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Diabatic heating governs the seasonality of the
Atlantic Nifo

Hyacinth C. Nnamchi'2® Mojib Latif', Noel S. Keenlyside® 34, Joakim Kjellsson® ' & Ingo Richter®

The Atlantic Nifio is the leading mode of interannual sea-surface temperature (SST) varia-
bility in the equatorial Atlantic and assumed to be largely governed by coupled ocean-
atmosphere dynamics described by the Bjerknes-feedback loop. However, the role of the
atmospheric diabatic heating, which can be either an indicator of the atmosphere's response
to, or its influence on the SST, is poorly understood. Here, using satellite-era observations
from 1982-2015, we show that diabatic heating variability associated with the seasonal
migration of the Inter-Tropical Convergence Zone controls the seasonality of the Atlantic
Nifio. The variability in precipitation, a measure of vertically integrated diabatic heating, leads
that in SST, whereas the atmospheric response to SST variability is relatively weak. Our
findings imply that the oceanic impact on the atmosphere is smaller than previously thought,
questioning the relevance of the classical Bjerknes-feedback loop for the Atlantic Nifio and
limiting climate predictability over the equatorial Atlantic sector.
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he interannual climate variability in the equatorial Atlantic

region is dominated by the Atlantic Nifo, also referred to

as the zonal mode. It exhibits a characteristic zonally
asymmetric structure in sea surface temperature (SST) and wind
stress fluctuations! 3. Previous work suggested that SST-anomaly
growth during the Atlantic Nifio is largely governed by the
Bjerknes-feedback loop, a positive feedback between adjustments
in oceanic and atmospheric circulations!~11, which is the domi-
nant growth mechanism during the warm and cold phases of the
El Nino/Southern Oscillation (ENSO) in the equatorial
Pacifich->.

According to the Bjerknes-feedback loop!2-14, an initial SST
anomaly in the eastern equatorial Atlantic alters the zonal SST
gradient (dSST/dx), which in turn modifies the vertical profile of
the atmospheric diabatic heating through changes in convection,
water vapor, cloud cover, and precipitationw’16 across the equa-
torial Atlantic. The net effect is an increase in the vertical gradient
of the diabatic heating (AQ), defined here as the difference
between the mid- and lower-troposphere (dSST/dx — AQ). The
enhanced AQ slows the tropospheric zonal circulation at the
equator!>~17, which is referred to as the Walker Circulation. As a
result, a westerly zonal-wind stress anomaly develops (AQ — ).
In response to the wind stress anomaly, the zonal slope of the
equatorial thermocline is reduced (z, — dh/dx), which is asso-
ciated with an increase in upper-ocean heat content in the east
and a drop in the west. As heat content increases, sea surface
height (SSH) also rises?? (dh/dx = dSSH/dx). Therefore, SSH can
be used as a proxy for upper-ocean heat content!8. Finally,
through the so-called thermocline feedback the initial positive
SST anomaly in the east is reinforced (dSSH/dx — dSST/dx). The
change in AQ drives the atmospheric circulation and is thus
strongly involved in the positive ocean-atmosphere feedback that
is summarized by the Bjerknes-feedback loop:

dSST/dx — AQ — t, — dSSH/dx — dSST/dx

The Bjerknes-feedback loop is certainly an important factor in
the interannual equatorial Atlantic SST variability!-%%!1. How-
ever, the physics underlying the Atlantic Nifo remain con-
troversial®. In particular, the relative roles of atmospheric and
oceanic processes in the Atlantic Nifio are under debate.

Here, by investigating the seasonality of the Atlantic Nifio, we
provide new insight into the role of atmospheric forcing for its
interannual variability. We analyze satellite-derived estimates of
SST!® and SSH2 in combination with AQ and wind stress (t)
from multiple reanalysis systems for the period 1982-2015. It is
shown that the seasonal migration of the Inter-Tropical Con-
vergence Zone (ITCZ) modifies the background conditions over
the equatorial Atlantic, which strongly influences the develop-
ment of SST anomalies in this region. Hence, the seasonality of
the Atlantic Niflo is primarily set by the atmosphere.

Results

Seasonality of atmospheric diabatic heating and thermocline
feedback. The level of interannual equatorial Atlantic SST
variability exhibits a marked seasonality with its maximum in
boreal summer!2*11 (dashed curve Fig. 1c, d). Monthly standard
deviations of the SST anomalies averaged over the Atl3 region
(3°S-3°N, 0°-20°W) peak in June. The SSH variability (from the
AVISO satellite altimetry, black curve in Fig. 1a) averaged over
the full zonal extent of the equatorial Atlantic, a proxy for the
vertical movement of the thermocline, exhibits a marked mini-
mum in boreal spring followed by stronger variability during the
remainder of the calendar year. The standard deviation of the
basin-averaged vertical diabatic-heating gradient, AQ, depending
on data set, peaks 1-2 months earlier than the standard deviation

of the Atl3 SST and is very small during the remainder of the
calendar year (Fig. 1b). The results do not fundamentally change
when the variables are averaged over the Atl3 region (Supple-
mentary Fig. 1). We note some spread among the different SSH
and AQ reanalysis products.

Previous studies have shown the importance of the so-called
thermocline feedback in the eastern equatorial Atlantic!-6, which
is one component of the Bjerknes-feedback loop: a deeper
thermocline forces warmer SST. We note that the thermocline
feedback is the dominant SST-anomaly growth mechanism in the
eastern equatorial Pacificl:»12:13. To explore the seasonality of the
thermocline feedback in the equatorial Atlantic, for each calendar
month we first calculate regressions of the Atl3-SST anomalies on
the basin-averaged SSH variability, with SSH serving as a proxy
for thermocline depth. The thermocline feedback exhibits two
maxima of equal strength, one in June and one in November,
which is observed in all data sets (Fig. 1c). The Atl3-SST
anomalies exhibit interannual variability maxima in these two
months too (dashed line in Fig. 1c, d), supporting an important
role of the thermocline feedback in driving SST anomalies in the
eastern equatorial Atlantic. However, the SST variability is much
larger in June than in November, suggesting that SST variability
in November is more strongly damped than in June. Based on
averages over the Atl3 region, the thermocline feedback that here
represents the impacts of local deepening and shoaling of the
thermocline on SST variability in that region, displays a stronger
peak in June (Supplementary Fig. 1 in the Supporting Informa-
tion). Using instead of SSH the depths of the 20 °C (Zy) and
23 °C isotherms (Z,3) in the calculations, as alternative definitions
of thermocline depth, shows more spread but June and
November-December peaks in thermocline feedback are still
present in some data sets (Supplementary Fig. 2). In addition,
there are negative anomalies in July using Z,;, suggesting an
outcropping of the 23 °C isotherm in that month.

An analogous regression analysis of the Atl3 SST anomalies is
performed on the diabatic-heating gradient AQ (Fig. 1d). The
largest regressions are observed in boreal spring with peak values
in May, except in the CFSR data set where the peak is observed
one month later. In June, the interannual SST variability peaks
and then the regressions attain minima a few months after the
May-June maxima. Thus, the Atl3 SST anomalies appear to be
most sensitive to AQ variability in boreal spring, which is the time
when the maximum precipitation is close to the equator.

In order to compare the relative roles of the atmospheric
diabatic heating and thermocline feedback for the seasonality of
the Atlantic Nifio, we estimate for each calendar month the
proportion of the interannual SST variability that is explained by
AQ and the thermocline proxies (Fig. 2). The AQ explains the
largest variance during the development phase of the Atlantic
Nifo in boreal spring, with largest explained variances of the
order of about 60% in May (Fig. 2a). On the other hand, the
AVISO SSH anomalies averaged over the full extent zonal extent
of the equatorial Atlantic as a proxy for the vertical movement of
the thermocline account for about 80% of the SST variability in
November (Fig. 2b). This peak corresponds to the so-called
Atlantic Nifio II observed in November-December?!, and shares
similarities to the peak in ENSO variability occurring in boreal
winter. A secondary peak of the variance explained by AVISO-
SSH, amounting to about 45%, is observed in early boreal
summer. Despite the large spread, all three thermocline proxies
(SSH, Z,4 and Z,;) yield a major peak in the explained variance in
November-December and smaller peaks between May and July
(Fig. 2b-d), which implies that the thermocline feedback is
stronger in November-December.

Next, the six SSH data sets and wind stress from the five
reanalysis products are regressed on the Atl3 SST index in June
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Fig. 1 Seasonality of thermocline feedback and diabatic heating. Standard deviations of seasonally stratified a sea surface height (SSH) and b diabatic
heating gradient (AQ) averaged over the equatorial Atlantic region (3°N-3°S, 5°E-40°W; shown by dashed boxes in Fig. 1e and f) in multiple data sets. ¢
(left scale) Thermocline feedback (K) calculated as Atl3 SST (that is, average in the region 3°N-3°S, 0°-20°W shown by the solid boxes in Fig. Te and f)
regressed on the normalized basin SSH index for each calendar month. d (left scale) Atl3 SST regressed on the normalized basin AQ index for each
calendar month. In ¢ and d, the right scale shows the seasonally stratified standard deviations of the Atl3 SST (K). Symbols on the lines denote statistical
significance at the 95% confidence level. e The in-phase anomalies of SSH (color scale), wind stress (only statistically significant vectors are plotted) and
precipitation (white contours, at interval of 0.5 mm day~") regressed on the normalized AtI3 SST in June. f The anomalies of AQ (color scale), wind stress
(only statistically significant vectors are plotted) and precipitation (white contours, at interval of 0.5 mm day~1) in May regressed on the normalized Atl3
SST index in June. In e and f, the SSH, AQ and wind stress are based on the ensemble-means of the different data products (see Methods); stippling

denotes statistical significance at the 95% confidence level.

and ensemble-mean patterns shown (Fig. le). Anomalously warm
Atl3 SST anomalies are associated with positive SSH (or
thermocline depth) anomalies in the eastern and central basin
and negative SSH anomalies in the westl:2. The pattern of
anomalous SSH with its Kelvin/Rossby wave-like structure is
consistent with the ensemble-mean wind stress regressions
(arrows in Fig. le), exhibiting westerly anomalies over the
western equatorial Atlantic. Precipitation anomalies?? (white
contours), a proxy for the vertically integrated diabatic-heating
variability??, associated with June-SST anomalies exhibit a dipolar
structure with enhanced precipitation close to and at the equator
and reduced precipitation further north, suggesting a southward
migration of the ITCZ. Largest precipitation anomalies are
observed over the western equatorial Atlantic. Overall, the in-
phase patterns linked to the Atl3-SST variability in June are
somewhat reminiscent of what is observed during El Nifio events
in the equatorial Pacific in December (Supplementary Fig. 3),
except that the Atlantic precipitation anomalies are stronger
north of the equator.

The reanalysis AQ and wind stress anomalies, as well as
precipitation anomalies in May are regressed on the Atl3-SST
index in the following June (Fig. 1f). Regions of positive
anomalies in precipitation and diabatic heating largely coincide,
supporting the notion that precipitation is a good proxy for
diabatic heating over the equatorial Atlantic. One month prior to
the SST anomalies in June, significant diabatic heating of the
atmosphere is observed over the entire equatorial belt. The AQ is
associated with wind-stress anomalies that are predominantly
northwesterly west of 0°. Strongest wind-stress anomalies are
observed in the very west where they are nearly westerly. Overall,
the wind-stress anomalies imply a weakening of the prevailing
southeasterly trade winds. The westerly wind-stress anomalies at
the equator act to enhance the dynamical coupling between the
ocean and the atmosphere?42>, Over the Pacific, the November
patterns linked to the Nifio3 index in the following December
exhibit almost no diabatic heating over the Nifo3 box
(Supplementary Fig. 3). This is a major difference to the
equatorial Atlantic exhibiting significant diabatic heating over
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Fig. 2 Sea surface temperature explained variances. The explained variances were estimated from r? and expressed as percentages: where r is the
correlation between the seasonally stratified Atl3 SST (that is, average in the region 3°N-3°S, 0°-20°W) and a diabatic-heating gradient (AQ), b sea
surface height (SSH), ¢ 20 °C isotherm depth (Z,0) and d 23 °C isotherm depth (Z,3) averaged over the equatorial Atlantic (3°N-3°S, 5°E-40°W).

the entire equatorial region (Fig. 1f). Finally, we note that a
weakening of the Southern Hemisphere St. Helena subtropical
anticyclone is suggested by the wind stress, which has been
shown to influence the development of Atlantic and Benguela
Nifios26-29,

Meridional propagation of the atmospheric convection. We
hypothesize that the SST anomalies in the equatorial Atlantic are
insufficient to keep the ITCZ close to the equator, which inhibits
stronger and more persistent coupled ocean-atmosphere inter-
actions in the form of the Bjerknes-feedback loop. The ITCZ
generally coincides with the latitude of zero meridional wind
stress (t,=0) and is identified here along 20°W at the western
edge of the Atl3 region.

We depict the precipitation anomalies (along 20°W)
regressed on the Atl3-SST anomalies in June as a function of
calendar month and latitude (Fig. 3a). In Supplementary Fig.
4a, we show a similar analysis using outgoing longwave
radiation (OLR), which is a good proxy of precipitation and
diabatic heating30. The calendar months are expressed as time
lags such that negative (positive) lags denote months prior to
(after) June (lag=0), when the peak in interannual SST
variability is observed. Large precipitation anomalies are
observed from lag=—-2 to lag=+43. The precipitation
anomalies, which are located slightly south of the climatological
maximum rainfall, generally follow the northward migration of
the climatological ITCZ?. Based on the wind stress data, we
estimate the meridional displacements of the ITCZ at the 95%
confidence level as two standard deviations around the mean

(¥20, shown by the thin dashed curves in Fig. 3a and
Supplementary Figs. 4 and 5).

There is a clear asymmetry in the positive precipitation
anomalies at the equator linked to the June Atl3-SST variability,
with much larger anomalies at negative than positive lags.
Similarly, there are robust decreases in precipitation anomalies to
the north of the ITCZ at negative lags. As the ITCZ propagates
farther to the north at positive lags, precipitation anomalies
become smaller at the equator. The northward propagation of the
precipitation anomalies is closely reproduced along longitude 28°
W, the longitude at which the ITCZ has been identified in
previous studies31:32, and using the basin-averaged data (Supple-
mentary Fig. 5).

The precipitation anomalies averaged over the equatorial
region (3°N-3°S, 5°E-40°W) linked to the June-SST anomalies
are strongest at lag = —1, i.e,, they lead the June-SST anomalies
by one month but quickly diminish thereafter (Fig. 3a, b). This
analysis suggests that mean atmospheric convection supports the
growth of the SST anomalies at short negative lags, as already
shown in Fig. 1d, f. However, the atmospheric response to the
Atl3-SST anomalies at positive lags is small due to the lack of
mean convection and a diabatic heating response at the equator.
In contrast, SST anomalies lead precipitation anomalies in the
Pacific Nifo3 region, consistent with SST-forced equatorial
precipitation variability (Fig. 4 and Supplementary Fig. 6b). This
constitutes a fundamental difference in how the ocean and
atmosphere interact in the equatorial cold-tongue regions of the
Atlantic and Pacific Oceans.

Positive zonal-wind stress anomalies (7,) over the western
equatorial Atlantic (3°N-3°S, 20°W-40°W) that are linked to the
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Fig. 3 Related precipitation and zonal-wind stress variability. a Seasonally stratified precipitation anomalies along 20°W regressed on the June (lag = 0)
normalized AtI3 SST index (that is, average in the region 3°N-3°S, 0°-20°W). Stipples denote statistical significance at the 95% confidence level. The
white contours show the climatological-mean precipitation, at interval of 2 mm day—". The dashed black curves denote the mean inter-tropical convergence
zone (ITCZ) defined as the latitude of zero meridional wind stress (thick curve) and its two standard deviations represented by +2c (thin curves). b Right
axis, dashed curve: precipitation anomalies averaged over the equatorial Atlantic region (3°N-3°S, 5°E-40°W) in all calendar months regressed on the
normalized Atl3 SST index fixed in June (lag = 0). Left axis: zonal-wind stress averaged over the western equatorial Atlantic (3°N-3°S, 20°-40°W) in all
calendar months regressed on the normalized AtI3 SST index fixed in June (lag=0). Circular ticks in b denote statistical significance at the 95%

confidence level.

Atl3-SST anomalies in June also peak at lag=—1 (Fig. 3b).
Consistent with the gradient of diabatic heating AQ, the peak of
the variability in precipitation, ITCZ position and 7, is observed
prior to the peak in SST variability (Figs. 1b and Fig. 3; and
Supplementary Figs. 6a and 7). The positive 7, at lag=—1
represents a slackening of the prevailing trade winds. This
slackening is associated with the ITCZ crossing the equator,
which tends to strengthen the zonal-wind component of the
Bjerknes-feedback loop?2433. The ocean responds to the westerly
wind stress anomaly by deepening the thermocline (Fig. le) and
thus increasing the heat content in the eastern equatorial Atlantic,
which leads to warmer SSTs in this region!->11:34. However, the
SST anomalies in the east do not drive a strong atmospheric
response along the equator due to a lack of diabatic heating
after June.

Ocean-mixed-layer heat budget. To determine the processes that
govern the growth and decay of the SST anomalies associated
with a typical Atlantic Nifio event (Fig. 5a), we calculate the
ocean-mixed-layer heat budget (see “Methods”). This allows us to

directly compare the roles of surface heating, advective heat
transport and entrainment associated with the Atlantic Nifio. The
time derivative of the mixed-layer temperature (0T/0t) peaks in
May in all reanalysis-data sets and is accompanied by a sharp
decline during the subsequent summer months (Fig. 5b-f)).
Entrainment (1/h[T - T-,]w,), representing the tendencies in
mixed-layer temperature due to vertical flows of water masses
across the base of the mixed layer, is the dominant heating term
associated with the peak SST anomalies in June, consistent with a
previous modeling analysis3®. Increased (1/h[T - T-,]w.) in that
month implies either a reduction in upwelling or a deepening of
the thermocline in the eastern basin (Fig. 1), corresponding to an
increased heat content in that region, or both. The horizontal
temperature advection term (49T/dx + vdT/dy) also shows some
enhancement in June, but horizontal advection is smaller than
entrainment in all data sets. The tendencies due to the net surface
heat flux (Que/pCyh), which drive the mixed-layer temperature
anomalies in late boreal winter and especially in boreal spring°,
is the major damping term in June and July when the SST
anomalies attain peak strength and are due to ocean dynamical
processes.
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Fig. 4 Pacific El Nifio-type precipitation and wind stress variability. Right axis, dashed curve: precipitation anomalies averaged over the Pacific Nifio3 and
Nifio4 regions (5°N-5°S, 160°E-90°W) in all calendar months regressed on the normalized Nifio3 SST index (that is, average in the region 5°N-5°S,
90°-150°W) fixed in December (lag = 0). Left axis: zonal-wind stress averaged over the Nifio4 region (5°N-5°S, 160°E-150°W) in all months regressed
on the normalized Nifio3 SST index fixed in December (lag = 0). Circular ticks denote statistical significance at the 95% confidence level.

It must be stressed that the residual term (¢) in the heat budget,
representing both errors in the data and unconsidered or
unresolved processes, such as mixing, in the heat budget analysis,
is large in all five analyzed reanalysis products. The change in
thermocline depth, for example, leads to a change in the mixed-
layer temperature in the east by upwelling and vertical mixing®’,
where the latter, while important, is not explicitly treated in our
calculations and hidden in the residual term. In fact, the e term is
large during the months when the SST anomalies are strongest,
suggesting that vertical mixing, by which subsurface-temperature
anomalies are transported vertically in the upper layer of the
ocean, could be an important contributor3” to the tendency of the
mixed-layer temperature. There also is a possibility that the
entrainment term is underestimated since it was computed with
monthly data38,

The net surface heat flux (Qp.) constitutes a known source of
observational uncertainty in the equatorial Atlantic*3%40, and the
reanalysis systems (especially of the ocean) tend to overestimate
Qqer damping (Supplementary Fig. 8). Here, we try to reduce this
contribution to the e term by using a high-quality Q, data from
the OAFLUX archive—derived from in situ measurements of the
turbulent heat*! and satellite-derived radiative*? fluxes—in the
heat budget calculations. Although the turbulent heat fluxes may
be still biased?>40, the spread of the 9T/dt terms in Fig. 5 is
assumed to be largely reflecting differences in oceanic processes,
as exemplified by the impacts of the ocean-mixed-layer depth
seasonality (Supplementary Fig. 9) on Q,./pCh (Fig. 5). Never-
theless, there is a general indication that the Qu./pC,h drives
(damps) the SST anomalies in boreal spring (summer).

The heat budget analysis provides a link between atmospheric
diabatic heating, winds, net heat flux and thermocline feedback in
the Atlantic Nifio region. The presence of deep atmospheric
convection and diabatic heating in boreal spring, amplifies the
atmosphere’s sensitivity to equatorial SST anomalies?* during this
time of the year and supports changes in zonal-wind stress over
the western equatorial Atlantic! (Figs. 1 and 3). The wind stress
anomalies in the west, with a time delay of about a month,
influences the SST1>0 in the east by affecting the thermocline
there. As the thermocline feedback strengthens and SST
anomalies grow, the net heat flux switches sign and acts as a

damping (Fig. 5) because the ITCZ moves farther north of the
equator during boreal summer (Fig. 3).

Discussion

Observations and reanalysis products indicate that the seasonality
of the Atlantic Nifo is largely governed by the variability in
atmospheric diabatic heating that is linked to the seasonal mer-
idional migration of the ITCZ. The strongest diabatic-heating
variability leads the strongest SST variability in June by about one
month. Owing to the meridional migration of the ITCZ, strong
SST variability at the equator is limited to a relatively short period
of the calendar year—the late boreal spring and early summer
(May-July). After June, the atmosphere responds only weakly to
equatorial SST anomalies. Atmospheric model experiments sup-
port a generally weak role of equatorial Atlantic SST in forcing
precipitation and zonal-wind stress*3. Such a picture is in part
inconsistent with the Bjerknes-feedback loop, which does involve
a strong feedback from the ocean to the atmosphere in the form
of SST-forced atmospheric variability, as observed over the
equatorial Pacific!>!13 and shown here in a companion analysis.
This difference in ocean-atmosphere interaction between the
Atlantic Nifos and the Pacific El Niflos may explain why SST
variability is weaker!-%>34 and SST predictability lower444> in the
equatorial Atlantic relative to that in the equatorial Pacific. These
findings raise questions about the applicability of the standard
Bjerknes-feedback loop as the major explanation for the
mechanism underlying the Atlantic Nifo.

There appears to be a subtle balance between thermodynamic
and dynamical processes determining the SST variability in the
equatorial Atlantic. The small oceanic feedback on the atmo-
sphere may explain why thermodynamic processes, which, for
example, only are represented in the so-called slab ocean coupled
models, can force significant interannual SST variability in the
eastern equatorial Atlantic3640, Biased ocean dynamics in fully
coupled general circulation models (e.g., the lack of a sufficiently
strong cold tongue in the equatorial Atlantic*”), however, may
lead to an overestimation of the impacts of thermodynamic
processes on the SST variability3°.

While the Bjerknes-feedback loop operates in the zonal
direction, the atmospheric deep convection influencing the
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Fig. 5 Composites of the Atlantic Nifio heat budget. a Composite average of 10 Atlantic Nifio events, defined as Atl3 SST index (that is, average in the
region 3°N-3°S, 0°-20°W) greater than or equal to 0.5 K persisting for two overlapping three-month seasons, for the period 1984-2009 (see “Methods").
b-f Composite average of the ocean-mixed-layer heat budget terms for the 10 Atlantic Nifio events in the different ocean reanalysis data sets indicated on
the bottom-left corner of each panel. The heat budget terms shown are the time derivative of the temperature (dT/dt) and the tendencies due to the
surface net heat flux (Qnet/pCywh), advective transport (uaT/dx + vaT/dy), entrainment (1/h[ T — T-,1w,) and unresolved processes (e). Dots denote
statistical significance at the 95% confidence level. For all terms, positive (negative) values mean heating (cooling) of the ocean-mixed-layer. Note that the

vertical scale for GODAS data set is twice as large.

Atlantic Nifio propagates in the meridional direction, northward
during the boreal spring and summer. Strong ocean-atmosphere
coupling in the equatorial Atlantic appears to be more short-lived
than previously thought and is associated with the ITCZ and
diabatic-heating belt crossing the equator in May. The coupling at
the equator decays rapidly during the boreal summer due to the
disappearance of the atmospheric deep convection as the ITCZ
propagates far north of the equator. This implies that the window
of climate predictability in the equatorial Atlantic could be small
and largely confined to the robust coupling phase in boreal spring
and, due to the persistence of the SST anomalies*® in the sub-
sequent summer. Consequently, accurate representation of the
state of the atmosphere and the upper ocean during the boreal
spring could prove vital for improved seasonal climate predic-
tions over the tropical Atlantic.

Remote forcing signals in the ocean and atmosphere may
represent additional sources of predictability. Previous studies
suggest some roles of remote forcing from the Benguela
region?6-29, tropical Pacific*¥->1, the extratropical South Atlan-
tic2® and North Atlantic?, meridional temperature advection
from the tropical North Atlantic®3, the Atlantic meridional mode
—including the impact of the associated cross-equatorial SST
gradient on the ITCZ!732>4 However, it remains unclear how
the remote signals interact with the meridional propagation of the
deep convection in the atmosphere over the tropical Atlantic and
with the Atlantic Nifo. As the seasonal meridional ITCZ
migration is robustly projected to be delayed over the tropical
Atlantic region in the future®>°, it is necessary to better
understand the dynamics of interannual climate variability in the
equatorial Atlantic and its interaction with the ITCZ.
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Methods

Data. Continuous global satellite observations of SST!? and precipitation?? over
the ocean date to the early 1980s and that of SSH2C to the early 1990s (see Sup-
plementary Table 1). Q¢ has been estimated from a combination of in situ
measurements of turbulent fluxes*! and satellite-derived radiative fluxes*2. Direct
measurements of atmospheric diabatic heating are not available. However, the
current generation of atmospheric data assimilation systems routinely provide
diabatic-heating fields®’~¢! (Supplementary Table 2). Here, the vertical gradient of
the diabatic heating AQ is defined as the difference between the mid-troposphere
(400 hPa) and the surface layer (925 hPa): AQ = Q4oonpa — Qo25hpa-

We represent the atmospheric variability using the AQ, precipitation, T, Qnet
and OLR®? and estimate the thermocline feedback using SSH data based on the
satellite-derived “absolute dynamic topography” from AVISO?° and multiple ocean
reanalysis systems®3-%7 (Supplementary Table 3). We also estimated the isotherm
definitions of the thermocline using the Z,, and Z,; from these reanalysis data sets
and the in situ derived EN48. These choices, supported by the full ocean-mixed-
layer heat budget, allow us to show the relative roles of the ocean and atmosphere
for seasonality of the Atlantic Nifo.

The analysis is based on the satellite era 1982-2015 with generally improved
observations over the ocean compared to the previous decades. Nonetheless,
uncertainties remain, especially in the reanalyses?, and these are addressed by using
multiple reanalysis data sets of the ocean and atmosphere.

Calculation of the ocean-mixed-layer heat budget. The time derivative of the
temperature averaged over the ocean-mixed-layer is governed by the tendencies
due to horizontal ocean currents, vertical flow of mass across the base of the ocean-
mixed-layer or entrainment and the net surface heat flux, as well as a residual term:

aT) ar  or \ 1 Qo
Bl Tl A - il ZNTY =T el .
> <uax+vay>+h[< ) ,h]we+pcwh+e 1)
horizontaladvection entrainment heatflux

T is the ocean-mixed-layer temperature and u and v are the zonal and meridional
ocean current velocities, respectively. p and C,, are constants representing the sea water
density (p =103 kgm~3) and and specific heat capacity (C,, = 4 x 10> ]~ kg~'K), h
is the interannual-varying monthly mean mixed-layer depth, T_}, is the temperature
at the base of the mixed-layer, w, is the entrainment velocity and Qe the net
surface heat flux. ¢ is the residual term that represents the sum of unresolved physical
processes (such as mixing and high-frequency variability that is not resolved by the
monthly-mean time series used here) and errors arising from averages over the Atl3
region. T, u, and v are based on the vertical averages over the depth of the ocean-
mixed-layer (h):

(o) = %/hodz )

h is not available from EN4, GECCO2, and ORAS4 data sets and was estimated as the
depth at which ocean temperatures are 0.5 K lower than those at the surface. Similarly,
the h determined by temperature criterion is used for SODA3, which provides multiple
definitions for h. w, is the entrainment velocity at the base of the mixed-layer and
calculated as follows:

oh
W, = Ww_y, +§+U7h.Vh ©)
w_p, and Uy, are the vertical velocity and horizontal current vector at the base of the
mixed-layer, respectively. w is not available from ORAS4 and ORASS5 archives and was
calculated from the divergence of the horizontal current velocities and then vertically
integrated at all ocean levels from the surface (z=0) to the bottom (z = hy):

hb hb
ow ou  ov
= |—dz= [ |-+ |dz 4
v 9z ¢ / <Bx * ay> @
0 0
The individual heat budget terms used to construct the composites in Fig. 5 are based
on area averages over the Atl3 region.

Statistical analysis. Each data set was seasonally stratified and then the least-
squares linear trend and long-term term mean removed to create monthly
anomalies. We conducted least-squares regression analysis and composite analysis
and tested for statistical significance using a two-tailed Student ¢-test with the 95%
confidence levels marked. The regressions were calculated for the period
1982-2015 (1993-2015 for AVISO and 1982-2010 for CESR) first using the
individual data sets. Then, the ensemble-mean maps of the SSH, AQ, and t were
calculated (Fig. le, f and Supplementary Fig. 3). Autocorrelation was accounted for
in statistical significance tests for the regression coefficients by adjusting the
number of degrees of freedom of the time series pairs as follows®”:

(1-rn)
T (5)
(1+rry)

where N is the length of the time series; r; and r, are the lag-1 autocorrelation

coefficients of the time series, respectively; and N™ is the adjusted number of degree
of freedom used for determining the statistical significance.

N*¥=N

The composite evolution of the ocean mixed heat budget in the Atl3 region was
constructed to show the processes that govern typical Atlantic Nifio events. The
composite was based on 10 events (1984, 1987, 1988, 1991, 1993, 1995, 1996, 1998,
1999, 2008) between 1984 and 2009 during which Q.. the observational OAFLUX
data set is available. These events were identified in a recent study’® based on the
persistence of Atl3-averaged SST anomaly of equal to or greater 0.5K for two
consecutive overlapping 3-month seasons.

Data availability

The observational!20:22:41,6268  atmospheric reanalysis>’ ¢! and ocean reanalysis®3-67
data sets used are publicly available at the sources indicated in Supplementary Tables 1, 2
and 3, respectively.

Code availability
Codes for the data analysis and preparation of the figures are freely available at https://
github.com/hnnamchi/dheatingNatComm.

Received: 22 May 2020; Accepted: 26 November 2020;
Published online: 14 January 2021

References

1. Zebiak, S. E. Air-sea interaction in the equatorial Atlantic region. J. Clim. 6,
1567-1586 (1993).

2. Keenlyside, N. S. & Latif, M. Understanding equatorial Atlantic interannual
variability. J. Clim. 20, 131-142 (2007).

3. Liibbecke, J. F. et al. Equatorial Atlantic variability—modes, mechanisms, and
global teleconnections. Wiley Interdiscip. Rev. Clim. Chang. 9, €527 (2018).

4. Foltz, G. R. et al. The tropical Atlantic observing system. Front. Mar. Sci. 6,
206 (2019).

5. Liibbecke, J. F. & McPhaden, M. J. A comparative stability analysis of Atlantic
and Pacific Nifio modes. J. Clim. 26, 5965-5980 (2013).

6. Deppenmeier, A.-L., Haarsma, R. J. & Hazeleger, W. The Bjerknes feedback in
the tropical Atlantic in CMIP5 models. Clim. Dyn. 47, 2691-2707 (2016).

7. Harlaf}, ], Latif, M. & Park, W. Alleviating tropical Atlantic sector biases in the
Kiel climate model by enhancing horizontal and vertical atmosphere model
resolution: climatology and interannual variability. Clim. Dyn. 50, 2605-2635
(2018).

8. Jouanno, J., Hernandez, O. & Sanchez-Gomez, E. Equatorial Atlantic
interannual variability and its relation to dynamic and thermodynamic
processes. Earth Syst. Dyn. 8, 1061-1069 (2017).

9. Dippe, T., Greatbatch, R. J. & Ding, H. On the relationship between Atlantic
Nifio variability and ocean dynamics. Clim. Dyn. 51, 597-612 (2018).

10. Planton, Y., Voldoire, A., Giordani, H. & Caniaux, G. Main processes of the
Atlantic cold tongue interannual variability. Clim. Dyn. 50, 1495-1512 (2018).

11. Prodhomme, C. et al. How does the seasonal cycle control equatorial Atlantic
interannual variability? Geophys. Res. Lett. 46, 916-922 (2019).

12. BJerknes, J. Atmospheric teleconnections from the equatorial Pacific. Mon.
Weather Rev. 97, 163-172 (1969).

13. Wyrtki, K. El Niflo—the dynamic response of the equatorial Pacific oceanto
atmospheric forcing. J. Phys. Oceanogr. 5, 572-584 (1975).

14. Zheng, F., Fang, X.-H., Yu, J.-Y. & Zhu, J. Asymmetry of the Bjerknes positive
feedback between the two types of El Nifio. Geophys. Res. Lett. 41, 7651-7657
(2014).

15. Houze, R. A. Jr. Cloud clusters and large-scale vertical motions in the tropics.
J. Meteorol. Soc. Jpn. Ser. IT 60, 396-410 (1982).

16. Hartmann, D. L., Hendon, H. H. & Houze, R. A. Jr. Some implications of the
mesoscale circulations in tropical cloud clusters for large-scale dynamics and
climate. J. Atmos. Sci. 41, 113-121 (1984).

17. Chiang, J. C. H., Zebiak, S. E. & Cane, M. A. Relative roles of elevated heating
and surface temperature gradients in driving anomalous surface winds over
tropical oceans. J. Atmos. Sci. 58, 1371-1394 (2001).

18. Rebert, J. P., Donguy, J. R., Eldin, G. & Wyrtki, K. Relations between sea level,
thermocline depth, heat content, and dynamic height in the tropical Pacific
Ocean. J. Geophys. Res. Ocean 90, 11719-11725 (1985).

19. Reynolds, R. W., Rayner, N. A,, Smith, T. M., Stokes, D. C. & Wang, W. An
improved in situ and satellite SST analysis for climate. J. Clim. 15, 1609-1625
(2002).

20. Rio, M.-H., Mulet, S. & Picot, N. Beyond GOCE for the ocean circulation
estimate: synergetic use of altimetry, gravimetry, and in situ data provides new
insight into geostrophic and Ekman currents. Geophys. Res. Lett. 41,
8918-8925 (2014).

21. Okumura, Y. & Xie, S.-P. Some overlooked features of tropical atlantic climate
leading to a new nifo-like phenomenon. J. Clim. 19, 5859-5874 (2006).

8 | (2021)12:376 | https://doi.org/10.1038/s41467-020-20452-1 | www.nature.com/naturecommunications


https://github.com/hnnamchi/dheatingNatComm
https://github.com/hnnamchi/dheatingNatComm
www.nature.com/naturecommunications

ARTICLE

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Adler, R. F. et al. The Version-2 Global Precipitation Climatology Project
(GPCP) Monthly Precipitation Analysis (1979-Present). J. Hydrometeorol. 4,
1147-1167 (2003).

Ling, J. & Zhang, C. Diabatic heating profiles in recent global reanalyses. J.
Clim. 26, 3307-3325 (2013).

Zebiak, S. E. & Cane, M. A. A model El Nifio-southern oscillation. Mon.
Weather Rev. 115, 2262-2278 (1987).

Richter, L et al. Phase locking of equatorial Atlantic variability through the
seasonal migration of the ITCZ. Clim. Dyn. 48, 3615-3629 (2017).
Liibbecke, J. F.,, Boning, C. W., Keenlyside, N. S. & Xie, S.-P. On the
connection between Benguela and equatorial Atlantic Nifios and the role of
the South Atlantic Anticyclone. J. Geophys. Res. Ocean. 115, C09015. https://
doi.org/10.1029/2009]C005964 (2010).

Cabos, W. et al. The South Atlantic Anticyclone as a key player for the
representation of the tropical Atlantic climate in coupled climate models.
Clim. Dyn. 48, 4051-4069 (2017).

Richter, I et al. On the triggering of Benguela Nifios: remote equatorial versus local
influences. Geophys. Res. Lett. https://doi.org/10.1029/2010GL044461 (2010).
Nnamchi, H. C. et al. An equatorial-extratropical dipole structure of the
Atlantic Nino. J. Clim. 29, 7295-7311 (2016).

Stechmann, S. N. & Ogrosky, H. R. The Walker circulation, diabatic heating,
and outgoing longwave radiation. Geophys. Res. Lett. 41, 9097-9105 (2014).
Pottapinjara, V., Girishkumar, M. S., Murtugudde, R., Ashok, K. &
Ravichandran, M. On the Relation between the Boreal Spring Position of the
Atlantic Intertropical Convergence Zone and Atlantic Zonal Mode. J. Clim.
https://doi.org/10.1175/jcli-d-18-0614.1 (2019).

Servain, J., Wainer, 1., McCreary, J. P. Jr. & Dessier, A. Relationship between
the equatorial and meridional modes of climatic variability in the tropical
Atlantic. Geophys. Res. Lett. 26, 485-488 (1999).

Burls, N. J., Reason, C. J. C., Penven, P. & Philander, S. G. Similarities between
the tropical Atlantic seasonal cycle and ENSO: An energetics perspective. J.
Geophys. Res. Ocean. 116, C11010. https://doi.org/10.1029/2011JC007164
(2011).

Dippe, T., Liibbecke, J. F. & Greatbatch, R. J. A comparison of the Atlantic and
Pacific Bjerknes feedbacks: seasonality, symmetry, and stationarity. J. Geophys.
Res. Ocean. 124, 2374-2403 (2019).

Polo, I, Lazar, A., Rodriguez-Fonseca, B. & Mignot, ]. Growth and decay of
the equatorial Atlantic SST mode by means of closed heat budget in a coupled
general circulation model. Front. Earth Sci. 3, https://doi.org/10.3389/
feart.2015.00037 (2015).

Nnamchi, H. C. et al. Thermodynamic controls of the Atlantic Nifio. Nat.
Commun. 6, 8895 (2015).

Zelle, H., Appeldoorn, G., Burgers, G. & van Oldenborgh, G. J. The
relationship between sea surface temperature and thermocline depth in the
eastern Equatorial Pacific. J. Phys. Oceanogr. 34, 643-655 (2004).

Hummels, R., Dengler, M., Brandt, P. & Schlundt, M. Diapycnal heat flux and
mixed layer heat budget within the Atlantic Cold Tongue. Clim. Dyn. 43,
3179-3199 (2014).

Nogueira Neto, A. V., Giordani, H., Caniaux, G. & Araujo, M. Seasonal and
interannual mixed-layer heat budget variability in the western tropical Atlantic
from argo floats (2007-2012). J. Geophys. Res. Ocean. 123, 5298-5322 (2018).
Nnamchi, H. C,, Latif, M., Keenlyside, N. S. & Park, W. A satellite era
warming hole in the equatorial Atlantic ocean. J. Geophys. Res. Ocean. https://
doi.org/10.1029/2019]C015834 (2020).

Yu, L. & Weller, R. A. Objectively analyzed air-sea heat fluxes for the global
ice-free oceans (1981-2005). Bull. Am. Meteorol. Soc. 88, 527-540 (2007).
Rossow, W. B. & Schiffer, R. A. Advances in understanding clouds from
ISCCP. Bull. Am. Meteorol. Soc. 80, 2261-2288 (1999).

Crespo, L. R., Keenlyside, N. & Koseki, S. The role of sea surface temperature
in the atmospheric seasonal cycle of the equatorial Atlantic. Clim. Dyn. 52,
5927-5946 (2019).

Richter, I, Doi, T., Behera, S. K. & Keenlyside, N. On the link between mean
state biases and prediction skill in the tropics: an atmospheric perspective.
Clim. Dyn. 50, 3355-3374 (2018).

Li, X., Bordbar, M. H,, Latif, M., Park, W. & Harlaf}, J. Monthly to seasonal
prediction of tropical Atlantic sea surface temperature with statistical models
constructed from observations and data from the Kiel Climate Model. Clim.
Dyn. 54, 1829-1850 (2020).

Bellomo, K., Clement, A. C., Mauritsen, T., Ridel, G. & Stevens, B. The
influence of cloud feedbacks on equatorial Atlantic variability. J. Clim. 28,
2725-2744 (2015).

Davey, M. et al. STOIC: a study of coupled model climatology and variability
in tropical ocean regions. Clim. Dyn. 18, 403-420 (2002).

Chang, P, Fang, Y., Saravanan, R, Ji, L. & Seidel, H. The cause of the fragile
relationship between the Pacific El Nifio and the Atlantic Nifo. Nature 443,
324-328 (2006).

Latif, M. & Grotzner, A. The equatorial Atlantic oscillation and its response to
ENSO. Clim. Dyn. 16, 213-218 (2000).

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Liibbecke, J. F. & McPhaden, M. J. On the inconsistent relationship between
Pacific and Atlantic Nifos. J. Clim. 25, 4294-4303 (2012).

Wang, C. An overlooked feature of tropical climate: Inter-Pacific-Atlantic
variability. Geophys. Res. Lett. 33, https://doi.org/10.1029/2006GL026324
(2006).

Martin-Rey, M., Polo, I, Rodriguez-Fonseca, B., Losada, T. & Lazar, A. Is
there evidence of changes in tropical Atlantic variability modes under AMO
phases in the observational record? J. Clim. 31, 515-536 (2017).

Richter, I. et al. Multiple causes of interannual sea surface temperature
variability in the equatorial Atlantic Ocean. Nat. Geosci. 6, 43-47 (2013).
Foltz, G. R. & McPhaden, M. J. Interaction between the Atlantic meridional
and Nifo modes. Geophys. Res. Lett. 37, https://doi.org/10.1029/
2010GL044001 (2010).

Song, F.,, Leung, L. R, Lu, J. & Dong, L. Seasonally dependent responses of
subtropical highs and tropical rainfall to anthropogenic warming. Nat. Clim.
Chang 8, 787-792 (2018).

Biasutti, M. & Sobel, A. H. Delayed Sahel rainfall and global seasonal cycle in a
warmer climate. Geophys. Res. Lett. 36, https://doi.org/10.1029/2009GL041303
(2009).

Saha, S. et al. The NCEP climate forecast system version 2. J. Clim. 27,
2185-2208 (2014).

Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146,
1999-2049 (2020).

Dee, D. P. et al. The ERA-interim reanalysis: configuration and performance
of the data assimilation system. Q. J. R. Meteorol. Soc. 137, 553-597 (2011).
Kobayashi, S. et al. The JRA-55 reanalysis: general specifications and basic
characteristics. J. Meteorol. Soc. Jpn. Ser. II 93, 5-48 (2015).

Molod, A., Takacs, L., Suarez, M. & Bacmeister, J. Development of the GEOS-
5 atmospheric general circulation model: evolution from MERRA to
MERRAZ2. Geosci. Model Dev. 8, 1339-1356 (2015).

Liebmann, B. & Smith, C. A. Description of a complete (interpolated)
outgoing longwave radiation dataset. Bull. Am. Meteorol. Soc. 77, 1275-1277
(1996).

Kohl, A. Evaluation of the GECCO2 ocean synthesis: transports of volume,
heat and freshwater in the Atlantic. Q. J. R. Meteorol. Soc. 141, 166-181
(2015).

Behringer, D. W., Ji, M. & Leetmaa, A. An improved coupled model for ENSO
prediction and implications for ocean initialization. Part I: the ocean data
assimilation system. Mon. Weather Rev. 126, 1013-1021 (1998).

Balmaseda, M. A., Mogensen, K. & Weaver, A. T. Evaluation of the ECMWF
ocean reanalysis system ORAS4. Q. J. R. Meteorol. Soc. 139, 1132-1161 (2013).
Zuo, H., Balmaseda, M. A., Tietsche, S., Mogensen, K. & Mayer, M. The
ECMWEF operational ensemble reanalysis—analysis system for ocean and sea
ice: a description of the system and assessment. Ocean Sci. 15, 779-808 (2019).
Carton, J. A., Chepurin, G. A. & Chen, L. SODA3: a new ocean climate
reanalysis. J. Clim. 31, 6967-6983 (2018).

Good, S. A, Martin, M. J. & Rayner, N. A. EN4: Quality controlled ocean
temperature and salinity profiles and monthly objective analyses with
uncertainty estimates. . Geophys. Res. Ocean. 118, 6704-6716 (2013).
Bretherton, C. S., Widmann, M., Dymnikov, V. P., Wallace, J. M. & Bladé, 1.
The effective number of spatial degrees of freedom of a time-varying field. J.
Clim. 12, 1990-2009 (1999).

Vallés-Casanova, L, Lee, S.-K,, Foltz, G. R. & Pelegri, J. L. On the
spatiotemporal diversity of Atlantic Nifio and associated rainfall variability
over West Africa and South America. Geophys. Res. Lett. 47, €2020GL087108
(2020).

Acknowledgements

This study was supported by the BANINO project of the German Ministry of Education
and Research (BMBF). H.C.N. was funded by the Alexander von Humboldt Postdoctoral
Fellowship. N.S.K. acknowledges support from EU H2020 program (STERCP, grant
648982; TRIATLAS, grant 817578). M.L. acknowledges support from JPI Climate & JPI
Oceans (ROADMAP, grant 01LP2002C). The authors thank Joke Liibbecke and Ping
Chang for informal reviews of the initial draft.

Author contributions

H.C.N. and M.L. developed the concept and led the writing of the manuscript. H.C.N.
conducted the analysis. N.S.K,, J.K., and LR. contributed to discussion of the mechanisms
and improvement of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

| (2021)12:376 | https://doi.org/10.1038/s41467-020-20452-1 | www.nature.com/naturecommunications 9


https://doi.org/10.1029/2009JC005964
https://doi.org/10.1029/2009JC005964
https://doi.org/10.1029/2010GL044461
https://doi.org/10.1175/jcli-d-18-0614.1
https://doi.org/10.1029/2011JC007164
https://doi.org/10.3389/feart.2015.00037
https://doi.org/10.3389/feart.2015.00037
https://doi.org/10.1029/2019JC015834
https://doi.org/10.1029/2019JC015834
https://doi.org/10.1029/2006GL026324
https://doi.org/10.1029/2010GL044001
https://doi.org/10.1029/2010GL044001
https://doi.org/10.1029/2009GL041303
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20452-1.

Correspondence and requests for materials should be addressed to H.C.N.

Peer review information Nature Communications thanks James Carton and Anna-Lena
Deppenmeier for their contribution to the peer review of this work. Peer reviewer reports
are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

10 | (2021)12:376 | https://doi.org/10.1038/s41467-020-20452-1 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-20452-1
https://doi.org/10.1038/s41467-020-20452-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Diabatic heating governs the seasonality of the Atlantic Niño
	Results
	Seasonality of atmospheric diabatic heating and thermocline feedback
	Meridional propagation of the atmospheric convection
	Ocean-mixed-layer heat budget

	Discussion
	Methods
	Data
	Calculation of the ocean-mixed-layer heat budget
	Statistical analysis

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




