cooler by 1-2°C (Figure 5c).
The highest amplitude temporal variability of SST (after removing the mean seasonal
cycle) is found in the northern half of the Red Sea during boreal winter (Figure 5d-f). The
standard deviation of monthly SST anomalies ranges from ~0.5°C in the southern Red Sea
to >0.7°C in the northern Red Sea. This gradient of variability is enhanced for the wintertime
seasonal means (ranging from 0.3°C to 0.6°C), whereas there is relatively small interannual
variability of summertime SST throughout the Red Sea (0.3-0.4°C). The latter is likely due to the
strong summertime stratification in the Red Sea capping the variability within the upper 50-100
m, whereas winter SST is a function of air temperature and thus heat losses via latent and
sensible heat fluxes as well as the amount and depth of mixing (Yao et al. 2014a, 2014b;
Papadopoulos et al. 2015). In comparison with SST variability globally, these anomalies are
relatively modest. In the extratropical North Pacific, the northwestern Atlantic (Gulf Stream
region) and the eastern equatorial Pacific, the standard deviation of monthly SST anomalies (not
shown) reaches approximately twice the amplitude as that of the northern Red Sea.
Given that the observed gradients of mean SST and amplitude of SST interannual
variability, the latter of which are particularly sharp, are primarily oriented along the major axis
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of the Red Sea (“meridional” hereafter), it makes sense to examine the temporal variability in the
northern and southern Red Sea separately and in contrast to one another. Using 20°N as a general
boundary between the two regional domains of the Red Sea, the detrended monthly and
interannual variability of area-averaged SST indices along with the meridional gradient thereof
are shown in Figure 6, with their spectral content displayed in Figures 7-8. The strong observed
interannual variability of wintertime SST in the northern Red Sea is statistically robust at periods
between 3 and 5 years (Figure 8, top right), which appears to translate into the strongest and
most significant spectral peak in the wintertime meridional SST gradient at ~5 years (Figure 7,
top right). The importance of the robustness of variability at this time scale and in this spatial
configuration will be clear in section 3c below focusing on remote forcing of wintertime SST
across the Red Sea.
The spatial domains for the above SST indices were defined approximately based on
emergent patterns in the mean climatology and amplitudes of variability about that climatology.
Composite analysis recovers the actual observed SST anomaly patterns corresponding to those
box indices with some regional detail (Figure 9). When the monthly SST anomaly averaged
across the entire Red Sea is positive, statistically significant positive SST anomalies are found
throughout the entire Red Sea, meaning that every grid point in the domain contributes to the
anomalous warmth, but with greater anomalies (reaching 1°C in the composite difference)
hugging the northern Saudi coast ( 20°N). The spatial pattern is similar when the SST anomaly
fields are composited onto the northern Red Sea index, but with slightly greater anomalies along
the northern Saudi coast and insignificant anomalies in the southern (<17°N) Red Sea. When the
southern Red Sea is anomalously warm, there are on average ~0.8°C warmer SST anomalies
relative to the cold phase of that index, with the warm anomalies spreading northward all the
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way to the Gulfs—again, exhibiting a zonal asymmetry such that warmer anomalies are observed
along the eastern half of the basin, consistent with a northward transport via an eastern boundary
current (e.g., Bower and Farrar 2015; Sofianos and Johns 2002, 2003). Finally, compositing the
SST anomaly fields onto the index defined by the meridional SST gradient between the northern
and southern Red Sea reveals an out-of-phase relationship between the northern and extreme
southern Red Sea wherein the mean meridional SST gradient along the major axis is
strengthened by up to 1.5°C.
The time series and composite analyses shown here begin to highlight a tendency for the
northern and southern Red Sea to vary together, but with a significant component of the total
variability in each half of the basin occurring independent of—or even out of phase with—the
other. Such potential modes of spatiotemporal variability are explored in a more objective
statistical framework in the following section.

b. Objective analysis
In this section, empirical orthogonal function (EOF) analysis (also known as principle
component [PC] analysis) is applied to monthly and seasonal SST anomaly fields from 1982
through 2016 using the same spatial domain of the Red Sea (i.e., where data appear on all
previous map figures), with the exception of the Gulf of Aden. An excellent review of the EOF
methodology, including the mathematics and practical implementation, is given by Björnsson
and Venegas (1996). The essence of EOF analysis is to objectively reduce the space of a data set
to its most dominant time-varying patterns of variability (referred to as modes), with the
important caveat that each mode be spatially and temporally orthogonal to the others. As is
common practice and consistent with the scope of the present study, the SST fields were first

11
This article is protected by copyright. All rights reserved.

detrended in order for the EOF analysis to capture the underlying modes of interannual
variability.
Regardless of whether the EOF analysis procedure is applied to monthly anomalies or
seasonal fields (boreal summer and winter separately), two dominant modes emerge. For the
time being, we will only refer to these as “statistical” modes, rather than true “dynamical” modes
such as those that tend to occur through coupling with the atmosphere in large, tropical ocean
basins (e.g., ENSO or Indian Ocean Dipole [IOD]). The first two modes explain ~80% of the
total variance of the data (Figure 10), with the exact contributions of the first and second modes
to the total varying slightly between season (but generally a 60%—20% split). The higher-order
modes explain no more than a few percent of the total variance and will not be discussed further.
The spatial patterns and temporal characteristics of the two leading modes are similar
between the monthly and seasonal anomaly fields, but with some interesting differences. The
two leading modes identified in the monthly SST anomalies (Figure 11), for example, include
what one might refer to as a “whole-sea” mode (EOF1) wherein the entire Red Sea is varying
between anomalously warm everywhere and anomalously cool everywhere, and a “gradient”
mode (EOF2) wherein SST anomalies are varying out of phase with ~20°N serving as the
boundary between the two. Little asymmetry is manifest within the gradient mode, whereas the
whole-sea mode exhibits strong meridional and zonal asymmetries akin to the composite analysis
(Figure 9). Those asymmetries include the eastern half of the northern Red Sea exhibiting
stronger variability, and the extreme southern Red Sea exhibiting weaker variability compared to
the central and north. To confirm the dominance of the two leading modes, as well as their nearequivalence to the aforementioned indices based on simple area averages, the area-averaged Red
Sea SST and meridional SST gradient indices are plotted on top of PC1 (whole-sea mode) and
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PC2 (gradient mode); their correlations with the PCs are 0.98 and 0.84, respectively. Although
beyond the scope of the present study, there is also potentially interesting and robust decadalscale variability in both of the leading modes of SST variability in the Red Sea.
There are a few interesting differences between the results of the EOF analysis applied to
boreal summer and winter SST fields (Figures 12-13). The summertime whole-sea mode is more
homogeneous or free of asymmetries; the wintertime whole-sea mode, in addition to being
higher amplitude, actually exhibits slightly negative SST anomalies in the extreme southern Red
Sea and thus projects very slightly onto a physical gradient depending on how it is defined. The
gradient mode also explains 6% more of the total variability in winter than in summer. In other
words, wintertime SST variability in the Red Sea has a very strong preference for there to be a
meridional gradient in the expression of the overall anomaly field. The regional climatic context
and remote forcing for the variability highlighted by objective analysis is explored further in the
following section.

c. Regional and remote forcing mechanisms
To first provide the regional climatic context associated with the leading modes of SST
variability identified objectively above, and explore their possible physical mechanisms, simple
linear regression is conducted between the PC1 and PC2 time series and surface climate fields
(2-m air temperature [T2m] and 10-m zonal and meridional wind) from the NCEP2 reanalysis
(Kanamitsu et al. 2002). Based on the monthly anomalies (Figure 14), it is immediately clear that
the positive phase of the whole-sea mode is associated with warm surface air temperatures
spread across the entire middle eastern region including northeastern Africa, the eastern
Mediterranean Sea, Turkey and the Arabian Peninsula, and local surface wind anomalies
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opposite to the mean low-level circulation, hence a reduction in the surface wind stress. This
suggests that the whole-sea mode is a manifestation of broader regional climate variation and
likely operates directly through surface turbulent heat fluxes. This analysis cannot distinguish
between the role of wind-speed modulation of surface fluxes from air-temperature modulation of
surface fluxes; sensitivity experiments with a regional ocean general circulation model (OGCM)
are likely to resolve this question.
The positive phase of the so-called gradient mode also appears to be associated with
broader regional climate variation in terms of surface air temperature forcing, with cool (warm)
air temperature anomalies spreading from neighboring landmasses and water bodies across the
northern (southern) Red Sea, while the associated surface wind forcing appears to be locally
confined to the northern and central Red Sea. In the northern Red Sea, the enhancement of the
mean wind would lead to cooler SST by enhancing evaporative fluxes and mixing, as well as
driving anomalous upwelling in the extreme north. In the southern Red Sea, the warm SST
anomalies appear to be associated with warm surface air temperature anomalies funneling into
the Red Sea from the Indian Ocean via the Gulf of Aden, and potentially reduced northward
advection of warm SST due to the southward wind over the central and northern Red Sea.
Separating the above diagnostic analysis into the boreal seasons illustrates that the
regional anomalies are largely insignificant during summer (Figure 15) and highly significant
during winter (Figure 16). However, the complexity of the wintertime modes prevents the simple
PC-based regression technique from achieving such a clean separation. Hence, the regression of
surface climate fields onto the SST gradient index based on area averages is also shown as a
third panel in Figure 16. The patterns of regional-scale anomalous T2m and 10-m winds is similar
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to that for the monthly anomalies without regard to season, but substantially stronger, and the
implied physical mechanisms are therefore the same as those noted above.
The broader region surrounding the Red Sea has long been known to be directly impacted
by the North Atlantic Oscillation (Visbeck et al. 2001) and the East Atlantic/Western Russia
(EAWR) pattern (Barnston and Livezey 1987), while ENSO is known to indirectly influence the
neighboring tropical Indian Ocean by way of atmospheric teleconnections (Bjerknes 1969). The
manifestations of these relationships within the Red Sea itself are easily detected by correlation
and regression analysis between the Red Sea SST fields and established indices for the
aforementioned three climate patterns (Figure 17). ENSO significantly modulates wintertime
SST in the southern Red Sea (south of 18°N), with an amplitude of ~0.25°C during El Niño, and
with a very modest response of the opposite sign in the central Red Sea (~22-24°N). In contrast,
the NAO significantly modulates wintertime SST in the northern Red Sea (north of 22°N), with a
similar amplitude as the ENSO impact observed in the southern Red Sea. Additionally, the
EAWR pattern significantly impacts wintertime SST in a broad stretch of the eastern Red Sea
from ~19°N to the northern end. The EAWR impact appears to be the most substantial in terms
of both fraction of the Red Sea over which the phenomenon is significantly correlated with SST
and the amplitude of SST response (>0.25°C). It should be noted that the boreal wintertime
ENSO and NAO indices are perfectly uncorrelated (r=0.03), and there were no significant
correlations found between SST and either the NAO or ENSO for boreal summer, including with
the preceding and subsequent wintertime NAO and ENSO indices (not shown). Despite the
wintertime ENSO and EAWR indices being modestly correlated (r=0.4), the SST response
patterns are markedly different, suggesting the likelihood of independent mechanisms for remote
forcing of SST anomalies.
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The physical mechanisms by which ENSO, the NAO and EAWR influence different
areas of the Red Sea are identifiable by regressing T2m onto said climate indices at the global
scale (Figure 18). During an El Niño event, the entire tropical Indian Ocean is anomalously
warm, with a prominent appendage of the overlying warm surface air temperature anomaly
extending over the southern Arabian Peninsula, Horn of Africa, the Gulf of Aden in between and,
finally, into the extreme southern Red Sea (Figure 18, top). Additionally, a cool T2m anomaly
persists centered over Egypt and onto the central Red Sea. Similarly, and as was illustrated
vividly by Visbeck et al. (2001), the hemispheric-scale circulation anomaly comprising the NAO
results in a very broad, negative T2m anomaly extending from the western tropical Atlantic
through northern Africa, the Mediterranean, and well past the Middle East, which coincidentally
clips the northern Red Sea (Figure 18, bottom). The mechanism for the EAWR influencing
wintertime Red Sea SST appears to be strictly one of surface heat flux (rather than dynamical
forcing of the circulation by wind stress), as the EAWR features a prominent surface air
temperature anomaly over the region of the Red Sea (spanning East Africa to northern Saudi
Arabia) and the local surface wind response is insignificant (Figure 19).
Both ENSO and the NAO have very large-scale footprints, and it is merely the accident
of geography that these two statistically independent modes of internal climate variability impact
opposite ends of the Red Sea during the same season. It would thus seem logical that the
combined effect of ENSO and NAO is to generate interannual SST variability projecting onto the
whole-sea mode (in the case of, e.g., El Niño and negative NAO) and the meridional gradient
mode of wintertime SST (in the case of, e.g., El Niño and positive NAO). This indeed appears to
be the case, and the forcing mechanism is not necessarily restricted to large-scale circulation
anomalies remotely modulating the regional surface air temperature field. For example, linearly
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superimposing the regional 10-m wind anomalies associated with positive phases of ENSO and
NAO (as one can do by eye, based on the first two panels of Figure 19) results in local wind
forcing that is virtually indistinguishable from that associated with the negative phase of the
whole-sea mode and/or the positive phase of the gradient mode (Figure 16, left and right panels).
The surface wind anomalies in the southern Red Sea associated with El Niño are counter to the
mean local wind field, and thus serve to reduce surface heat fluxes and warm SST. This result is
quite the opposite of that found by Dasari et al. (2017), who found an increase in the
southeasterly wind over the southern Red Sea for a composite El Niño event. However, there are
a number of important differences in the methods and data sets used, particularly a focus on a
different season as the present analysis. In contrast, the surface wind anomalies in the northern
Red Sea associated with positive NAO are aligned with the mean local wind field, and thus serve
to enhance evaporative heat loss and cool SST. Overall, the dominance of the EAWR in the
wintertime Red Sea variability is evident in the fact that the EAWR index is significantly (99%)
correlated (r=0.5) with the first PC of wintertime SST, which is consistent with the leading EOF
pattern (the so-called whole sea mode) having a relatively stronger loading in the same area as
the regression map of wintertime SST on the EAWR index including significant values.
Neither of the aforementioned local wind anomalies emerging by statistical analysis with
ENSO and NAO indices are intuitively linked to the dynamics or teleconnections associated with
ENSO and NAO themselves. This raises the interesting question of whether there is a role for a
local positive feedback triggered by the large-scale surface flux forcing such that the local wind
field responds to the initial change in SST and serves to amplify that SST perturbation through
enhanced surface flux anomalies and/or ocean circulation changes (such as overturning strength
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and upwelling). Sensitivity experiments with a regional atmospheric general circulation model
(AGCM) or a regional coupled model may be able to demonstrate such a feedback.
To conclude the examination of possible regional and remote forcing mechanisms of the
interannual variability of wintertime SST in the Red Sea, we briefly demonstrate the potential
predictability of SST assuming reliable predictions of seasonal NINO3 and NAO values (Figure
20). Since the positive phase of ENSO is associated with warm SST anomalies in the southern
Red Sea, and the positive phase of NAO is associated with cool SST anomalies in the northern
Red Sea, and both of those results together describe an enhancement of the climatological mean
meridional SST gradient, we first report correlations between those two indices independently
against the gradient mode. The correlations with NINO3 and NAO are 0.45 and 0.34,
respectively. However, when the two indices are simply normalized and summed, the resulting
ENSO+NAO index yields a correlation coefficient of 0.55, which is statistically significant at the
95% confidence level.

4. Summary and Discussion
There is excellent agreement between the NOAA Optimal Interpolation (OI) v2 data product and
shorter but higher-resolution ones such as MODIS; a detailed analysis of interannual variability
was thus presented based on the 0.25° NOAA OI v2 data set from 1982 through 2016. The
strongest interannual variability of SST is among wintertime seasonal means. Two dominant
statistical modes of interannual variability (a whole-sea mode and ~meridional gradient mode
[i.e., gradient along the major axis of the sea]) were identified by multiple lines of objective
analysis. Regional surface air temperature and local winds both appear to play a role in driving
the whole-sea mode. The East Atlantic/Western Russia pattern is a dominant factor in the
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wintertime SST variability across a broad area covering more than a quarter of the Red Sea,
which appears to be independent of ENSO and NAO despite ENSO and the EAWR having a
modest correlation. Although the global teleconnection patterns associated with ENSO and NAO
both include surface air temperature and wind anomalies in the Red Sea region that would, based
on first principles, lead to SST anomalies of the observed sign, observations alone are
insufficient to diagnose which mechanism is most important in either case. Nevertheless, a
statistical reconstruction of the meridional SST gradient in the Red Sea based on the linear
combination of ENSO and NAO is significantly correlated (r=0.55) with the observed time series.
Papadopoulos et al. (2015) indicated that the extremely cool conditions that occur in the
north during winter may be enhanced not only by the air-sea exchange, but also by the cyclonic
circulation that occurs in the north. Both Papadopoulos et al. (2015) and Acker et al. (2008)
show both an annual increase during the winter months, but also that there is interannual
variability. The highest MODIS-measured chlorophyll in the northern Red Sea coincided with an
anomalously cool winter in early 2012 (Papadopoulos et al. 2015), the mechanisms of which
were recently examined by Gittings et al. (2018). Thus, the role of this interannual variability not
only in affecting the direct air-sea flux and convective mixing, but also in driving the dynamics
of the cyclonic circulation in the northern Red Sea that may enhance the upward flux of water
from intermediate depths.
It remains an open question whether the surface wind signal associated with the gradient
mode a driver of or a response to the meridional SST gradient that develops and fluctuates in the
Red Sea. In other words, do the NAO and ENSO independently drive the northern and southern
SST, respectively, which is then manifest as a meridional SST gradient that varies effectively
randomly in time, and the local winds simply respond? More research, particularly regional
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modeling (e.g., OGCM-surface forcing sensitivity experiments, AGCM-SST perturbation
experiments and high-resolution coupled modeling), is needed to determine the role of feedbacks
and, more generally, quantitatively diagnose the local processes (e.g., surface fluxes, horizontal
advection, upwelling, mixing, overturning circulation, etc.) through which both the regional and
large-scale/remote mechanisms are driving the observed interannual variations in SST.
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Figures and Tables with Captions

Figure 1. Average number of in situ SST observations per month per 1°x1° grid box in the
ICOADS data bank from 1982-2016. The color bar shown on the right applies to both panels.
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Figure 2. Comparison of time-averaged (2001-2016) SST (°C) from the 0.25°–resolution NOAA
OI v2 product and the 9–km resolution Terra MODIS 11 m daytime product (top row). Bottom
row: as in top row, but for the standard deviation (°C) of monthly SST anomalies. Difference
maps in the right column were produced by regridding (via linear interpolation) the MODIS
fields to the 0.25°–resolution grid of the NOAA OI v2 product.
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Figure 3. Comparison of Red Sea-averaged monthly SST (top) and SST anomalies (bottom)
between the 0.25°–resolution NOAA OI v2 product (blue lines) and the 9–km resolution Terra
MODIS 11 m daytime product (red lines). Monthly anomalies shown in the bottom panel were
computed relative to the same base climatology (2001-2016). Note that the top and bottom
panels have different x-axis scales (the bottom only covers the overlapping time period).
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Figure 4. As in Figure 3 (bottom) but for monthly SST anomalies averaged over the northern
(>20°N) Red Sea (top), southern (<20°N) Red Sea (middle) and the meridional SST gradient
using 20°N as the boundary between the northern and southern Red Sea (bottom).
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Figure 5. Time-averaged (1982-2016) SST (°C) from the 0.25°–resolution NOAA OI v2 product
and 10-m wind from the NCEP2 Reanalysis (a-c) over all months (a,d), boreal summer (b,e) and
boreal winter (c,f). A scale vector of (2,2) m/s is provided in the lower-left corner (colored red to
aid identification). Bottom row (d-f): as in top row (a-c), but for the standard deviation (°C) of
detrended monthly (d) and seasonal (e,f) SST anomalies.
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Figure 6. Time series of detrended SST (°C) averaged over the Red Sea (black), northern
(>20°N) Red Sea (blue), southern (<20°N) Red Sea (red) and the meridional SST gradient (°C)
using 20°N as the boundary between the northern and southern Red Sea (black, right column) for
monthly anomalies (top row), boreal summer (middle row) and boreal winter (bottom row).
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Figure 7. Power spectra of Red Sea-averaged SST (top) and the meridional SST gradient within
the Red Sea (bottom) based on monthly anomalies, boreal summer (JJA) and boreal winter (DJF)
seasonal means. Black lines in the bottom row indicate spectra of the meridional SST gradient
using 20°N as the boundary between the northern and southern Red Sea, whereas red lines
indicate spectra of the meridional SST gradient contrasting the extreme northern (>27°N) with
the extreme southern (<15°N) Red Sea. Dashed lines indicate the 95% significance threshold
relative to 100,000 Monte Carlo simulations using a first-order autoregressive model (i.e., red
noise).
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Figure 8. Power spectra of SST in the northern (top) and southern (bottom) Red Sea based on
monthly anomalies, boreal summer (JJA) and boreal winter (DJF) seasonal means. Black lines
indicate spectra of SST indices averaged everywhere north or south of 20°N, whereas red lines
indicate spectra of SST indices averaged over the extreme northern (>27°N) or southern (<15°N)
Red Sea. Dashed lines indicate the 95% significance threshold relative to 100,000 Monte Carlo
simulations using a first-order autoregressive model (i.e., red noise).
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Figure 9. Difference of monthly SST anomaly (°C) composited on the four indices shown in the
top row of Figure 6: Red Sea SST (top left), the meridional SST gradient using 20°N as the
boundary between the northern and southern Red Sea (bottom left), northern (>20°) Red Sea (top
right) and southern (<20°) Red Sea (bottom right). The threshold for inclusion in the composite
means was exceeding a value of  0.1°C. Only values significant at the 95% confidence level are
shown (difference exceeding  2 standard errors). Composite difference results for boreal
summer and boreal winter are qualitative very similar, with boreal winter having greater
amplitudes than boreal summer (not shown).
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Figure 10. Percent of the total variance explained by each of the leading six EOFs of monthly
SST anomalies (black), boreal summer SST (red) and boreal winter SST (blue).
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Figure 11. Leading two EOFs (°C per standard deviation) and PCs (standard deviations) of
monthly SST anomalies. The dashed line in the PC1 plot indicates the Red Sea-averaged SST,
and the dashed line in the PC2 plot indicates the meridional SST gradient within the Red Sea
using 20°N as the boundary between the northern and southern Red Sea.
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Figure 12. Leading two EOFs (°C per standard deviation) and PCs (standard deviations) of
boreal summer SST anomalies. The dashed line in the PC1 plot indicates the Red Sea-averaged
SST, and the dashed line in the PC2 plot indicates the meridional SST gradient within the Red
Sea using 20°N as the boundary between the northern and southern Red Sea.
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Figure 13. Leading two EOFs (°C per standard deviation) and PCs (standard deviations) of
boreal winter SST anomalies. The dashed line in the PC1 plot indicates the Red Sea-averaged
SST, and the dashed line in the PC2 plot indicates the meridional SST gradient within the Red
Sea using 20°N as the boundary between the northern and southern Red Sea.
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Figure 14. Monthly 2-m surface air temperature (°C) and 10-m wind anomalies from the NCEP2
Reanalysis regressed onto PC1 (left) and PC2 (right) of monthly SST anomalies. Only values
significant at the 99% confidence level are shown.
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Figure 15. Boreal summer 2-m surface air temperature (°C) and 10-m wind from the NCEP2
Reanalysis regressed onto PC1 (left) and PC2 (right) of boreal summer SST. Only values
significant at the 99% confidence level are shown.
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Figure 16. Boreal winter 2-m surface air temperature (°C) and 10-m wind from the NCEP2
Reanalysis regressed onto PC1 (left) and PC2 (center) of boreal winter SST and onto the boreal
winter meridional SST gradient using 20°N as the boundary between the northern and southern
Red Sea (right). Only values significant at the 99% confidence level are shown.
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Figure 17. Boreal winter SST regressed onto (°C) (color shading) and correlated with (black
contours) the boreal winter NINO3 index (left), the boreal winter NAO index (center) and the
boreal winter EAWR index (right). Only regression values significant at the 95% confidence
level are shown. Correlation coefficients are contoured every 0.1 with the zero contour omitted.
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Figure 18. Boreal winter 2-m surface air temperature from the NCEP2 Reanalysis regressed onto
(°C) (color shading) and correlated with (black contours) the boreal winter NINO3 index (top),
the boreal winter NAO index (center) and the boreal winter EAWR index (bottom). Regression
values significant at the 80% confidence level are shown (to emphasize large-scale patterns).
Correlation coefficients are contoured every 0.2 with the zero contour omitted.

43
This article is protected by copyright. All rights reserved.

Figure 19. Boreal winter 10-m wind from the NCEP2 Reanalysis regressed onto boreal winter
NINO3 (left), NAO (center) and EAWR (right). Only values significant at the 99% confidence
level are shown. A scale vector of (0.5,0.5) m/s is provided in the lower-left corner.
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Figure 20. Meridional SST gradient within the Red Sea using 20°N as the boundary between the
northern and southern Red Sea (black solid), sum of the normalized NINO3 and NAO indices
(black dashed), NINO3 (red) and NAO (blue). All time series are for boreal winter (DJF) and are
normalized. Correlations for NINO3, NAO and their sum with the meridional SST gradient are
0.45, 0.34 and 0.55, respectively (all of which are statistically significant at the 95% confidence
level).
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