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Abstract In the present study, we analyzed the interannual linkage between the boreal winter Arctic
Oscillation (AO) and East African early short rains. When the Indian Ocean Dipole and El Niño–Southern
Oscillation variance are excluded by linear regression, the boreal winter AO index is significantly correlated
with the October East African precipitation over the domain of 5∘N–5∘S and 35∘–45∘E for the period
1979–2014, r = +0.46. The upper ocean heat content likely acts as a medium that links the AO and East
African precipitation. Significant subsurface warming and positive upper ocean heat content anomalies
occur over the western Indian Ocean during the autumn following positive AO winters, which enriches
the atmospheric moisture, intensifies convection, and enhances precipitation. Oceanic dynamics play a
key role in causing this subsurface warming. Winter AO-related atmospheric circulation creates anomalous
wind stress, which forces a downwelling oceanic Rossby wave between 60∘–75∘E and 5∘–10∘S, where the
thermocline significantly deepens. This Rossby wave propagates westward and accompanies significant
subsurface warming along the thermocline. The Rossby wave arrives at the western Indian Ocean in the
late summer, significantly warming the region to the west of 55∘E at a depth of 60–100 m. This warming
remains significant through October. Correspondingly, the upper ocean heat content significantly increases
by approximately 2–3 × 108 J m−2 in the region west of 60∘E between 5∘ and 10∘S. The role of these
oceanic dynamics in linking the winter AO, and anomalous subsurface warming was tested by numerical
experiments with an oceanic general circulation model. The experiments were performed with the forcing
of AO-related wind stress anomalies over the Indian Ocean in the winter. The oceanic Rossby wave
generated in the central Indian Ocean during boreal winter, the consequent subsurface warming, and
the anomalous upper ocean heat content in October over the western Indian Ocean were all adequately
reproduced. The winter AO can serve as a precursor of East African short rain anomalies.

1. Introduction

Equatorial East Africa exhibits two peaks of precipitation every year following the seasonal migration of the
intertropical convergence zone. One peak occurs around March–May (i.e., long rains), and the other peak
occurs from October to December (i.e., short rains). Although short rains bring less precipitation than long
rains (Figure 1), the former have higher interannual variability with recurrent droughts and floods, such as
those of 1997, 2005, and 2010 [e.g., Hastenrath et al., 2007, 2010; Liebmann et al., 2012; Philippon et al., 2015].
Improving our understanding of the variability of short rains is important for the livelihood of millions. Pre-
vious studies have documented physically robust drivers that directly or indirectly modulate the East African
short rains, which involve large-scale atmospheric and/or oceanic linkages. For example, Hastenrath [2000,
2007] and Mutai et al. [2012] emphasized the importance of the zonal vertical circulation cell along the
Indian Ocean’s equator, where an anomalous descending (ascending) western branch of the cell near approx-
imately 40∘E suppresses (enhances) the rainfall in East Africa. Nicholson [2015] indicated that this cell plays a
strong role in producing wet conditions. Manatsa et al. [2014] reported that a westward displacement of the
Mascarene High produces below normal sea surface temperatures (SSTs) in the southern Indian Ocean and
that the suppressed convection over the western tropical Indian Ocean leads to below normal precipita-
tion in East Africa. The southern annular mode may indirectly influence these short rains by modulating the
Mascarene High [Manatsa et al., 2015].
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Figure 1. (a) Topography of East Africa, (b) long-term means of the monthly precipitation over the region of 5∘S–5∘N
and 35∘ –45∘E with respect to 1981–2010. Target region is shown as the box in Figure 1a).

Oceanic thermal/dynamical conditions play important roles in precipitation variability over East Africa. Obser-
vations and simulation analyses have demonstrated that the short rains exhibit a significant association with
the El Niño–Southern Oscillation (ENSO). A warmer ENSO phase is often accompanied by a wetter short rain
season in equatorial East Africa, whereas a colder phase is followed by drier conditions [e.g., Hutchinson, 1992;
Indeje et al., 2000; Clark et al., 2003; Preethi et al., 2015; among others]. Compared to the ENSO, the Indian
Ocean Dipole (IOD), whose outstanding feature is a west-east contrast of SST anomalies, is suggested to sig-
nificantly influence East Africa’s short rains. Above average precipitation appears in the western Indian Ocean
and neighboring East Africa following a positive SST anomaly in the western tropical Indian Ocean and a nega-
tive anomaly in the east [Hastenrath et al., 1993; Saji et al., 1999; Webster et al., 1999]. The major role of the IOD in
the variability of these short rains has been confirmed by numerical experiments [Goddard and Graham, 1999;
Latif et al., 1999; Behera et al., 2005; Bahaga et al., 2015]. This in-phase relationship between the SST and precip-
itation has also been reproduced in the 20th century ensemble simulations by 17 coupled ocean-atmosphere
general circulation models [Saji et al., 2006]. This relationship varies with time and has strengthened since the
early 1960s [Clark et al., 2003; Manatsa and Behera, 2013]. In addition to the basin-scale SST, the enhancement
of East African short rains from local warm SST anomalies in the western equatorial Indian Ocean is particularly
noteworthy [Black et al., 2003; Ummenhofer et al., 2009; Liebmann et al., 2014].

The warming in the western Indian Ocean, which might be caused by the IOD/ENSO, anomalous atmospheric
circulation, or remote factors outside the Indian Ocean, induces abundant short rains. Local/regional hori-
zontal moisture transport is a key factor. For example, Chan et al. [2008] emphasized the importance of the
moisture that is transported from the western Indian Ocean to East Africa. Accompanying these warmer SSTs
over the western Indian Ocean near the East African coastline is an active center of vertical motion and deep
convection, which induces this easterly moisture transport and favors precipitation during short rain seasons.
Ummenhofer et al. [2009] indicated that warming in the western Indian Ocean creates lower pressure over the
western Indian Ocean and neighboring East Africa. The low pressure in this region drives anomalous wester-
lies to the west and easterlies to the east, and the resultant convergence of this moisture transport creates
above average precipitation over East Africa. Recently, Bahaga et al. [2015] indicated that a Gill-type response
of the atmosphere to a warmer western Indian Ocean induces a low-level anomalous westerly over equato-
rial Africa, which creates moisture flux convergence over East Africa. In addition, the favorable moisture and
circulation conditions in the tropical Indian Ocean may be maintained/amplified through positive feedback
among the winds, thermocline, and SST gradient that enhances East African precipitation [Webster et al., 1999].

There is evidence showing that the winter Arctic Oscillation (AO)/North Atlantic Oscillation (NAO) can influ-
ence the tropical climates over the western North Pacific and Indian Ocean on interannual timescale [e.g.,
Gong et al., 2014, 2016]. In association with active AO during the boreal winter, the AO-related transient
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eddy-mean flow interactions in the North Pacific generate anomalous dipole circulation with a cyclone to the
southern side of the jet stream and an anticyclone to the north [Gong et al., 2011]. Meanwhile, the upper tropo-
sphere over Eurasian continents is dominated by large-scale wave trains [Branstator, 2002; Watanabe, 2004].
Particularly, the southern Asian jet stream plays important roles in trapping the vorticity disturbances that
originated from the middle to high latitudes and modulating its downstream propagation through waveg-
uide effects over the Middle East and India. Consistently, the salient pattern over the northern Indian Ocean
is an anomalous anticyclonic circulation which is dominant from middle to upper troposphere. In addition,
the strong downward air motion enhances the lower troposphere Arabian High. Thus, from surface to mid-
dle troposphere there are significant northern winds flowing across the equator between 50∘ and 70∘E.
Three-dimensional circulation changes over Indian Ocean in association with boreal winter AO were analyzed
in detail in Gong et al. [2014]. Anyway, this atmospheric teleconnection linking AO/NAO and intraseasonal to
interannual Indian Ocean (particularly the tropical Indian Ocean) climates were documented with physical
explanation by previous observation and simulation studies [Lin et al., 2009; Yuan et al., 2011; Gong et al., 2014,
among others].

In the present study, we present evidence that the East African early short rains are modulated by the boreal
winter AO through a persistent anomaly in the upper ocean heat content and the atmospheric moisture and
convection over the western Indian Ocean. The remainder of this paper is organized as follows. Section 2
describes the data and methods that are used in this study. Section 3 presents the statistical relationship
between the winter AO and East African early short rains and then demonstrates the corresponding changes
in the atmospheric circulation and humidity. Section 4 investigates the possible mechanisms that connect the
winter AO and early short rains, with a focus on the upper ocean heat content and AO-related oceanic Rossby
wave. Section 5 tests the role of the AO-forced oceanic dynamics by numerical experiments with an oceanic
general circulation model. Finally, the major findings of this study are summarized in section 6.

2. Data and Methodology
2.1. Data
We used the AO and Niño 3.4 SSTs from the Climate Prediction Center (CPC, NOAA). Here the time series of the
AO index was constructed by projecting 1000 hPa height anomalies poleward of 20∘N onto the loading pat-
tern of the AO mode. The AO is most active during January–February–March (JFM) [Thompson and Wallace,
2000], so we considered JFM to be the boreal winter in this study. The Niño 3.4 SST is the averaged SST anoma-
lies over 5∘N–5∘S and 170∘–120∘W. The intensity of the IOD is represented by anomalous SST gradients
between the western equatorial Indian Ocean (50∘–70∘E and 10∘S–10∘N) and the southeastern equatorial
Indian Ocean (90∘–110∘E and 10∘S–0∘) [Saji et al., 1999] and was computed by using the Extended Recon-
structed Sea Surface Temperature data set (ERSST v3b). The Simple Ocean Data Assimilation (SODA) product
version 2.2.4, which is updated to December 2010, was used to investigate the variations in the subsurface
temperature, heat content, and sea surface height (SSH). The 20∘C isotherm depth (D20) was calculated based
on the SODA seawater temperature and was used as an indicator of the thermocline. The spatial resolution of
SODA was 0.5∘, and the resolution of the uppermost levels of the 40 total vertical layers was approximately
10 m [Carton and Giese, 2008]. The atmospheric circulation and humidity fields were taken from the ERA
Interim reanalysis data set, which is available at 1.5∘ resolution.

Four monthly observational precipitation data sets were used in this study. The Global Precipitation Climatol-
ogy Centre (GPCC v7) provides 1∘ gridded land precipitation estimates that are based solely on station data
[Schneider et al., 2014]. The second data set was the Global Precipitation Climatology Project’s (GPCP v2.2)
monthly precipitation data set, which combines observations and satellite precipitation data with a resolu-
tion of 2.5∘ [Adler et al., 2003]. The third data set was the grid box monthly rainfall database from the Climate
Research Unit (CRU TS323), which has a resolution of 0.5∘ [Harris et al., 2014]. The fourth data set was the
merged analysis of precipitation from CPC (CMAP), which has a resolution of 2.5∘ [Xie and Arkin, 1997]. The
regional mean monthly precipitation was computed over the target area between 5∘S–5∘N and 35∘–45∘E
(Figure 1) for each of these four data sets. In this study, these climate time series were confined to the period
1979–2014.

We computed the regional mean precipitation averaged over the domain of 5∘N–5∘S and 35∘–45∘E using the
GPCC, GPCP, CRU, and CMAP data sets. Then these four time series were averaged into a single one, which was
defined as the equatorial East African rainfall index (EARI). The averages for different data sets would reduce
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the data uncertainties and noises, which is important for signal detection. A similar domain was also used to
measure East African short rains in previous studies [e.g., Behera et al., 2005; Manatsa and Behera, 2013; Gitau
et al., 2015; Philippon et al., 2015]. In particular, the precipitation within the domain exhibited temporal-spatial
coherence. October EARI exhibited a variance of 1.97 (mm d−1)2, which is the largest of all of the months.
Approximately 85% of the total variance of EARI originated from the interannual timescale variations.

2.2. Methodology
We high-pass filtered all the time series by using a Butterworth filter to focus on the interannual variations
in the variables of interest, and only the components with time periods that were shorter than 10 years were
retained and employed in the following analysis.

Furthermore, we excluded the influence of the ENSO and IOD to isolate the impact of the AO on tropical
climates. We removed the ENSO and IOD’s variance in the variables of interest through linear regression
analysis. The ENSO and IOD have a phase-locking feature with a mature peak in boreal winter and autumn,
respectively, and their climate influences may be multiseasonal, so we consider the simultaneous Pacific and
Indian Ocean SSTs and their preceding peak conditions. Given a specific time series (y), we used a simple
equation to estimate the variance that was linearly related to the ENSO and IOD:

ŷ = b1E1 + b2E2 + b3I1 + b4I2 (1)

where b1, b2, b3, and b4 are regression coefficients; E1 and I1 are the Niño 3.4 SST and IOD in the simultaneous
autumn; E2 is Niño 3.4 SST during the preceding winter; and I2 is the IOD during the preceding autumn. ŷ was
estimated by using the least squares technique and was then subtracted from the climate time series. The
residuals (i.e., y− ŷ) were regarded as “ENSO- and IOD-free” parts and were subjected to the following analysis.
Composite analysis was also employed and compared with the regression analysis.

3. East African Precipitation Anomalies
3.1. Precipitation Anomalies
After high-pass filtering the precipitation time series and linearly removing the ENSO and IOD variance,
we computed the anomalies of the monthly precipitation rates that corresponded to the JFM AO index.
Considering the dramatic month-to-month changes in the background atmospheric circulations during early
short rain seasons [e.g., Mutai and Ward, 2000], we investigated anomalous precipitation for each of the
months of September, October, and November. The results are shown in Figure 2. None of the data sets
showed significant anomalies over East Africa or the neighboring Indian Ocean in November. In September,
significant anomalies below 0.4 mm d−1 appeared in a few scattered grids over the western Indian Ocean,
especially in the GPCP and CMAP data sets. By contrast, the precipitation anomalies in October displayed an
evident pattern, with notable spatial coherence among all the data sets. The salient feature was the significant
positive autumn precipitation anomalies over the equatorial East Africa under a positive winter AO phase. The
location and extent of the anomalies were generally similar among the four data sets, approximately cover-
ing a key region between 5∘S–5∘N and east of 35∘E, where the maxima were approximately 0.4–0.8 mm d−1

in association with one unit of the JFM AO index. We further examined the temporal features of this precip-
itation. As shown in Figure 3, the October EARI (as averaged over 5∘N–5∘S and 35∘–45∘E) showed notable
in-phase year-to-year variations with the JFM AO index. The precipitation maxima of 1982, 1997, 2009, and
2011 cooccurred with strong positive AOs, whereas the JFM AO indices were relatively low in the anomalously
dry years of 1996, 2010, and 2013. Indeed, the Pearson correlation between the October EARI and the JFM
AO was +0.51. Their correlation still remained +0.46 after the IOD and Niño3.4 SST signals were removed.
Both values were statistically significant at the 0.05 level. When the apparent outstanding value of 1997 was
excluded, the EARI was still significantly correlated with the JFM AO (+0.44). In addition, we analyzed the pre-
cipitation anomalies for the short rain season. The JFM AO was correlated with September–November EARI at
+0.32. For October–November the correlation was +0.30. Although these values were statistically significant
at the 0.1 level, we found it was hard to make a physical explanation. In fact, September and November EARI
showed no evident anomalies, and their correlations were only +0.18 and +0.07, respectively. This is clearly
shown in Figure 2. Thus, the majority of the AO-related seasonal precipitation variance was contributed by
the October anomalies.
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Figure 2. Interannual precipitation anomalies from September to November in association with the JFM AO index. All of GPCP, CMAP, CRU, and GPCC are
analyzed using the same period of 1979–2014. Only values significant above the 0.05 level are shown. Unit: mm d−1.

It should be pointed out that the regression analysis was performed based on the residuals after high-pass fil-
tering and removing the IOD and ENSO’s variance. A disadvantage of this method is the potential negligence
of possible nonlinearity in the relationship. For further clarification, we additionally examined the precipita-
tion composites based on the JFM AO index. Because the CRU and GPCC data sets are available only for land
areas, we utilized the GPCP and CMAP data sets to calculate the precipitation anomalies in a broader area
that extended from East Africa to the neighboring western tropical Indian Ocean. We compared the October
precipitation differences between the positive JFM AO years and the negative AO years. The period of
1979–2014 exhibited four strong positive AO years (1989, 1990, 1993, and 2002) when the JFM AO indices
were larger than 1 standard deviation (i.e., AO > 1𝜎) and six strong negative AO years (1979, 1980, 1985, 1987,
2010, and 2013), for which the anomalies were smaller than −1𝜎. The autumn IODs for the years 2002 and
2010 were also intense (anomalies beyond ±1𝜎). Therefore, these 2 years were excluded from the composites
to reduce the influence of the IOD. Finally, we computed the precipitation means for three positive AO years

Figure 3. Time series of the JFM AO index, October East African rainfall index (EARI), and the ocean heat content in the
uppermost 150 m (HC150) averaged over 40∘ –60∘E and 5∘ –10∘S. All time series are normalized with respect to the
whole data period to facilitate comparison.
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Figure 4. Composites of precipitation in October based on the (a, b) JFM AO indices and (c, d) the autumn IOD indices.
Precipitation anomalies are shown in colors with unit of mm d−1. Horizontal wind vectors at 850 hPa are superimposed.
Only values significant at the 0.1 level are plotted.

(i.e., 1989, 1990, and 1993), five negative AO years (i.e., 1979, 1980, 1985, 1987, and 2013), and then their dif-
ferences (the positive minus the negative). The statistical significance levels of the differences were estimated
by using a two-tailed t test.

Figure 4 shows the results of the composites. Both the GPCP and CMAP data sets displayed significant posi-
tive anomalies in equatorial East Africa and the nearby Indian Ocean. A couple of grids of positive values were
scattered near southern India, but the signals in these grids did not seem to be stable between the GPCP
and CMAP data sets. The spatial feature over East Africa agreed well with the regression analysis. It is obvious
that the AO-related anomalous precipitation pattern was markedly different from the IOD-related pattern. For
comparison, we generated IOD composites. The period 1979–2014 exhibited six strong positive IOD events
with autumn IODs > 1𝜎 (i.e., 1982, 1994, 1997, 2002, 2006, and 2012) and four strong negative event with
autumn IODs < −1𝜎 (i.e., 1996, 1998, 2005, and 2010). The concurrent intense JFM AO events in 2002 and
2010 (both beyond ±1𝜎) were excluded. Therefore, five positive IOD cases (1982, 1994, 1997, 2006, and 2012)
and three negative IOD cases (1996, 1998, and 2005) were employed in the IOD composites. As shown in
Figure 4, the IOD-related precipitation featured a west-east-oriented dipole with drier conditions in the east-
ern Indian Ocean and wetter conditions in the central and western Indian Ocean, which is a similar pattern to
those reported in previous studies [Saji et al., 1999; Webster et al., 1999]. The IOD-related positive anomalies
in the East African coastal regions were apparently collocated with the AO-related anomalies, but the former
had much larger magnitudes. For example, the maximum values in equatorial East Africa were approximately
3–6 mm d−1, whereas the AO-related maxima were 1–2 mm d−1. More importantly, the anomalous atmo-
spheric circulation was completely different. We calculated the composites for 850 hPa horizontal winds and
superimposed these values onto the precipitation anomalies. As shown in Figures 4a and 4b, no meaning-
ful wind anomalies existed for the AO-related composites, whereas IOD-related atmospheric circulation was
dominated by significantly strong easterly winds at a basin scale. This result suggests that the IOD-related pre-
cipitation was tightly coupled with basin-scale circulation, whereas the AO-related precipitation was unlikely
related to large-scale circulation. Generally, the composites displayed a highly similar feature to the regres-
sion analysis in equatorial East Africa, likely reflecting the winter AO-early short rain linkage. The difference
in precipitation and circulation between the AO and IOD composites probably implies a different mechanism
that involves the AO-short rain relationship. It should be pointed out that both the linear regression and com-
posite analysis cannot perfectly remove the IOD and ENSO variance in a coupled climate system. Meanwhile,
the physical processes linking the JFM AO and the western Indian Ocean thermal condition/short rains were
found different from that of IOD/ENSO (see also Gong et al. [2016]). A different mechanism likely provided
confidence of a robust and independent influence of the JFM AO.
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Figure 5. Anomalies of the total column water vapor (colors, kg m−2), 850 hPa horizontal winds (vectors, m s−1), and
500 hPa vertical velocity (contours, solid line indicates ascending motion and the dashed line indicates descending
motion, unit: 10−2 Pa s−1) in association with the JFM AO index. Only significant (at the 0.05 level) water vapor and
850 hPa winds are shown. Significant 500 hPa vertical motion is indicated by cross symbols.

3.2. Atmospheric Circulation and Humidity
The previous section demonstrated that equatorial East Africa tended to gain more precipitation in October,
corresponding to a larger JFM AO index. Anomalous precipitation could directly result from anomalous atmo-
spheric circulation, anomalous moisture, or both. Here we investigated the changes in both the atmospheric
circulation and troposphere humidity. The horizontal winds at 850 hPa, the vertical motion at 500 hPa, and the
total column water vapor were analyzed as with the precipitation analysis (i.e., these variables were high-pass
filtered first, the IOD and ENSO’s variance was linearly removed, and finally, the variables were regressed upon
the JFM AO index). Their regression coefficients are shown in Figure 5. The dominant feature was the sig-
nificant increase in the water vapor in the western Indian Ocean between approximately 0∘ and 10∘S. The
maxima of >0.8 kg m−2 extended from approximately 65∘E to the coast. The values in the majority of equa-
torial East Africa east of 35∘E were between 0.4 and 0.8 kg m−2. Even the inland area west of 30∘E between
0∘ and 5∘N exhibited positive anomalies <0.4 kg m−2. At 850 hPa, no significant horizontal wind anomalies
existed, which is consistent with the composite analysis results. Clearly, anomalous water vapor was unlikely
to have been brought by large-scale anomalous atmospheric circulation through horizontal transport or con-
vergence. The AO-related vertical air motion at 500 hPa indicated significant ascending along approximately
5∘S west of 55∘E. The locations of this strong ascending and the anomalous water vapor in the western Indian
Ocean were almost identical, which suggests that in situ evaporation and convection played a major role.

Figure 6. Anomalies of wind velocity and specific humidity (a) in the latitude-pressure section along 40.5∘E and (b) in
the longitude-pressure section along 4.5∘S. Only values significant at the 0.05 level are shown.
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These results are further supported by the anomalous vertical profiles of the vertical motion and humidity.
Figure 6 shows the latitude-height section of the specific humidity and the meridional and vertical velocity
along 40.5∘E. An anomalous specific humidity was located below 650 hPa, with a maximum of 0.2–0.4 g kg−1

between 850 and 700 hPa that was centered at 5∘S. Significant upward motion was located between 0∘ and
7∘S and extended from 850 hPa to 250 hPa with a maximum of 0.37 m s−1. The longitude-height section along
4.5∘S revealed that the positive humidity anomalies spread from the lower troposphere upward to 200 hPa in
association with strong ascending between 40∘ and 50∘E. Smaller positive humidity anomalies could also be
found to the east at approximately 60∘–75∘E. The background circulation in October was the overwhelming
southeasterly, which transported the anomalous moisture horizontally from the western Indian Ocean west-
ward into the East African continent [e.g., Chan et al., 2008; Mutai and Ward, 2000]. Therefore, the local/regional
moisture transport and active convection created above average precipitation over equatorial East Africa. In
addition, some synoptic systems that originated in the western Indian Ocean may penetrate into the coastal
continent in the presence of strong southeastern winds and produce precipitation along their development
over the continent [Mutai and Ward, 2000].

4. Possible Mechanisms
4.1. Anomalous Upper Ocean Heat Content
One question is how the JFM AO enhances the atmospheric humidity and convection over the western Indian
Ocean in October. Usually, a warmer SST tends to enhance evaporation and convection. We calculated the
changes in the SST in October in association with the JFM AO index and found that only moderate anomalies
existed over the western Indian Ocean, which were not statistically significant (figure not shown). We argue
that this result was likely related to local air-sea coupling and feedbacks [e.g., Xie et al., 2002; Chowdary et al.,
2009; Du et al., 2009; Webber et al., 2010, 2012]. Instead of the SST, we analyzed the upper ocean heat con-
tent in October, which has important climate consequences in terms of heat storage and release [Annamalai
et al., 2005; Xie et al., 2009]. Considering the climate depth of the thermocline, we calculated the heat content
for the uppermost 150 m (HC150). Just as in the precipitation analysis, we first high-pass filtered the HC150
time series, then linearly removed the IOD and ENSO signals, and finally computed the regression coefficient
upon the JFM AO index. The results are shown in Figure 7. The salient feature was the belt of evident positive
anomalies near the western coast between 5∘ and 10∘S and west of 60∘E, where the maximum was approx-
imately 2–3 × 108 J m−2. Interestingly, the location and extent of the anomalous HC150 coincided with the
moisture and vertical motion anomalies (compare Figures 5 and 7). We further examined the temporal vari-
ations in the regional mean HC150 (averaged over 40∘–60∘E and 5∘–10∘S). As demonstrated in Figure 3, the
October ocean heat content generally varied in phase with the JFM AO. Two time series were correlated at
+0.50, which was significant at the 0.05 level (Table 1).

Meanwhile, the simultaneous correlation between the October HC150 and EARI was +0.53. The robust
HC150-EARI relationship was supported by the corresponding anomalies in the atmospheric moisture and
precipitation. After linearly removing the IOD and ENSO’s variance, we computed the regression of the GPCP
rainfall, the total column water vapor, and the 850hPa horizontal winds upon the regional mean HC150. In
association with larger upper ocean heat content, the precipitation over the East African continents was sig-
nificantly enhanced, with a maximum of approximately 1–2 mm d−1. The analysis for the CMAP data sets
yielded a similar pattern (figure not shown). The simultaneous change in the column water vapor featured a
moist center in the western Indian Ocean, where the anomalies were above 1 kg m−2. The extent of this signif-
icant amount of water vapor covered a larger area north of the location of the anomalous HC150 (cf. Figures 7
and 8). This result was likely caused by the background atmospheric circulation, which helped spread the
anomalous moisture westward and northward in the tropical western Indian Ocean. This pattern apparently
differed from that of the IOD-related anomalies. For comparison, we replotted the HC150-related changes but
did not remove the IOD and ENSO’s variance. The atmospheric moisture was clearly dominated by a west-east
dipole. The southeastern Indian Ocean exhibited negative anomalies, whereas positive anomalies over the
western Indian Ocean west of 75∘E were evidently larger than those without the IOD and ENSO’s variance. In
addition, the lower troposphere winds were different. In Figure 8b, the salient feature of the 850 hPa winds was
a basin-wide C-type anomaly. Without the IOD and ENSO’s variance, only anomalous easterlies occurred along
the equator east of 70∘E. These easterlies were likely related to precipitation diabatic heating over the western
Indian Ocean [e.g., Webber et al., 2010]. However, these anomalous winds were relatively weak, with means of
1.1 m s−1 along the equator between 70∘ and 100∘E (Figure 8a), whereas the winds at the same longitudes
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Figure 7. October heat content anomalies in association with the JFM AO index. Stipples denote values significant at
the 0.05 level.

shown in Figure 8b were approximately 2 times stronger (2.4 m s−1). Generally, the evident linkage between
the JFM AO and October HC150 likely suggests that the upper ocean heat content in the western Indian Ocean
played a key role in “storing” the winter AO signals and further affected East African early short rains.

4.2. Oceanic Rossby Wave Induced by AO Forcing
Why does anomalous heat content exist in the western Indian Ocean in October? We analyzed the ver-
tical temperature profiles by using SODA data to more clearly show changes in the heat content. The
longitude-depth section from the western Indian Ocean to the east averaged between 5∘ and 10∘S are plot-
ted in Figure 9. Anomalous warmer temperatures for the positive JFM AO cases appeared in the upper layers,
with a maximum >0.6∘C near the 20∘C isotherm to the west of 60∘E in October. After October, the tempera-
ture anomalies between 40∘ and 60∘E rapidly weakened and disappeared by December. Interestingly, strong
subsurface warming in the western Indian Ocean actually appeared during the late summer. In August, an
anomalous warming of >0.3∘C spanned from 40 m to approximately 160 m. The strongest warming was
located around the thermocline. We plotted the JFM AO-related temperature vertical profiles back to January
and the preceding autumn to show where and when this anomalous subsurface warming originated. Results
showed that this subsurface warming first formed during the boreal winter in the middle of the Indian Ocean
and then propagated westward. As clearly demonstrated in Figure 9, the center of the subsurface warming
in February was between approximately 65∘ and 75∘E. Later, this center moved to 60∘–65∘E and 55∘–60∘E in
April and June, respectively. No such warming was present before January. Evidently, this subsurface warm-
ing resulted from a Rossby wave and its westward propagation along the thermocline, which formed in the
central tropical Indian Ocean during boreal winter.

Oceanic dynamics are recognized as the primary processes that sustain and propagate subsurface tempera-
ture variations. Oceanic Rossby waves are important in forming tropical Indian Ocean variability at time scales
ranging from intraseasonal to interannual (Huang and Kinter [2002], Izumo et al. [2008], Gnanaseelan and Vaid
[2010], Chakravorty et al. [2014], among others). One important origin is the anomalous wind stress, which
dynamically causes regional Ekman pumping and further generates a forced Rossby wave. We examined
simultaneous changes in near-surface winds, the thermocline depth, and the sea surface height to determine
whether winter AO-related atmospheric circulation generates oceanic Rossby waves in the Indian Ocean.
As shown in Figure 10, anomalous winds crossed the equator with a C-type pattern in the central tropical

Table 1. Correlations Among October East African Precipitation (EARI), the
Upper Ocean Heat Content in the Top 150 m (HC150), and the January–
February–March AO Indexa

AO(JFM) HC150(Oct.) EARI(Oct.)

AO(JFM) / +0.49b +0.51b

HC150(Oct.) (+0.50b) / +0.45b

EARI(Oct.) (+0.46b) (+0.53b) /
aIn parentheses are correlations after removing ENSO and IOD variance.

The HC150 is averaged over 40∘ –60∘E and 5∘ –10∘S.
bSignificant at the 0.05 level.
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Figure 8. Anomalous GPCP rainfall (colors, mm d−1), total column water vapor (contours, kg m−2), and 850 hPa
horizontal winds (vectors, m s−1) in association with the regional mean upper ocean heat content over 40∘ –60∘E and
5∘ –10∘S. Only significant (at the 0.05 level) GPCP and winds are plotted. Significant total column water vapor is denoted
by stipple. (a) The IOD and ENSO variance have been removed and (b) IOD and ENSO variance have not been removed.

Indian Ocean between 60∘ and 70∘E, in association with a larger JFM AO index. The significant crossing equa-

torial air flow in the same location existed from surface to 500 hPa. Gong et al. [2014] reported that atmospheric

Rossby waves that are guided by westerlies during positive AO winters tend to trigger persistent positive

geopotential heights in the upper troposphere over approximately 20∘–30∘N and 55∘–70∘E. Anomalous

downward air motions strengthened the air pressure in the middle to lower troposphere. Thus, the enhanced

Arabian High brought anomalous northern winds over the northern Indian Ocean, in turn creating anoma-

lous cross-equatorial air flows in the central tropical Indian Ocean. Naturally, this C-type wind stress induced

downwelling Ekman pumping. The thermocline around 60∘–75∘E and 5∘–10∘S significantly deepened by

>4 m. Correspondingly, the sea surface height was approximately 2 cm above normal. A similar pattern of cir-

culation and thermocline changes that corresponded to the winter AO was also reported in observations and

simulations [e.g., Gong et al., 2014, 2016]. These results are robust signals of downwelling Rossby waves. The

traveling speed of the Rossby wave as estimated from Figure 9 was approximately 14 cm s−1, which is a typical

baroclinic Rossby wave speed [Chelton et al., 1998; Vasala, 2008]. In addition to the subsurface positive temper-

ature anomalies, the arrival of Rossby wave in the western Indian Ocean also caused the significant warming

in SSTs by approximate 0.2∘–0.3∘C in July–August [see Gong et al., 2016, Figure 1]. Numerical experiments

showed that without the arrival of the downwelling Rossby wave, the western Indian Ocean SSTs cooled sig-

nificantly [Tozuka et al., 2014]. Another simulation study showed that the upwelling Rossby wave generated

by wind stress over the Seychelles Dome in November and December resulted in SST cooling during the sub-

sequent spring and early summer over the western Indian Ocean [Manola et al., 2015]. It should be pointed
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Figure 9. Temperature anomalies averaged from 5∘ –10∘S in association with the JFM AO index from preceding October
to the concurrent December plotted for every other month (colors: ∘C). Contour lines are long-term mean temperature
(∘C), and the 20∘C isotherm depth is shown in bold line. Color shadings denote significant values at the 0.05 level.

out that the SST anomalies decayed rapidly and no longer significant after August, whereas the positive upper

ocean heat content anomalies persisted into September and October. In addition, the net surface heat fluxes

were negative anomalies in a small region close to the coast at approximate 5∘S, implying that the western

Indian Ocean still released heat to the atmosphere in September–October [cf. Gong et al., 2016, Figure 6].

This was consistent with the positive anomalies in HC150, the increased in situ atmospheric humidity, and the

enhanced convection.

Figure 10. Anomalous 10 m winds (vectors with units of m s−1), 20∘C isotherm depth (D20, colors with units of m), and
sea surface height (SSH, contours with units of cm) in association with the JFM AO index. Plotted D20 and winds are
both significant at the 0.05 level.
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5. Numerical Experiments
5.1. Numerical Experimental Design
Observation analysis demonstrated that a slowly propagating oceanic Rossby wave existed that strongly
covaried with the thermocline and behaved very differently from those that are damped by air-sea interac-
tions [e.g., Xie et al., 2002]. This observation likely implies that oceanic dynamics, rather than air-sea fluxes,
dominated the wave’s propagation from the central Indian Ocean to the west and induced the anomalous
upper ocean warming over the southwestern Indian Ocean [e.g., Annamalai et al., 2005; Gong et al., 2016].
We performed numerical experiments by using an oceanic general circulation model of the Miami Isopycnic
Coordinate Ocean Model (MICOM) [Bleck et al., 1992] to clarify this issue and focus on the oceanic dynamics.
The MICOM has 34 isopycnic layers in the vertical direction and a nonisopycnic surface mixed layer on top. Its
horizontal resolution is 2.4∘ along the equator, and the meridional resolution near the equator is 0.8∘ to bet-
ter resolve equatorial confined dynamics. We first performed spin-up integration to prepare for the numerical
experiments. In this step, the MICOM was forced by the daily NCEP-NCAR (National Centers for Environmental
Prediction-National Center for Atmospheric Research) atmosphere from 1 January 1948 to 31 December 2009.
The same atmosphere-forcing integration was repeated 4 times without interruption. The last 61 years (i.e.,
1948–2009) were retained to provide the initial conditions for the control runs. We selected all the grids where
the near surface winds were significantly correlated to the JFM AO index in the domain of 40∘–100∘E and
20∘S–20∘N to highlight the wind stress over the Indian Ocean (see Figure 10). We multiplied these wind vec-
tors by the regional mean wind stress climate (0.04 N m−2) to enhance the AO-related signals. In other words,
the amplified wind stresses in the anomalous forcing field were assigned in proportion to their AO-related
wind anomalies only at these significant grids, whereas the values for the nonsignificant grids and those out-
side the domain were all zero. We should point out that on the boundary between enhanced and normal
grid points, there would be spurious wind shear though its scale might be small. Its possible influence on the
simulations needs a greater refinement analysis.

When designing the numerical experiments, two important issues had been considered. First, in order to
simulate the AO’s oceanic impact, the numerical experiments should start from normal AO conditions. We
examined the original unfiltered JFM AO time series and found that the year of 1991 had the smallest magni-
tude (only −0.23) in all non-IOD/ENSO years. Therefore, the year of 1991 was selected as the normal AO case
for numerical experiments. Second, the possible influence of other climate modes should be tested. The most
important mode in Indian Ocean climate variability is the IOD. In all strong IOD cases with their magnitudes
exceeding 1𝜎, the year 1994 had the smallest magnitude for JFM AO (+0.24). Thus, the year 1994 was selected
for numerical experiments as a normal-AO plus positive-IOD case.

Then, we performed control runs for 1991 with an initial condition from the spin-up ocean on 1 January
1991. The NCEP-NCAR atmospheres from 1 January to 31 December 1991 were imposed onto the MICOM.
This process was repeated 50 times without interruption. The means of these control runs should mimic the
observational ocean climate. The first sensitivity run for 1991 used the same initial condition as the first con-
trol run. The initial conditions from the second to the fiftieth sensitivity runs were taken from the first day in
each of the parallel control runs. Thus, each pair of control and sensitivity runs began from exactly the same
conditions. The AO-related anomalous forcing field during these 50 sensitivity runs was superimposed onto
the NCEP-NCAR atmospheres from 1 January to 31 March and then removed until 31 December. The control
and sensitivity runs for the year 1994 were conducted in the same way. In total, we obtained 50 ensembles
for each year. The means of the 50 ensembles were computed. Theoretically, differences between the sensi-
tivity and control runs were caused by the AO-related forcing over the Indian Ocean in January–March. And
by comparing the results between 1991 and 1994, we might get an idea whether the IOD impacted the AO’s
influence on the western Indian Ocean thermal condition and short rains.

5.2. Simulated Oceanic Changes
We first examined whether the westward propagation of the subsurface temperature anomalies was repro-
duced by the AO-forcing simulations. The differences in the mean water temperature averaged from 5∘ to
10∘S were computed from January to December. Then, the depth-longitude section was plotted in Figure 11.
Here we show the results for every other month to facilitate comparisons with the observations. February
exhibited two subsurface warming centers for both years. One center was located in the eastern Indian Ocean
near 90∘E, with a maximum >0.4∘C between 80 and 120 m, and the other center was located in the central
Indian Ocean near 70∘E, with >0.3∘C anomalies at 80–100 m depth. Interestingly, the center in the central
Indian Ocean exhibited clear westward propagation. In April, the center moved to 65∘–70∘E, where strong
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Figure 11. Simulated temperature changes averaged from 5∘ –10∘S in response to the JFM AO wind stress forcing for
simulations of (a–e) year 1991, and (f–j) year 1994. The long-term means of the temperature are superimposed as
contours, and the 20∘C isotherms are shown in thick lines. Shown as the difference of the sensitivity minus the control
runs based on 50 ensembles. Unit: ∘C.

subsurface warming occurred at 80–120 m depth. Its location changed to 60∘–65∘E and 50∘–60∘E in June
and August, respectively. The winter warming in the eastern Indian Ocean was likely caused by the model bias
of the thermocline. The shallowest thermocline in the observations was located in the western Indian Ocean
near 60∘E (Figure 9); by contrast, the thermocline depth to the east was 10–20 m deeper. The model climate
had two shallow centers, one at approximately 55∘E and the other at 90∘E (Figure 11). An unreal shallower

Figure 12. Simulated changes of the ocean heat content in
the upper most 150 m in October for the years (a) 1991 and
(b) 1994. Shown as the difference of the sensitivity minus the
control runs based on 50 ensembles.

thermocline in the eastern Indian Ocean implied
a larger sensitivity to the surface wind stress and
probably produced amplified subsurface warm-
ing. In addition, by comparing simulations for
1991 and 1994, we found that the subsurface
warming in 1994 was somewhat smaller than
that in 1991.

The striking feature of the AO-related subsur-
face changes in the observations was that the
largest anomaly traveled from the central Indian
Ocean in the winter to the west in the summer
along the thermocline (Figure 9). This domi-
nant oceanic dynamics was adequately repro-
duced in the numerical experiments, and the
positive subsurface anomalies remained in the
western Indian Ocean west of 60∘E until October
(Figure 11). Correspondingly, the upper ocean
heat content over the western Indian Ocean
increased in October. As displayed in Figure 12a,
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Figure 13. Anomalies of the total column water vapor (significant at the
0.05 level) in association with the JFM AO index. The long-term mean
horizontal winds at 850 hPa level are superimposed.

evident positive heat content anoma-
lies appeared from 40∘ to 80∘E
between approximately 0∘ and 10∘S
for simulations of 1991. An anomalous
center with a value >5 × 107 J m−2

was located around 50∘–60∘E and
5∘–10∘S. This extent in the simulation
agreed with that from the obser-
vations (cf. Figures 7 and 12). The
simulations for 1994 revealed a similar
pattern of warming in the upper ocean
over the western Indian Ocean, but
the magnitude was slightly smaller
than the year 1991 (Figure 12b).
Generally, the observed and simulated
western Indian Ocean subsurface
temperature anomalies that resulted
from an AO-related Rossby wave were
consistent with the theoretical baro-
clinic Rossby wave model and ocean
general circulation model simulations
[e.g., Zhuang et al., 2013; Tozuka et al.,
2014; Manola et al., 2015]. Why the
warming in 1994 was smaller than in
1991 is an interesting topic. The differ-
ent ocean conditions between 1991
and 1994 seemed a possible reason.
For example, the thermocline in 1994
was generally deeper than in 1991
and its spatial distribution was also
different. Anyway, the results for 1994
suggested that the physical processes

involving the JFM AO and consequent oceanic dynamics were likely robust and independent of the climate
background/modes. In positive IOD years, the strong positive JFM AO would bring more short rains than
non-IOD conditions.

6. Conclusions and Discussion
6.1. Conclusions
In this study, we analyzed the interannual linkage between the boreal winter AO and East African short rains.
A significant in-phase covariation relationship was found between the JFM AO index and the October pre-
cipitation over equatorial East Africa. The regional mean rainfall over 5∘N–5∘S and 35∘–45∘E was correlated
with the JFM AO index at +0.51; after removing the IOD and ENSO’s variance, this correlation remained at
+0.46. The enhanced precipitation was apparently related to the regional moisture and convection, which
were favored by positive upper ocean heat content anomalies in the neighboring western Indian Ocean.

A mechanism that links the winter AO and early short rains is suggested. The JFM AO-related atmospheric
circulation was characterized by a simultaneous enhanced cross-equatorial air flow in the central Indian
Ocean. This C-type wind stress anomaly induced a downwelling oceanic Rossby wave around 60∘–75∘E and
5∘–10∘S, where the thermocline significantly deepened by >4 m and the sea surface height was approxi-
mately 2 cm above normal. The subsurface temperature significantly changed, accompanying the westward
propagation of the Rossby wave along the thermocline. In February, the center of the subsurface warming
was located between approximately 65∘ and 75∘E. Then, this center moved to 60∘–65∘E and 55∘–60∘E in
April and June, respectively. The Rossby wave arrived at the western Indian Ocean in late summer, resulting
in a significant warming of >0.6∘C west of 55∘E at a depth of 60–100 m. This warming remained significant
through October. Afterward, the temperature anomalies between 40∘ and 60∘E rapidly weakened and dis-
appeared by December. The upper ocean heat content significantly increased in October by approximately
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Figure 14. Simulated SST difference of sensitivity minus the control runs from August to October based on 50
ensembles for years (a–c) 1991 and (d–f ) 1994.

2–3 × 108 J m−2 in a region west of 60∘E between 5∘ and 10∘S, corresponding to subsurface warming.
The upper ocean heat content enhanced the atmospheric moisture and convection over the western Indian
Ocean, increasing the precipitation over downstream equatorial East Africa in the presence of background
southeastern winds.

The role of oceanic dynamics in linking the winter AO and anomalous subsurface warming over the western
Indian Ocean was tested by numerical experiments with an oceanic general circulation model. The experi-
ments were performed with the forcing of AO-related wind stress anomalies over the Indian Ocean during
the winter. The oceanic Rossby wave that was generated in the central Indian Ocean during boreal winter, its
westward propagation, the associated subsurface warming, and the anomalous upper ocean heat content in
October over the western Indian Ocean were all adequately reproduced.

6.2. Discussion
Two issues should be discussed. First, the subsurface warming and positive upper ocean heat content anoma-
lies persisted for a couple of months over the western Indian Ocean, but the precipitation only significantly
increased in October. Actually, the atmospheric moisture consistently increased in September (Figure 13). The
precipitation over equatorial East Africa showed no evident changes in September; enhanced precipitation
appeared over the neighboring ocean grids instead (Figure 2). This result was likely caused by the different
settings in the background atmospheric circulation. The tropospheric circulation over East Africa dramati-
cally changed from September to November. In September, the summer monsoonal circulation dominated
the western Indian Ocean and the East Africa coastal regions, featuring strong southern winds. In November,
northeastern winds prevailed north of 5∘N, whereas eastern winds dominated the region south of 5∘S. Strong
southeastern winds that blew from the western Indian Ocean and penetrated into equatorial East Africa only
appeared in October (Figure 13).

The other issue is why the AO-related subsurface warming over the western Indian Ocean persisted from
late summer into autumn. In our numerical experiments, we found that the positive SST anomalies over the
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western Indian Ocean were evident in October. As clearly shown in Figure 14, the maximum SST warming
occurred in August and then weakened gradually to September and October. In October, the center of the pos-
itive SST anomalies was located in a region between 0∘–10∘S and west of 60∘E and consistent with the HC150
changes. This feature was not seen in the observations. Note that our experiments were atmosphere-forcing
simulations without feedbacks. Air-sea interactions likely played a role. For example, Webber et al. [2010, 2012]
supposed that the coupling between atmospheric diabatic heating and oceanic Rossby/Kelvin waves over
the western Indian Ocean helps maintain the upper ocean’s thermal conditions. In addition, a stable barrier
layer is suggested to have played an important role in maintaining subsurface warming on a regional/local
scale. Rossby waves formed a thicker barrier layer. This thicker barrier layer would favor anomalous warming
above the thermocline, which would intensify the air-sea coupling over the southwestern Indian Ocean and
the precipitation. The light fresh water, in turn, stabilizes the barrier layer [Chowdary et al., 2009; Sayantani and
Gnanaseelan, 2015]. A detailed mechanism should be clarified in a future study.
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