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ABSTRACT 
 
During El Niño-Southern Oscillation (ENSO) events, enhanced convection in the 
equatorial Pacific creates a wave pattern over the Pacific-North America (PNA) region. 
The associated changes in winds, temperatures, and moisture foster atmospheric forcing 
on the North Pacific Ocean, which induce sea surface temperature anomalies (SSTA), 
especially during winter. This atmospheric connection between two ocean basins, termed 
the “atmospheric bridge”, has been well documented on seasonal and monthly time 
scales, so this research investigated the North Pacific Ocean’s response to the 
atmospheric bridge on daily time scales during two strong ENSO winters. November 
through March of 1997-98 and 2015-16 were analyzed using daily Climate Forecast 
System Reanalysis (CFSR) anomaly data for sea level pressure, sea surface temperatures 
(SSTs), surface wind, latent and sensible heat flux, sea level pressure, and 500mb 
geopotential height. The daily SSTA tendency was calculated throughout both seasons, 
since forcings affect the SSTA tendency directly. Using a threshold of one standard 
deviation below the average daily SSTA tendency over both seasons, composites of the 
above variables were analyzed for days meeting this criterion. SSTA tendency had a 
particularly high dependency on latent heat flux. The days included in the composites 
accounted for 125.17% of the cooling that occurred over the 1997-98 season, whereas 
69.82% of the cooling over the 2015-16 season occurred during days included in the 
composite, highlighting differences between ENSO events. 
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1. Introduction 
 
 The El Niño Southern Oscillation (ENSO) is a phenomenon that is centered in the 
equatorial Pacific Ocean, but ENSO events have profound impacts on large-scale air-sea 
interactions globally (Alexander et al. 2002). With the occurrence of anomalously SSTs 
during an ENSO event, there is enhanced convection (Rasmusson and Wallace 1983) in 
the equatorial Pacific, particularly in the central and eastern regions. The anomalously 
higher convection in the tropics results in increased upward atmospheric motion in these 
regions, altering global atmospheric circulation patterns. 
 ENSO’s changes on the atmosphere are how changes in the North Pacific Ocean 
are induced, through a process called the atmospheric bridge, which works in a few steps. 
The first step, explained above, has to do with the anomalously warm sea surface 
temperatures that promote more convection in the central and eastern equatorial Pacific 
Ocean. There is a resulting increased amount of divergent outflow in the upper 
troposphere associated with the convection. The increased energy perturbs the 
atmosphere to procreate large-scale Rossby wave trains [citation] over the Pacific-North 
America (PNA) region. When seasonally averaged over the winter, anomalously high 
pressure forms in the subtropical North Pacific Ocean around 20° north, and between 
170° west [citation].  

Simultaneously, the Aleutian low tends to deepen during ENSO events with a 
strong extratropical response (Bjerknes 1966, 1969). The resultant high and low pressure 
patterns casued by the Rossby waviness pattern also create more forcing on the ocean’s 
surface. The enhanced westerlies at the ocean’s surface create more wind stress on the 
ocean surface. Along with an enhanced jet stream during ENSO winters (Liu and 
Alexander 2007), the winds at the surface allow for more heat escape. In the bulk 
equation [citation], heat escape happens through sensible heat, latent heat, longwave 
radiation, and shortwave radiation flux. With respect to winds, a greater magnitude of 
wind speed allows for more latent and sensible heat to escape from the ocean. The large 
temperature gradient in the winter allows for more latent heat transfer relative to sensible 
heat, which does not involve a phase change. This whole process, termed the atmospheric 
bridge, in the North Pacific Ocean, has an end impact of anomalously cooler SSTs. 

Atmospheric teleconnections during ENSO drive and force changes in SSTs in 
other oceans as well through the bridge, which can induce changes in the ocean salinity 
levels due to the changes in freshwater flux, mixed layer depth (MLD). As a result, 
oceans can endure changes due to the MLD’s interaction with the deeper ocean through 
entrainment and other smaller scale processes. 

The role of the atmospheric bridge has been studied extensively in a multitude of 
different avenues. Some studies have focused on the interannual relationships between 
ENSO and SSTAs elsewhere. Zhang et al. (1998), Nitta and Yamada (1989), and others 
have studied the relationship on an interannual and decadal scale, finding varying 
correlation levels. Using a variety of methods, including composites, empirical 
orthogonal functions (EOFs) correlations, regressions, and others, different oceans 
respond differently to warm and cool ENSO events. The oceans that typically see 
anomalously colder SSTs are the extratropical North and South Pacific Oceans as well as 
the northwestern Atlantic Ocean. Oceans with a warmer SST average include the tropical 
Atlantic and the Indian Ocean. Noting the high thermal inertia of the ocean, many of 



SOARS®	2017,	Keenan	Eure,	3	
	

these changes in SST and the MLD have a considerable lag time between the peak SST 
anomalies in the equatorial Pacific (Klein et al. 1999). Additionally, the MLD variability 
can affect SST variability throughout a season. 

This study focuses on the link between the extratropical North Pacific Ocean, 
which sees a multitude of changes beyond the cooler SSTs. The majority of work 
analyzing ENSO as a teleconnection has been evaluated on seasonal and monthly 
temporal scales. The specific changes to the atmosphere and ocean on a daily scale are 
unclear, so the goal of this study is to focus on how the synoptic scale storms drive and 
force the ocean on a daily scale in the North Pacific Ocean. This manuscript is organized 
as follows: Section 2 details the methodology. Section 3 outlines the results and statistical 
analysis employed in the study. Section 4 discusses the findings, and Section 5 contains 
the discussion and conclusion, which also entails future research possibilities. 
 
2. Methodology 
 

a) Dataset 
 

For the analyses in this study, we used the Climate Forecast System Reanalysis 
(CFSR) dataset (Saha et al. 2010), which includes a wide array of different surface and 
upper air products that are assimilated into a global model and combined with actual 
observations. The daily mean values of the different atmospheric fields were obtained by 
averaging the 6-hourly values available from the CFSR. The variables examined SSTs, 
latent heat flux, sensible heat flux, sea level pressure, meridional and zonal wind, and 
500mb geopotential height.  

The first four previously mentioned variables in the dataset are on an unequally 
spaced Gaussian grid, but the latter four are on a 0.5° lat x lon equally spaced grid. To 
keep consistency across variables, the fields on a Gaussian grid were interpolated to the 
lower resolution, 0.5° grid. The goals of our study are to ultimately compare two 
particularly strong winters of ENSO events, 1997-98 and 2015-16, to see their departures 
from climatological averages. This entailed the calculation of anomalies, which required 
climatological averages for each of the variables. To calculate averages, a 30-year 
baseline period (1981-2010) was used. To compute climatology, four harmonics were fit 
to daily mean data for each year and fitted to four harmonics. This process was done for 
each year, and then the 30 years were averaged together. 

 
b) Analysis 

 
We examined the atmospheric bridge during the winters of 1997-98 and 2015-16 

as both had strong ENSO events, as a well as a strong extratropical response in the North 
Pacific. Here winter was taken to be November to March (NDJFM). Daily mean 
anomalies for all atmospheric fields were computed by subtracting the daily 
climatological value from the total or recorded value.  

The emphasis of this study was on how different atmospheric forcings affect the 
SSTs in the North Pacific Ocean. More specifically, the idea behind this is that with a 
simple tendency equation for SSTs depends on the term which includes the sum of heat 
fluxes, density of the ocean, specific heat of the ocean, MLD, as well as some other 
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terms. Using a centered difference, the derivative of SSTs was computed for the NJDFM 
period over both seasons. From there, an average dSST/dt rate per day was found. We 
created a threshold that was on days with substantial cooling: days where the SST 
tendency was more than one standard deviation below the average daily value. Time 
series of SSTA tendency rates were compared against the climatological and daily mean 
values of SSTs over each season to qualitatively analyze where the drops in the daily 
mean values coincided with the patterns in the SSTA tendency values.  

For each season, composite maps for each of the parameters were created using 
these days with negative values that were below the threshold. Additionally, correlation 
analysis was conducted on the daily values of the latent and sensible heat fluxes as well 
as the summation of the two quantities. Time series of SST tendency rates were 
compared against the climatological and daily mean values of SSTs over each season to 
qualitatively analyze where the drops in the daily mean values coincided with the patterns 
in the SST tendency values. 

Noting that there is a definite lag time between different forcings and SST 
responses, the same analyses were conducted with a lead applied to the different 
parameters, respective to the SSTA tendency. The composite analysis and scatter plots 
were analyzed this way, taking into account which days were below the threshold 
throughout NDJFM. 
 
3. Results 
 

a) 1997-98 winter 
 

 
Figure 1: SSTA for the 1997-98 season (shaded). 
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 In Fig. 1, The SSTA from the 1997-98 years confirm the particularly strong 
ENSO event that occurred over NDJFM of these years. This ENSO had its greatest 
magnitude anomalies centered more towards the South American coast, generally east 
150W, straddling the equator. All along the western coast of North America, the daily 
averages over the whole season indicate positive SSTAs, extending from the Gulf of 
Alaska down to the Baja Peninsula. The warm pool region in the ocean waters 
surrounding southeastern Asia have slightly cooler than normal SSTs as well. 

As the seasonal response to ENSO in the North Pacific Ocean shows a broad 
swath of cool SST anomalies, the box picked for composite analysis depend on where the 
biggest changes in SST occurred throughout the season, since the purpose of this study is 
to analyze the ocean’s response to atmospheric forcing via the atmospheric bridge. 

 
Figure 2: SSTA tendency computed over the season with a 3° box centered around 141W, 37N 

The composite analysis was conducted by selecting a small region in the North 
Pacific Ocean that saw the greatest magnitude of changes in SSTs over the season. Ocean 
regions near Japan and off the coast of East Asia saw a warming trend over NDJFM, but 
the region we are focusing on was in the eastern part of the North Pacific, best 
represented by the cooler temperatures. This is where the 3° box was chosen centered on 
141W and 37N, in which the quantities of interest will be averaged (Fig. 2), taking 49 
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total points within the box, since all the parameters have 0.5° lat x lon grid spacing. 

 
Figure 3: A time series of the 1997-98 season's daily SSTs over the box, overlaid with climatology and SSTA 
tendencies. The dashed black line is the climatological average, the solid black line corresponds to the recorded 
1997-98 values, the solid blue line is the SSTA tendencies, and the dashed blue line is a reference line at 0 for the 
tendencies. 

The climatological average SST in the box begins just below 18°C and decreases 
slowly to 11°C by the end of the defined season (black dashed line in Fig 3). 
Simultaneously, the daily values during 1997-98 (black solid line) follow climatology 
closely until diverging significantly between middle November and middle December, as 
the SST cooled faster in 1997-98 than climatology, resulting in negative SSTA 
tendencies. Throughout the winter, the SSTA tendency (blue solid line) exhibits wide 
fluctuations on daily time scales. 
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Figure 4: Time series of SSTA tendencies (°C/day) over the 1997-98 season (solid black line), which is plotted 
with a reference line at 0°C/day, the average value over all 149 days (solid red line), and the threshold value 
which is the average minus one standard deviation (dashed blue line). 

The time series of SSTA tendency shows the changes in the SSTs over the whole 
season in Fig. 3 and Fig. 4. The seasonal average SSTA tendency value was -0.012 
°C/day, denoted by the horizontal red line in Figure 4. The standard deviation value was 
0.0637 °C/day. One standard deviation below the average, -0.0757°C/day, was used as 
the threshold to construct composites. 

 
Out of 149 days, which excludes the first and last day of NDJFM since the tendencies use 
a centered difference to calculate derivatives, 16 days exceeded the threshold, and 136 
days did not. For days within NDJFM that were included in the composite threshold, the 
average SST tendency of those 16 days was -0.1378 °C/day.     
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The days included in the composite that displayed relatively rapid cooling of 

SSTs were representative of large-scale synoptic storms propagating through the region 

included in the box. Figure 4 illustrates a broad region of anomalously low pressure to the 
north of the selected box, with surface wind anomalies denoting the center of the 
circulation slightly to the northwest on the greatest magnitude SLP anomalies. To the 
west of the region of anomalously low SLP, a broad region of high pressure is following 
the low-pressure extratropical synoptic system. The anomalous winds are great in 
magnitude over the box as well, supporting the idea of enhanced surface westerlies over 
the North Pacific over NDJFM. 

With enhanced surface winds in the North Pacific Ocean, it is expected that there 
is anomalously high heat flux via latent and sensible heat. As seen in Figures 5 and 6, 
latent and sensible heat both had net outward transport from the ocean during these 
selected days. The negative anomalies designate areas in the ocean that lost heat, whereas 
positive anomalies are where heat was gained by the ocean. The 3° box is on the edge of 
the large region of cooling for both latent heat and sensible heat. The box saw an average 
latent heat flux below -100 W/m2 for the composite days, which had much larger 
amplitude than sensible heat flux. Sensible heat fluxes across the entire domain were far 
less, which is typical during the winter years. Particularly to the west of the latent and 
sensible heat flux signatures, the surface wind anomalies are some of the greatest 
magnitudes over the whole domain. 

 

Figure	5:	Anomalies	of	SLP	and	surface	wind	over	the	16	composite	days	in	the	1997-98	season.	
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Figure 6: Latent heat flux anomalies for the composite days in shaded colors, with surface wind anomalies in 
vectors. 

 
Figure 7: Same as Figure 6, but for sensible heat flux. 
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Figure 8: Scatter plot of daily values of latent heat flux anomaly vs. SST anomaly tendency. The red points are 
daily values of both quantities for the composite days, and the blue points are the values of non-composite days. 

 
Figure 9: Same as Figure 7, but for sensible heat flux anomaly. 

In the bulk equation [citation?], the change in SST with respect to time has a 
linear relationship with the summation of the four heat fluxes from sensible, latent, 
incoming radiation, and outgoing radiation. This study investigates sensible and latent 
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heat flux relationships with the SST tendency only. Daily data, although containing a fair 
amount of noise, shows a trend between heat fluxes and their associated SST anomaly 
tendency values (Figs 7 & 8). For both plots, the majority of days fall in the lower left 
quadrant or upper right quadrant, which gives a positive correlation between the two 
fluxes and SST anomaly tendencies. When the SST anomaly tendency is negative, 
meaning that the sea surface loses heat relative to the climatological average, the heat 
flux values tend to also be negative, and vice versa. With latent heat, this relationship is 
better illustrated. The coefficient of determination over the season for latent heat and 
sensible heat fluxes were 0.32689 and 0.1844, respectively. 

b) 2015-16 season 
 

 
Figure 10: Average SSTA over the 2015-16 season. 
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Figure 11: Average SSTA tendency over the 2015-16 season with a 3° box centered on 44N, 175W.  

Similar to the 1997-98 season, there was widespread cooling across most of the 
North Pacific Ocean, with the highest daily average cooling values of SSTA tendency 
centered farther west than in 1997-98. Due to this difference, the 3° box was placed 
farther west, centered at 44°N, 175°W. In the west Pacific, however, there were 
pronounced regions of warming over NDJFM. Based on the negative average SSTA 
tendencies, the strength of the ENSO, based on the positive SSTAs in the equatorial 
Pacific Ocean, looked to decrease over the length of the season. Data were averaged over 
this box across the whole season in the following analyses. 

In Fig. 12, the climatological average SSTs in early November at 11°C, cooler 
than the other box due to the higher latitude. By the end of the season, the time series of 
climatological SST (dashed black line) ends at 7°C. The total field of SSTs averaged over 
the box (solid black line) endures rapid decreases throughout the season, more so than the 
1997-98 season. The streak of days with low SSTA tendencies in late November and 
early December caused the total SST field to drop tremendously over the period. Across 
the whole season, the SST dropped 7°C, while the change in anomaly was 2.98°C. The 
numerous positive jumps in the total SST profile for this season correspond directly with 
the positive jumps in the SSTA tendency. 
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Figure 12: A time series of the 2015-16 season’s daily SSTs over the box overlaid with climatology and SSTA 
tendencies. The dashed black line is the climatological average, the solid black line corresponds to the recorded 
2015-16 values, the solid blue line is the SST anomaly tendencies and the dashed blue line is a reference line at 0 
for the tendencies. 

 
Figure 13: Time series of SSTA tendencies day over the 2015-16 season (solid black line), which is plotted with a 
reference line at 0°C/day, the average value over all 150 days (solid red line), and the threshold value which is 
the average minus one standard deviation (dashed blue line). 
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 Figure 13 displays the SSTA tendencies, as well as the average daily value over 
the season, -0.02°C/day (red horizontal line). The standard deviation of the SSTA 
tendency was 0.0514°C/day. Therefore, the threshold for the 2015-16 season days was -
0.0718°C/day, so 19 days were included out of the whole season that had values more 
negative than the threshold. 2015-16 includes an extra leap day in February, resulting in 
131 days that were not included in the composite. These days in the composite analyses 
cooled the 3° box -0.11°C/day. 

 
Figure 14: Anomalously low SLP near the 3° box in the 2015-16 season. 

 Composite analysis of the 19 days indicates an average lower pressure in the 
vicinity of the box. The oblong shape of the anomalously low region may be attributed to 
an occlusion by the low-pressure systems that occurred on these days. The anomalous 
surface wind vectors also illustrate low-pressure systems in the area at the time negative 
SSTA tendencies. To the southwest of the low pressure is an area of anomalously high-
pressure, indicative of the wave train aforementioned. There are anomalous westerly 
winds in the tropical Pacific Ocean, illustrating the reversal of the global wind patterns in 
the low latitudes that occur during ENSO events. 
 As in the 1997-98 season, the North Pacific Ocean experienced a net heat loss 
over the majority, shown by latent and sensible heat flux anomalies (Figs. 9 and 10), but 
had maxima in regions with higher storm activity. In Fig. 15 of latent heat flux 
anomalies, there are pockets of warming throughout the ocean. Near the box used for 
compositing, there is a large swath of anomalously low latent heat flux, indicating the 
ocean’s heat loss during days within exceptional cooling of SSTs. Composite analysis 
indicates that there was overall more latent heat loss rather than sensible heat loss across 
the whole domain.  
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Figure 15: Latent heat flux anomalies for the composite days in shaded colors, with surface wind anomalies in 
vectors. 

 
Figure 16: Same as Figure 13, but for sensible heat flux. 
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Figure 17: Scatter plot of daily values of latent heat flux anomaly vs. SST anomaly tendency. The red points are 
daily values of both quantities for the composite days, and the blue points are the values of non-composite days. 

 

 
Figure 18: Same as Figure 15, but for sensible heat flux anomaly. 
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Scatter plots indicate slightly weaker relationships between the daily SSTA 
tendency and latent heat flux in the 2015-16 season than in 1997-98. While the daily 
mean data is quite noisy, there is still a weak relation between the two variables as 
indicated by a coefficient of determination of 0.1792. In both seasons, sensible has a 
considerably weaker relationship with SST anomaly tendency, even though both 
quantities make up two of the four heat flux terms in the bulk equation. The coefficient of 
determination value was 0.07, which was quite low, especially compared to the latent 
heat flux value. Composite days tended to have negative latent and sensible heat flux 
values, which reaffirms the linear relationship between those respective heat fluxes and 
SSTA tendencies. 
 
4. Discussion and Conclusions 
 
 Qualitatively, the most cooling of SSTs occurred slightly east of the central North 
Pacific, which is consistent with the ENSO event of that year. Compared with the 2015-
16 season, which saw positive SSTAs extending farther toward the central equatorial 
Pacific, the more eastward ENSO event of the 1997-98 season is likely the cause of the 
more eastward swath of cool SSTs in the North Pacific. As a result, the box picked for 
each of the two seasons was different, since it was based on where the changes in SST 
were most pronounced. The ENSO event of 2015-16 also had a considerably later 
response in the North Pacific Ocean [citation], so a composite map of SSTAs would have 
been above normal in the selected box. 
 Based on the SSTA tendencies in Fig 1, the negative SSTA tendencies show that 
the equatorial Pacific SSTs cooled over the course of NDJFM. Although the anomalies in 
the equatorial Pacific lessened in the tropics, the North Pacific continued to feel the 
effects. At the same time, Fig 2 shows that a majority of days below the compositing 
threshold were in the beginning of the season, primarily before January, which suggests 
that a majority of the seasonal cooling occurred on specific days of November and 
December. 
 Fig. 3 reiterates that due to the high thermal inertia and high specific heat of the 
ocean, daily changes in SSTs occur relatively slowly and are small relative to the changes 
that occur over the whole season. But, on average, the ocean over the 3° box cooled, as 
evidenced by the average value, -0.012 °C/day. 
 The composite maps help illustrate and confirm the hypothesis of whether there 
are quantifiable and non-negligible SST changes on a daily scale due to a wide variety of 
parameters. SLP anomalies over the composite days in the Aleutian low were well below 
climatological averages, supporting the notion of a large scale storm that affected heat 
fluxes, surface winds, and other parameters over the selected boxes. The latent and 
sensible heat signatures are present, but do not have maximums over the region the box 
encloses. Latent and sensible heat respond quicker than changes in SSTs [citation], but 
these are some of the primary forcings that affect the SSTs due to the bulk equation. 
Surface wind anomalies look particularly strong over the region with the box. These 
winds work in collaboration with the heat fluxes to alter the SSTs. Stronger winds equate 
to more dissipation of heat within the ocean, but there are other factors that influence how 
SSTs change as well, including MLD, which is an avenue for future research into the 
daily variability of SSTs. In addition, winds can allow for heat to mix within the ocean, 
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causing colder water to come to the surface, which is a process that could be evaluated in 
the future. 
 The scatter plots demonstrate that there is a linkage between heat flux and SST 
tendency, but as noted previously, taking daily data of these variables over a 3° box 
makes the data subject to noise. Latent heat flux has a stronger correlation with SST 
tendency than sensible heat flux. In the 1997-98 season, based on a r2 value of 0.32689, 
32.689% of the variation in SST tendencies can be explained by latent heat fluxes. For 
sensible heat, the r2 value of 0.1844 denotes that 18.44% of the variation in SST 
tendencies can be explained by sensible heat fluxes. Similar results occurred in the 
analyses of the 2015-16 season with considerably lower coefficients of determination. 
 A key result from our study was that even though the average daily SST anomaly 
tendency is slightly negative, the composite days account for an overwhelming amount of 
cooling. In the 3° box, SSTs decreased by -1.761°C, but summing the composite days, 
they cooled the SSTs over the box -2.2041°C. Being greater than the seasonal difference 
between the first and last day, this suggests that the days not included in the composite 
had an average warming effect. The average SST tendency for the days not included in 
the composite was in fact a positive value, 0.0031°C, which although small, indicates 
warming. NJDFM for the 2015-16 season had similar results, but 69.82% of the cooling 
occurred over the subset of days in the composite, much less than the 1997-98 season.  
 The subjective location of the box dictated largely how the resultant data was 
going to appear, since this is a small box that enclosed a concentrated region. Calculating 
mean values over the region was supposed to help smooth out the data, since daily data 
has an incredible amount of noise, but there is still significant noise even in a 3° box. 
 Even with the numerous spatial differences between the different ENSO events, 
the results with the 1997-98 season were more demonstrative of a relationship between 
the atmospheric bridge’s forcings on SSTs as well as their tendencies [need 2015-16 
season to have this paragraph/expand on it]  
 In the future, we hope to investigate into more of the factors that influence SST 
variability in the North Pacific Ocean. Noting the significant impact that lead and lag 
time has on the forcings as well as the ocean’s responses, we want to further explore the 
lead that various forcings have on the ocean. Additionally, adding more ENSO events 
with particularly robust extratropical responses, as these two years did would improve the 
statistical significance of the results. Comparing the atmospheric bridge during strong 
ENSO events to years that experienced neutral ENSO indices would be illustrative as 
well. 
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