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Abstract In this study, time-lagged composites of OSCAR upper ocean currents from February to May of
1993–2016 were binned by active phase of the leading atmospheric mode of intraseasonal variability, the
Madden-Julian Oscillation (MJO). Seven days after the convectively active phase of the MJO is present in the
tropical Indian Ocean, anomalously strong south-southeastward upper ocean currents are seen along nearly
the entire U.S. west coast. Seven days after the convectively active phase is present in the tropical western
Pacific Ocean, upper ocean current anomalies reverse along the U.S. west coast, with weaker southward
flow. A physical pathway to the ocean was found for both of these phases: (a) tropical MJO convection
modulates upper tropospheric heights and circulation over the Pacific Ocean; (b) those anomalous
atmospheric heights adjust the strength and position of the Aleutian Low and Hawaiian High; (c) surface
winds change in response to the adjusted atmospheric pressure patterns; and (d) those surface winds
project onto upper ocean currents.

Plain Language Summary Thunderstorms in the tropical Indian and Pacific Oceans are found to
generate a response in upper ocean currents along the U.S. west coast.

1. Introduction

It is widely recognized that surface wind forcing plays a critical role in driving upper ocean dynamics. Signif-
icant advancements have been made in understanding the oceanic response to atmospheric forcing as it
relates to both small-scale and large-scale processes. Examples include, but are not limited to, wind-wave
generation (Hasselmann et al., 1973; Miles, 1957; Phillips, 1985), wind-generated Langmuir circulation
(McWilliams et al., 1997; Weller & Price, 1988), El Ni~no’s impact on the Kuroshio Current (Yamagata, 1985)
and the Gulf Stream (Taylor et al., 1998), the Southern Annular Mode’s impact on the Antarctic Circumpolar
Current (Sallee et al., 2008), and the Pacific Decadal Oscillation’s impact on the Kuroshio (Latif & Barnett,
1996; Qiu, 2003) and California currents (Biondi et al., 2001). However, despite this considerable progress,
the impact of intraseasonal atmospheric variability on surface ocean dynamics remains relatively under-
studied and unresolved, particularly in the extratropics and including along the U.S. west coast.

One major mode of atmospheric intraseasonal variability is the Madden-Julian Oscillation (MJO; Madden &
Julian, 1971, 1972). In the equatorial Indian and western Pacific Oceans, the MJO is defined by an eastward-
moving region of enhanced deep convection and precipitation approximately 10,000 km across and
centered in the tropics. On both sides of this region of anomalously enhanced convection are regions of
anomalously suppressed convection. These enhanced and suppressed regions are connected by zonal over-
turning circulations extending through the troposphere. These anomalies of convection and circulation cir-
cumnavigate the tropics with a period between approximately 30 and 90 days (Madden & Julian, 1994).
One consequence of the MJO convection, and one that is critically important to this current study, is that
tropical upper tropospheric diabatic heating, precisely the kind of heating associated with the MJO, can be
an efficient Rossby wave source into the extratropics (Ferranti et al., 1990; Wallace & Gutzler, 1981). Hoskins
and Karoly (1981), Blad�e and Hartmann (1995), Jin and Hoskins (1995), Matthews et al. (2004), and Seo and
Son (2012) confirmed this planetary-scale atmospheric Rossby wave train response to MJO and MJO-like
upper troposphere heating. Through this connection to global atmospheric circulation, the MJO has
been shown to have direct (in the tropics) and indirect (via teleconnections to the extratropics)
influences on many weather phenomena, spanning an impressive range of spatial and temporal scales: the
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El Ni~no-Southern Oscillation (Hendon et al., 2007; Kapur & Zhang, 2012; McPhaden, 1999), the North Atlantic
Oscillation (Cassou, 2008), the Pacific-North American pattern (Baxter et al., 2014; Baxter & Nigam, 2013), the
Southern Annular Mode (Fauchereau et al., 2016; Flatau & Kim, 2013), the South Asian monsoon (Goswami,
2005), tropical cyclone activity in the Atlantic basin (Barrett & Leslie, 2009; Klotzbach & Oliver, 2015), global
precipitation (Donald et al., 2006), U.S. tornado activity (Barrett & Gensini, 2013), and surface air quality
(Barrett & Raga, 2016; Liu et al., 2015). In the tropics, the modulation from the MJO onto the ocean is local,
including a dynamical response in the Indian Ocean to intraseasonal wind variability seen as a spike in
power spectra of zonal currents between 30 and 50 days (Han, 2005; Han et al., 2001; Iskandar & McPhaden,
2011; Schott et al., 2009; Sengupta et al., 2007). This ocean response is the result of a dynamical ocean cou-
pling mechanism by which westerly surface winds generate an eastward-propagating Kelvin wave, one that
can reflect off Sumatra feed back to subsequent MJO events as they enter the Indian Ocean (Webber et al.,
2010). Furthermore, westerly wind bursts associated with the MJO can excite eastward ocean jets in the
Indian Ocean that modify sea surface temperatures for several weeks after the MJO passes (Moum et al.,
2014). This multiscale projection of the MJO onto both the tropical ocean and the extratropical atmosphere
underlies the hypotheses tested in this study, namely that the MJO could modulate upper ocean currents
along the U.S. west coast via a modulation of the extratropical atmosphere. In support of that hypothesis,
Matthews and Meredith (2004) noted that the MJO can modulate the Southern Annular Mode during south-
ern hemisphere winter, and they found a projection of that atmospheric modulation as an acceleration in
the Antarctic circumpolar ocean current at 608S.

While seasonal variability of ocean currents is well documented across all ocean basins, subseasonal and
intraseasonal variability of surface ocean currents in the extratropics is a relatively new area of study. The
MJO’s in situ impacts on the tropical ocean on the intraseasonal time scale have been well studied (Duvel &
Vialard, 2007; Halkides et al., 2015; Jones et al., 1998; Kemball-Cook & Wang, 2001; Maloney & Sobel, 2004;
Roundy & Kiladis, 2006; Shinoda et al., 2013; Waliser et al., 2003; Zhang et al., 2010; Zhou & Murtugudde,
2010), and indeed, those air-sea fluxes are fundamental to MJO convection on the intraseasonal time scale
(Hendon, 2005; Kang et al., 2013; Seo et al., 2014; Shinoda et al., 2008; Webber et al., 2012; Woolnough et al.,
2007). However, connections between the MJO and intraseasonal variability of ocean currents in the sub-
tropics and extratropics remain largely unknown. In one of the studies to explore this relationship, Wang
et al. (2013) identified cyclonic and anticyclonic gyres formed from MJO-driven winds in the South China
Sea. They concluded that the MJO has an important imprint on the summer climatology of South China Sea
circulation and recommended more research to further understand that relationship. In another study,
Marshall and Hendon (2014) found that Ekman-induced downwelling along the northwest coast of Australia
resulted from local meridional wind anomalies associated with different MJO phases. They noted that
downwelling modulated the Leeuwin current, and as a result, they encouraged training for operational fore-
casters to raise awareness of their newly discovered process. Finally, Liu et al. (2012) documented an upwell-
ing response to MJO-driven winds off the east coast of Vietnam in August 2007.

Despite these studies, there does not appear to be much work to connect the MJO to extratropical upper
ocean circulation in the northeastern Pacific Ocean. However, many oceanic features exhibit direct
responses to surface wind forcing and potentially on time scales of the MJO. Furthermore, MJO-driven
upper troposphere Rossby wave activity has already been identified along the U.S. west coast (Jones &
Carvalho, 2014; Matthews et al., 2004; Roundy, 2012; Sakaeda & Roundy, 2015; Sardeshmukh & Hoskins,
1988), and via three-dimensional quasi-geostrophic theory, these MJO-driven Rossby waves will modulate
surface pressure systems and surface winds (e.g., Bluestein, 1992). Thus, a physical pathway between the
anomalous tropical convection of the MJO and the upper ocean along the U.S. west coast likely exists, and
documenting that modulation and identifying phases when it is strongest was the primary objective of this
study. The remainder of this paper is organized as follows: data sets and methodologies used in the analysis
are described in section 2. Results of the MJO-ocean analysis are presented in section 3. Finally, conclusions
from this study and suggestions for future work are offered in section 4.

2. Data and Methods

To establish an atmospheric link between the MJO convection and upper ocean currents along the U.S.
west coast, daily 300 hPa heights, 10 m winds, and mean sea level pressures at 0000 UTC from the ERA-
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Interim reanalysis (Dee et al., 2011; freely available for download online at http://www.ecmwf.int/en/
research/climate-reanalysis/era-interim) were analyzed. The data spanned the period 1980–2016 and were
analyzed for the months of February through May. This late winter and early spring time period was chosen
to coincide both with greatest MJO intensity (Lafleur et al., 2015) and with the timing of the spring bloom
in the California current system (Henson & Thomas, 2007), which is important for fisheries along the Pacific
coast of North America. A follow-on study is planned to explore potential biological response to the MJO
during these months. Atmospheric heights and mean sea level pressure were analyzed at 2.58 3 2.58

latitude-longitude spacing, while 10 m winds were analyzed at higher resolution (0.1258 3 0.1258) to better
capture smaller-scale variability close to North America (although it should be noted that the native resolu-
tion of the ERA-Interim data set is closer to 0.758 3 0.758). To consider together the observations from differ-
ent months, atmospheric variables were converted to standard anomalies by subtracting the corresponding
long-term monthly mean from each daily value, and then dividing the resulting anomaly by the long-term
monthly standard deviation. Daily standard anomalies were then binned by lagged phase of the MJO,
whereby each standard anomaly was binned according the phase of the MJO 7 days prior, following the
methodology of Barrett et al. (2015). A 7 day temporal lag was selected following Cassou (2008), L’Heureux
and Higgins (2008), Lin and Brunet (2009), and Flatau and Kim (2013), who found that the Northern Hemi-
sphere extratropical atmospheric response lagged MJO convection by approximately 7 days. Converting
anomalies to standard anomalies allows for compositing across all four months. MJO amplitude and phase
were determined from the Real-time Multivariate MJO (RMM) index (Wheeler & Hendon, 2004; freely avail-
able for download online at http://www.bom.gov.au/climate/mjo/), where active MJO was defined as one
with an amplitude (RMM12 1 RMM22)0.5 greater than or equal to 1.0, and RMM1 and RMM2 are the two lead-
ing principal components that form the index. Standard anomalies 7 days after inactive MJO (amplitude
less than 1.0) were not included in the analysis. Finally, statistical significance of the composite standard
anomalies for each MJO phase was determined at the 95% confidence level via a Student’s t test. The t sta-
tistic was calculated for each atmospheric variable as follows:

ti;j5
�x i;j2lj
rj= ffiffiffiffiffiffiffiffini 21
p

where �x i;j is the composite anomaly for month j 7 days after MJO phase i, lj and rj are the long-term mean
and long-term standard deviation for month j, and ni is the number of observations of MJO phase i. In this
calculation, i ranged from 1 to 8 and j from February to May.

Ocean currents in the upper 30 m were analyzed from the NASA Ocean Surface Current Analyses Real-time
(OSCAR; freely available for download online at ftp://podaac-ftp.jpl.nasa.gov/allData/oscar/preview/L4/
oscar_third_deg/) product at one-third degree spatial resolution for the period spanning 1993–2016 and for
the months of February through May. Pentad OSCAR u and v current components were converted to stan-
dard anomalies using the same method described above for the atmospheric variables. OSCAR standard
anomalies were then binned by lagged MJO phase, whereby each standard anomaly was binned according
the phase of the MJO 7 days before the date of the pentad center. Similar to the method for the atmo-
spheric variables, OSCAR pentads that occurred 7 days after inactive MJO (amplitude less than 1.0) were not
considered in this study. To remove some of the mesoscale variability in the California current system along
the coast, a three-point (one degree), two-dimensional spatial smoother was applied to OSCAR standard
anomalies. To focus the analysis to the California current system, only OSCAR standard anomalies within
approximately 250 km of the coastline were retained. Finally, similar to the method used for the atmo-
spheric variables, statistical significance of the OSCAR composite standard anomalies for each MJO phase
was determined at the 90% and 95% confidence levels using the Student’s t test.

3. Results

3.1. Monthly Mean Ocean and Atmosphere States
Mean zonal upper ocean currents from February to May vary slightly from month to month, with onshore
flow (positive u) located along Oregon and Washington in each month, offshore flow (negative u) located
along northern California in each month, and onshore flow again located along southern California in each
month (Figure 1). Mean meridional upper ocean currents from February to May show more month-to-
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month variability than the zonal currents, particularly from 408N to 508N: in February, mean currents in that
area are northward (positive v), while in May, mean currents in that area reverse to southward (negative v)
(Figure 2). From 308S to 408S, mean meridional currents are primarily southward in all months but intensify
as the season progresses (Figure 2). The anomalies presented in the next sections were calculated with
respect to these monthly mean states (Figures 1 and 2). It is important to note that the direction and inten-
sity of mean upper ocean currents in each month is similar to mean surface wind direction in those months
(Figure 3). That similarity supports the hypothesis of this study that the MJO, which modulates surface
winds, would thus project into the upper ocean as well.

3.2. Ocean Response to MJO Convection
Upper ocean currents vary 7 days after active MJO, both in the zonal (Figure 4) and meridional (Figure 5)
directions. Indeed, all eight MJO phases, representing anomalous tropical convection spanning from the
Indian Ocean eastward to Africa, are associated with statistically significant u and v ocean current anoma-
lies. Some of the composite u and v anomalies even exceed 61 standard deviation from the long-term
monthly mean. Additionally, all eight MJO phases feature coherent spatial regions, defined here as regions

Figure 1. Monthly mean zonal (u) OSCAR currents for (a) February, (b) March, (c) April, and (d) May 1993–2016. Vectors show full currents (and a reference length
is given for 10 cm s21); shading represents the zonal component (in cm s21).

Figure 2. Monthly mean meridional (v) OSCAR currents for (a) February, (b) March, (c) April, and (d) May 1993–2016. Vectors show full currents (and a reference
length is given for 10 cm s21); shading represents the meridional component (in cm s21).
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with the same anomaly sign and larger than 40,000 km2 (approximately represented by a 200 km 3 200 km
region). The presence of those spatially coherent regions suggests that the MJO projects onto synoptic-
scale upper ocean processes.

Figure 3. Monthly mean 10 m wind direction (arrows) and speed (color-filled contours, in m s21) for (a) February, (b) March, (c) April, and (d) May 1980–2016.

Figure 4. Composite standard anomalies of zonal (u) OSCAR currents in the upper ocean for (a–h) MJO Phases 1–8, for February–May 1993–2016 at 7 day time
lags. Vectors show mean currents for each phase (and a reference length is given for 10 cm s21); color shading represents standard anomalies of the zonal compo-
nent of the current.
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In particular, 7 days after Phase 2 (when the convectively active phase is present in the Indian Ocean) and
Phase 7 (when the convectively active phase is present in the western Pacific Ocean), anomalies of the u
(Figures 6a and 6b) and v (Figures 6c and 6d) ocean components are strongest in magnitude and show
greatest spatial coherence. Those two phases were thus analyzed further, to determine the physical mecha-
nisms responsible for the observed anomalous upper ocean currents along the U.S. west coast.

3.3. Physical Mechanisms for Oceanic Response After Active Convection in the Indian Ocean
Seven days after the convectively active MJO phase is present in the Indian Ocean (MJO Phase 2), anoma-
lous atmospheric 300 hPa heights show ridging east of Japan, centered near 408N and extending from
2108W to 1608W (Figure 7a). To the south of that anomalous ridging, anomalous troughing is centered near
258N and extends from 2508W to 1608W (Figure 7a). That anomalous height pattern results in a weakening
of the upper tropospheric east Asian Jet, which extends eastward into the north Pacific Ocean. This deceler-
ated east Asian Jet is followed by downstream negative height anomalies over North America (Figure 7a).
Via quasi-geostrophic adjustment mechanisms (Carlson, 1991), the 300 hPa atmospheric height anomalies
project onto mean sea level pressure (MSLP), yielding an eastward-shifted Aleutian Low and a stronger and
southward-shifted and eastward-shifted Hawaiian High (Figure 7c). With the shift in those pressure centers
7 days after MJO Phase 2, faster zonal 10 m winds are located over much of the eastern and central North
Pacific, including along the U.S. west coast (Figure 8a). The eastward shift in both the Aleutian Low and the
Hawaii High also results in stronger flow in the meridional direction (Figure 8c). Positive v wind anomalies,
indicating anomalously stronger surface winds from the south, are located along the U.S. west coast from
408N to 558N, while negative v wind anomalies, indicating anomalously stronger surface winds from the

Figure 5. Composite standard anomalies of meridional (v) OSCAR currents in the upper ocean for (a–h) MJO Phases 1–8, for February–May 1993–2016 at 7 day
time lags. Vectors show mean currents for each phase (and a reference length is given for 10 cm s21); color shading represents standard anomalies of the meridio-
nal component of the current.
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north, are located along the coast from 258N to 408N. Those anomalously strong surface winds project onto cur-
rents in the upper ocean, as indicated by the coherent regions of statistically significantly currents in Figures 6a
and 6c (i.e. surface currents that are statistically different from the climatological mean state with 95% confi-
dence). For example, positive zonal u current anomalies are seen from about 308N south to 428N, with standard
anomalies up to 10.8 along the central and southern California coast (Figure 6a). Those anomalies represent a
stronger eastward component of the upper ocean current in southern California and a deceleration of the west-
ward current in central California (reference the mean state in Figure 1), and they extended from the coast out-
ward over 200 km. Additionally, negative meridional v current anomalies are located in the same region, from
approximately 308N to 508N, and are greatest along the central and southern California coast (Figure 6c). In cen-
tral and southern California, those anomalies represent an anomalously strong southward mean upper ocean
current (Figure 2), and similar to the u component, they also extend from the coast outward over 200 km.

3.4. Physical Mechanisms for Oceanic Response After Active Convection in the Western Pacific Ocean
Seven days after the MJO active convective envelope entered the western Pacific Ocean (MJO Phase 7),
anomalies in the atmospheric 300 hPa height field tend to take the opposite sign of those observed after

Figure 6. (a, b) Composite standard anomalies of zonal (u) and (c, d) meridional (v) OSCAR upper ocean currents for MJO
Phases (a, c) 2 and (b, d) 7 for February–May 1993–2016 at 7 day time lags. Color shading represents standard anomalies
of the respective current component. Black boxes indicate anomalies that were statistically significant at the 95% confi-
dence level; gray boxes indicate anomalies statistically significant at the 90% level.
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active convection in the Indian Ocean. Specifically, the climatological trough over the Gulf of Alaska is stron-
ger, with negative 300 hPa height anomalies centered near 458N, 1508W, while the subtropical ridge near
208N, 1808W is stronger (Figure 7b). That pattern of 300 hPa height anomalies projects onto the surface to
yield a both a stronger and a southwestward-extended Aleutian Low (Figure 7d). Furthermore, the Hawaiian
High is weaker and shifted westward compared to its mean position (Figure 7d). That pressure pattern over
the eastern North Pacific (east of 1358W) 7 days after MJO Phase 7 results in a broad weakening in the zonal
10 m winds poleward of about 358N (Figure 8b) and stronger zonal winds equatorward of 308N. It also yields
a broad area of positive v wind anomalies from about 458N to 308N, along the U.S. coast (Figure 8d). North
of 458N, the climatological surface winds are southerly, and the southwestward shift in the Aleutian Low
yields weaker southerly surface winds, seen as negative v wind anomalies north of 458N (Figure 8d),
although those anomalies are located over land.

Figure 7. Composite mean (black contours, in m) and standard anomalies (colored; black dot stippling indicates anoma-
lies significant at the 95% confidence level) of 300 hPa height for February–May 1980–2016 for (a) MJO Phase 2 and
(b) MJO Phase 7. In (c, d), as in Figures 7a and 7b but for mean sea level pressure (black contours, in hPa).
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Just as is seen after MJO Phase 2, those anomalous surface winds then act to drive ocean current anomalies
with coherent regions that are statistically significantly different from the climatological mean state with
both 90% and 95% confidence. Because the surface wind anomaly pattern in Phase 7 is largely opposite of
the pattern in Phase 2 (compare Figure 8a with 8b, and Figure 8c with 8d), the wind-driven upper ocean
anomalies should also have reversed. Indeed, a reversal in the ocean currents is seen (compare Figure 6a
with 6b, and Figure 6c with 6d), and the signal is most prominently in the meridional v component. In the v
direction 7 days after Phase 7, current anomalies along nearly the entire U.S. west coast are positive, which
is nearly exactly opposite of the anomaly signal seen 7 days after Phase 2. The positive anomalies in Phase
7 indicate a weakening of the climatological southward current along the California coast. In the zonal u
component, negative anomalies are seen along the southern California coast, and weaker positive anoma-
lies are seen along the northern California coast. Along the Oregon and Washington coasts, those anomalies
represent either a weakening of the mean southeastward current (such as in May, when the anomalies are
negative) or less of a strengthening of that mean current (such as in February and March, when the anoma-
lies are positive).

4. Conclusions

The primary objective of this study was to test whether upper ocean currents along the U.S. west coast var-
ied 7 days after anomalous atmospheric convection in the tropics during the months of February–May. Sta-
tistically significant (at both the 90% and 95% confidence levels) ocean current anomalies were found for all
eight MJO phases, in both zonal u and meridional v components. Time-lagged anomalies after active

Figure 8. Composite standard anomalies of (a, b) 10 m zonal (u) wind components, and (c, d) 10 m meridional (v) wind components, for February–May 1980–2016
for (a, c) MJO Phase 2 and (b, d) MJO Phase 7. Vectors show mean winds (and a reference length is given for 10 m s21); and black dot stippling indicates wind stan-
dard anomalies statistically significant at the 95% confidence level. In all figures, composite mean sea level pressures (black contours, in hPa) are overlaid.
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convection in two MJO regions, the Indian Ocean and western Pacific Ocean, showed greatest magnitude
and the largest spatially coherent regions, particularly in the meridional direction. Furthermore, those ocean
anomalies were strongly supported by atmospheric anomalies, with a defined pathway from the tropical
atmosphere to the extratropical ocean. For example, in good agreement with Hoskins and Karoly (1981),
Blad�e and Hartmann (1995), Jin and Hoskins (1995), Matthews et al. (2004), and Seo and Son (2012), the
extratropical atmosphere over the Pacific Ocean responds to tropical convection over both the Indian
(Phase 2) and western Pacific (Phase 7) Oceans, and that response is manifest in atmospheric height anoma-
lies at 300 hPa 7 days after active MJO convection. Those height anomalies adjust the position and strength
of the two major atmospheric surface pressure features in the Pacific Ocean, the Aleutian Low and Hawaiian
High. That adjustment in surface atmospheric pressures projects onto surface winds, and the winds then
modify the upper ocean, resulting in the anomalies observed in OSCAR current data. All of these results
lend confidence to the conclusion that the MJO does project onto the upper ocean along the U.S. west
coast on the intraseasonal time scale, particularly after tropical convection in the Indian Ocean and western
Pacific Ocean. It is interesting that those two Phases (2 and 7) showed the strongest lagged differences,
despite not being opposite each other in the RMM phase space. The physical mechanisms behind the differ-
ences between the atmospheric response to convection in the Indian Ocean versus the western Pacific
Ocean are still being explored.

This intraseasonal variability is important for a wide array of physical and biological oceanography interests,
including potential impacts on the timing, intensity, and duration of the spring bloom in the California Cur-
rent system (Henson & Thomas, 2007). A follow-on study of biological impacts is planned. It is important to
realize that there are also some limitations to the results in this study. For instance, the OSCAR product pri-
marily captures geostrophic current variability in the upper 30 m of the ocean, and furthermore, the three-
point horizontal spatial smoothing applied to the OSCAR data could have removed some of the signal for
modulation of ocean mesoscale features. Hence, the results shown here likely most applicable to synoptic-
scale features and geostrophic currents that are away from the immediate coastline. It is also important to
note that no time lag between ocean currents and winds was explicitly considered, beyond the pentad
time resolution of the OSCAR currents. Composite analysis was performed on standardized anomalies
across four months, and it is possible that some smaller signals in months with smaller standard deviations
could have been overweighted. Finally, given the strength and coherence of the signal in Phases 2 and 7,
we recommend analyses of other data sets, such as high-frequency radar observations of the nearshore
coastal environment, to further our understanding of the teleconnected ocean response to tropical atmo-
spheric drivers like the MJO.
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