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Abstract. Rainfall and vegetation across Africa are knownto 1 Introduction

resonate with the coupled ocean-atmosphere phenomena of

El Nifio Southern Oscillation (ENSO) and the Indian OceanMost of the interannual variability in Africa’s carbon cycle is
Dipole (I0OD). However, the regional-scale implications of caused by hydrologic fluctuations, particularly rainfall (Pa-
sea surface temperature variability for Africa’s photosyntheistra et al., 2005; Bdenbeck et al., 2003; van der Werf et
have received little focused attention, particularly in the casel-, 2006; Williams et al., 2007, 2008). This derives from
of IOD. Furthermore, studies exploring the interactive effectsthe prevalence of water deficits in the extensive seasonal and
of ENSO and 10D when coincident are lacking. This anal- semi-arid biomes of Africa (Nemani et al., 2003; Williams
ysis uses remotely sensed vegetation change plus a land st al., 2008) compounded by sizeable year-to-year variabil-
face model driven with observed meteorology to investigateity in rainfall (Nicholson and Kim, 1997; Nicholson, 2000,
how rainfall, vegetation, and photosynthesis across Africa re2001; Tyson, 1980, 1991; Tyson et al., 2002). Tempo-
spond to these climate oscillations. In addition to the rel-ral variability of Africa’s rainfall resonates with the coupled
atively well-known ENSO forcing, the 10D induces large 0cean-atmosphere phenomena of EidNSouthern Oscilla-
departures of photosynthesis across much of Africa assotion (ENSO) and the Indian Ocean Dipole Zonal Mode (ab-
ciated with anomalies in rainfall and vegetation greennesspreviated here as 10D), but the degree to which these oscil-
More importantly, sizeable independent effects can be suplations excite carbon cycle anomalies across Africa remains
pressed or even reversed by destructive interferences duringnclear, as are their interactive effects.

periods of simultaneous ENSO and 10D activity. For exam- ENSO is a leading mode of tropical climate variability at
ple, effects of positive IOD on southeastern Africa tended tointerannual timescales and is characterized by sea surface
dominate those of El Nio during their coincidence spanning temperature (SST) and surface pressure anomalies across the
1997-1998, with sign reversal of El i's typically strong ~ Pacific Ocean. lIts positive “El Rb” phase occurs when
suppression of photosynthesis in this region. These finding®$STs are warm in the eastern tropical Pacific Ocean con-
call into question past analyses examining teleconnections t§yasted by its negative “La Ra” phase when they are cool.
ENSO or IOD in isolation, and indicate the need to considerENSO impacts on Africa are believed to occur in part via
their simultaneous states when examining influences on hytropical Atlantic (Chiang and Sobel, 2002) and Indian Ocean

droclimatic and ecological conditions across Africa. (Alexander et al., 2002) teleconnections.
The IOD is another coupled ocean-atmosphere mode (Saji

et al., 1999), with a positive (hegative) phase characterized
by warm (cool) SSTs over the western Indian Ocean and
cool (warm) SSTs in the eastern Indian Ocean. Originally
described as a dipole phenomenon, the Indian Ocean Dipole
is reportedly rather a zonal mode instead, with the appar-
ent dipole oscillation linked mostly to eastern Indian Ocean
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In this paper we refer to the phenomenon as 10D akin toof Africa’s interannual variability in net ecosystem exchange
I0ZM and IODZM used elsewhere. Though once ques-is attributed to the balance of photosynthesis and respiration.
tioned (Allan et al., 2001; Dommenget and Latif, 2002), sev- Though ENSO-driven anomalies of Africa’s photosynthesis
eral studies have defended statistical and dynamical indeperitave been coarsely examined before (Bacastow, 1976; Ciais
dence of 10D from ENSO as a separate mode of variabil-et al., 2009; Jones et al., 2001Hdenbeck et al., 2003), in
ity (Behera et al., 2003; Behera and Yamagata, 2003; Fisthis study we more closely analyze causes and detailed spa-
cher et al., 2005; Yamagata et al., 2003). Some even artial patterns. This is also the first study to examine the de-
gue that the Indian Ocean influences the timing and inten-gree to which Africa’s regional to continental photosynthesis
sity of ENSO (Annamalai et al., 2005; Wu and Kirtman, is also coupled to IOD. Furthermore, though ENSO and 10D
2004). Though not the focus of study in this work, it is im- events often coincide, little is known about how this modifies
portant to acknowledge other noteworthy phenomena drivingeleconnections typical of independent events.
regionally-important climate variability across Africainclud-  Ecosystem process models are well suited for such ex-
ing the Benguela Nio (Boyer et al., 2000; Shannon et al., aminations, being mechanistically based and applicable at
1986), tropical Atlantic interdecadal oscillations (Giannini et a scale needed to resolve the sometimes complicated pat-
al., 2003; Paz et al., 2003; Tourre et al., 1999, 2006), and amerns of source/sink dynamics as they respond to variations
equatorial, quasi-biennial Atlantic SST oscillation (Balas etin climate, soils and land use. Models guided by observed
al., 2007; Giannini et al., 2003; Hirst and Hastenrath, 1983;vegetation change and weather may be most appropriate for
Latif and Groetzner, 2000; Tourre et al., 1999; Zebiak, 1993).quantifying the degree to which climate fluctuations perturb
Widespread observational evidence links African rainfall ecosystem-atmosphere fluxes of water and carbon.
to ENSO and IOD. Examples come from continental analy- In this work we drive a land surface process model with
sis of gauge records (Nicholson and Kim, 1997; Nicholson,historical weather and vegetation and analyze the connec-
2000, 2001) as well as more regional examinations in easttion of resultant photosynthesis patterns to remote sea surface
ern (Birkett et al., 1999; Black et al., 2003; Black, 2005; temperature indices. We address the following questions:
Mapande and Reason, 2005; Marchant et al., 2007), west- ) ] )
ern (Balas et al., 2007; Hirst and Hastenrath, 1983; Tourre — 10 What degree is photosynthesis across Africa coupled
et al., 2006) and southern Africa (Hachigonta and Reason, 0 ENSOand 10D?
2006; Reason, 2001, 2002; Saji and Yamagata, 2003; Todd
and Washington, 1998; Usman and Reason, 2004). Addition-
ally, rainwater isotopic composition in east Africa (Vuille et — What processes drive observed anomalies of
al., 2005), continent-wide river discharge (Dube and Jury, photosynthesis?
2003; Jury, 2003), dust production (Bryant et al., 2007; Pros-
pero and Nees, 1986), and even the chemical composition of — IS there evidence of interactions between ENSO
coral (Kayanne et al., 2006; Zinke et al., 2004) all indicate ~ and 10D influences?

resonance of African rainfall with these ocean—atmospherc:bur analysis aims to unravel the independent and joint re-

modes of variability. : : : .
Corresponding changes in African vegetation induced byIatlons;hlps between these climate modes and photosynthesis

X : .7tp elucidate how elements of Africa’s carbon cycle are cou-
ENSO have been documented by analysis of satelhte-derlveéi y

. : 7 ed to climate variability. We hope to clarify mechanisms
normalized difference vegetation index (NDVI) (Anyamba ; -
and Eastman, 1996; Anyamba et al., 2001: Anyamba an hat link land surface carbon and water balances to variability

Tucker, 2005: Ingram and Dawson, 2005: Philippon et al., n the climate system. If observed associations between cli-

. mate indices and productivity have predictive skill they may
2007), but the same analysis has not been performed for th . L -
IOD. Furthermore, the regional-scale implications of SST Be useful for early warning and decision support to mitigate

L . . drought and related food scarcity, insect pest and disease vec-
variability for Africa’s carbon sources and sinks have re- 9 y P

ceived little focused attention particularly in the case of 10OD. tor outbreaks, and climate-related disasters.

ENSO is a well-known driver of global-scale interannual
variability in sources and sinks of GQOparticularly in the 2 Methods
tropics (Bacastow, 1976; Jones et al., 200d¢&nbeck et al.,
2003). Much of the tropical response is now thought to be as-The Simple Biosphere model, Version 3 (SiB3) was run for
sociated with fire emissions (Patra et al., 2005; van der Werthe period 1982 through 2003 with a 10-min time step on a
et al., 2006), but in the case of Africa, fire emissions exhibit1° by 1° latitude/longitude grid. SiB is a land surface model
relatively little interannual variability despite the continent’s originally designed (Sellers et al., 1986) for use with Gen-
enormous fraction of the global pyrogenic release (van deeeral Circulation Models but used here in an “offline” mode to
Werf et al., 2004; Williams et al., 2007). Interannual vari- represent ecosystem physiology as driven by weather (NCEP
ability is also thought to be slight for the continent’s net land Reanalysis Il with rainfall adjusted to satellite or gauge based
use flux of CQ (Houghton, 2000). This implies that most records) and vegetation (represented with satellite-derived

— Where is this coupling strongest?
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vegetation index). In this work we primarily analyze the light regional tendencies and reduce the data dimension. We
model’'s canopy-scale net photosynthesis. Appendix A de-employ various statistical tests to assess the presence of sig-
scribes the model and implementation in greater detail andificant relationships and differences including analysis of
a companion paper, Williams et al. (2008), provides detailedvariance (ANOVA), and two-sample t-tests.

assessment of acute stress and vegetation structural limits to

photosynthesis across Africa.

To represent ENSO we use the Multivariate ENSO Index
(MEI) of Wolter (1993) and Wolter and Timlin (1998) cal-
culated from a principal components analysis of pressure,
wind, and temperature fields in the equatorial Pacific Oceang 1 1 ENSO Associations
Positive index anomalies correspond to the warm phase (El
Nifio) contrasted with cold phase (Lai) negative anoma- Net photosynthesis is strongly coupled to both phases of
lies, and both tend to peak in boreal Fall to Winter. For thethe Multivariate EI Niio Southern Oscillation Index (i.e.
IOD we use the Indian Ocean Dipole Mode Index (DMI) of ENSO) in regionally coherent spatial patterns across much
Saji et al. (1999) based on monthly sea surface temperaturesf the African continent (Fig. 1a, Table 1). A general
from the technique in Kaplan et al. (1998) and reported withpattern of negative correlation between net photosynthesis
units of degrees Celsius. We z-score normalize the DMI toand ENSO occurs across much of southern Africa with the
match the MEI's scale of standardized departures which repstrongest re|ationships near the |_|mpopo River in parts of
resent the number of standard deviations away from a meagimbabwe and Mozambique (Fig. 1a). Positive correlation
of zero according t&Z, = “=*. The IOD (i.e. DMI) is cal- s widespread across east-central Africa, mainly the seasonal
culated from the difference in sea surface temperature (SSTiorests and savannas of south-eastern Democratic Republic
anomaly between the tropical western Indian Ocean and thef Congo (DRC), Tanzania, and Kenya, and the Rift Val-
tropical south-eastern Indian Ocean. Its positive phase peakgy highlands of Uganda, Rwanda and Burundi. Net pho-
in September-October has warm SSTs over the western bastasynthesis anomalies across the Sahelian zone to the south
and cool SSTs off Sumatra (Murtugudde and Busalacchiof the Sahara Desert tend to be small with modest excep-
1999; Saji et al., 1999). The positive phase SST anomations in southern Chad and Sudan mainly during JJA and
lies can be accompanied by above average rainfall in easterON. This finding agrees with previous reports of weak neg-
Africa and the tropical western Indian Ocean and diminishedative to no ENSO response of rainfall and NDVI for the Sa-
rainfall over Indonesia and the tropical southeastern Indiarhe| (Anyamba and Eastman, 1996; Anyamba et al., 2001;
Ocean (Saji et al., 1999; Webster et al., 1999). Anyamba and Tucker, 2005; Nicholson and Kim, 1997;

Analyses in this paper primarily involve the study of phjlippon et al., 2007). Sizeable MAM and JJA sensitivi-
temporally and spatially composited anomalies of rain-ties are evident for coastal West Africa contrasting a positive
fall, vegetation, and net photosynthesis.  Cell-specificrelation in Sierra Leone and Guinea with negative relations
time series are linearly detrended with removal of theto the east in Cote d'lvoire and Ghana, and to the north in
22-year trend (1982-2003) and aggregated into 3-monttsenegal, Gambia, and southern Mauritania.
climatic season averages corresponding to climatic sea- Regional relationships to ENSO can shift seasonally
sons: December-January-February (DJF), March-April-May (Figs. 1a, 2, Table 1). For example, in southern Africa pre-
(MAM), June-July-August (JJA), and September-October-yailing suppression of photosynthesis in DJF and MAM El
November (SON). Anomaly time series are calculated as deNifio events is at odds with SON enhancement, though the
partures from the climatic season average. Temporal cOmSON behavior will be shown to be a result of IOD interfer-
posites are produced from averaging anomaly time seriegnce in a following section. Furthermore, this corresponds
across phase- and climatic season-specific events that repjith work by Richard et al. (2002) that reported a seasonal
resent each cell's average response to [biNLa Nina, pos-  shift between spring and summer rainfall in South Africa as
itive 10D, and negative IOD events. Phase-specific composheing coupled to a main mode of precipitation variability,
ites are further discretized into “pure” and “coincident” pop- though not specifically attributed to ENSO-1OD interactions.
ulations based on whether they do not or do coincide withsimilarly, photosynthesis across West Africa switches from
activity in the other index (e.g. a coincident EIfi co-  |OD suppression during MAM to enhancement during the
occurs with a positive or negative IOD event). Positive (neg-rest of the year. Also noteworthy is the stronger photosynthe-
ative) phase ENSO events are defined as those for which thﬁs response to La Na than El Niio for the Sahelian region
MEI is equal to or exceeds (is lower than) the upper (lower)during JJA, consistent with both rainfall anar (Fig. 2).
fifth of the MEI during the period under examination (1982 Equatorial and East African relationships to ENSO phases
through 2003). The same approach defines positive and negemain notably consistent year-round, namely the DRC, Tan-
ative 10D events according to the DMI. These cell-specific, zanian, and Ethiopian regions (Table 1, Fig. 2).
temporally-composited anomalies are spatially aggregated to
geographic regions of similar ecoclimatic conditions to high-

3 Results and discussion

3.1 Continental patterns
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Fig. 1a. Spatial distribution across Africa of index-and phase-specific composite anomalies of net photosynthesis for each of the four climatic
seasons (e.g. D¥=December-January-February) fa) ENSO andb) IOD relations, regardless of possible coincidences. Years reported

for DJF refer to the JF calendar year and the previous year's D. Years inset within each panel list those contributing to each composite, where
pure events are shown with normal text and coincident events are in bold and italicized. The lower right panel displays the geographic extents
of regional composites highlighted in the paper.

Regarding drivers, photosynthesis anomalies are generallindex such as the 1997/1998 warm event NDVI anomalies
accompanied by a similarly signed response of rainfall (Ta-documented by Anyamba et al. (2001). Still, we note that the
ble 1) underscoring the prevailing influence of water lim- absolutemagnitudes of southern Africa'gpar and photo-
itation in controlling temporal variability of net photosyn- synthesis responses are stronger in the east, where Anyamba
thesis across much of the continent (Williams et al., 2008).et al. (2001) reported stronglative increases in the west-
More than 90% of the sizeable photosynthesis anomalies (akern half of southern Africa. In contrast, photosynthesis pat-
solute value greater than 5gC&month!) are accompa- terns are inconsistent with ENSO-driven gross primary pro-
nied by same signed responses of rainfall, and more thaductivity patterns reported by Jones et al. (2001). Their find-
70% are compatible withfpar @anomalies. There are some ings resulted from simulation with the coupled Hadley Cen-
notable exceptions indicating that (a) rainfall afighr re- tre general circulation model (HadCM3LC) coupled to a dy-
sponses diverge, (b) rainfall surpluses make photosynthesisamic vegetation model (TRIFFID). Disagreement with their
insensitive to rainfall anomalies, or (c) lack of vegetation results may be related to lack of correspondence between
cover restricts photosynthetic response. For example, raingauge-based rainfall and estimates generated by the GCM
fall increases in Tanzania during SON EIffgs are matched implementation, such that the Jones et al. (2001) results are
with little change in photosynthesis (Table 1) owing to si- likely to provide a poor representation of Africa’s ENSO re-
multaneousfpar reduction during a time of year when veg- sponse. Our results are much closer to those reported by
etation cover is already relatively low. As another example,Hashimoto et al. (2004) who found continent-wide reduc-
in Tanzania and the DRC, MAM photosynthesis increasegions in net primary productivity with EI Nio and increases
with El Nifio are coincident with little or opposite-signed with La Nifia events. Even so, we find a more extensive re-
anomalies of rainfall but slightly elevatear. Such incon-  gion of positive relationships to ENSO in Central and East
sistencies betweelfipar and rainfall anomalies may derive Africa that is consistent with rainfall. The discrepancy could
from disturbance or management driven changes in vegetae linked to the fact that the Hashimoto et al. (2004) model
tion (and fpar), hydrologic surpluses that buffer vegetation does not consider rainfall and relies only on vapor pressure
response to rainfall anomalies, or possibly errors in one omeficit and fpar to represent plant water status.
both datasets.

Rainfall and hence photosynthesis relations to ENSO&l'2 10D associations

(Fig. 1) are broadly consistent with the patterns documentedurning to relations with the 10D, we find anomalies of a

by Nicholson and Kim (1997) and Nicholson (2001) ana- similar intensity to those excited by ENSO. Net photosynthe-
lyzing rain gauge data. Photosynthesis anomalies are alssis is strongly coupled to IOD in regionally coherent spatial
consistent with patterns reported from analysis of vegetatiorpatterns across much of the continent (Fig. 1b). Positive

Biogeosciences, 8, 246, 2011 www.biogeosciences.net/8/27/2011/



C. A. Williams and N. P. Hanan: ENSO and 10D teleconnections for African ecosystems 31

Table 1. Climate-season averaged anomalies for specific regions across Africa associated with all ENSO and IOD events regardless of pos-
sible coincidence. Shown are photosyntheBjg{ g C 2 month™1), rainfall (R, mm monttr1), and vegetation fractional PAR absorption

(V, absorbed fraction of total). Bold values indicate significadhi/alue<0.1) differences relative to non-index periods based on a Student’s
two-sample t-test.

DJF MAM JIA SON
Pret R V| Pnet R V| Pet R V| Pt R V

El Nifio

Sahelian -3 0 0 0 0 0 0o -7 0 -5 -2 0
Sudanian 1 -1 0 -3 -4 -1 11 -4 2 1 1 1
Ethiopian 3 4 2 1 13 0 3 -6 1 1 14 0
DRC 9 7 1 3 -8 0 1 1 0 9 22 2
Tanzanian 15 14 4 11 -8 0 -3 -3 -2 -1 39 -1
Namibian -2 =16 -1 -9 0 -3 3 3 -1 11 10 0
SE African -15 -47 -4 | -19 -12 -3 -7 5 -3 8 7 2
La Nifa

Sahelian 3 -1 0 4 1 1 8 22 1 11 0 2
Sudanian 4 0 0 3 0 0 -3 14 1 5 -3 1
Ethiopian -2 -3 0 1 0 1 0 13 1 0 0 2
DRC -11 -7 -2 -10 1 -1]| -15 6 2| —12 -7 0
Tanzanian -11 -12 -3 -1 7 1 -5 0 1 -7 =22 0
Namibian 6 19 1 3 -5 -1 3 0 0 -3 -10 -2
SE African 4 44 -1 12 13 2 9 -1 2 3 -1 -1
IOD Pos

Sahelian 0 -1 0 1 1 0 0 4 0 0 3 0
Sudanian 2 2 0 4 2 1 -5 0o -2 3 1 1
Ethiopian 0 8 1| -3 -8 0 -1 1 -1 1 7 0
DRC -2 5 -1 -2 1 -1 0 0 -3 9 10 -1
Tanzanian 9 15 3 -11 -3 -1 -8 2 -2 -1 29 0
Namibian -1 -5 -2 6 -2 1 1 1 -1 5 3 2
SE African 11 10 0 4 -2 0 -5 1 -1 0 1 3
|OD Neg

Sahelian —-14 -3 -1 -5 -2 0 0 -3 0 -1 -3 0
Sudanian -8 5 1 -8 -9 0 1 1 0 2 0 0
Ethiopian 0 22 0| -2 2 0 1 2 0 0 2 -1
DRC 9 58 0 2 7 0 3 -4 2 0 -1 0
Tanzanian 16 -18 6 1 -5 -1 10 -1 2 7 -5 1
Namibian —-29 -6 0| —-12 3 -3 0 -1 1 0 1 0
SE African -54 -40 -7 | -34 -11 -5 6 0 1 -3 -3 -1

photosynthesis association is found for nearly all of Africa tations of pure IOD responses being coincident with ENSO
south of the equator except Tanzania and part of Mozamactivity as described in a following section.

bique, with elevation (suppression) during the positive (neg-
ative) phase. This is broadly consistent with Reason ancb
Rouault (2002) who report positive correlation between rain

Negative 10D association is found for Tanzania, northern
emocratic Republic of the Congo, and the Guinean zone
spanning coastal West Africa up to 10 degrees north latitude.

and IOP n southegsf[ern Afrlca. However, we find that South'Though the Tanzanian positive phase 10D relationship ap-
ern African association with IOD shifts seasonally and that : . .
ears to shift seasonally with enhancement during DJF and

negative phase responses are stronger (F_|gs. 1b, 2, Table @ pression during MAM and JJA (Table 1, Fig. 2), the DIF
Responses across Sudanian and Sahelian zones are weg]

: . enhancement is annulled when pure 10D events are separated
(Figs. 1b, 2, Table 1). Negative phase DJF and MAM '€ trom those coincident with ENSO as shown in a following

sponses offer modest exceptions but both are poor represeeection. Furthermore, the well-reported SON elevation of
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Fig. 2. Monthly average, composite regional series averaged for all years (solid black), for the lowest three ENSO excursions (blue dotted,
El Nifio phase), and highest three ENSO excursions (red longer dashiia@hise) shown for net photosynthegiges), rainfall, fractional
absorbance of PARfbaR), relative humidity (RH), and air temperaturByf).

rainfall in East Africa during positive phase IOD events (Be- response also switches from season to season with positive
hera and Yamagata, 2003; Black et al., 2003) does not eliciphase enhancement during MAM and suppression during
a response in modeled photosynthesis (Fig. 1b, Table 1) belJA, and negative phase enhancement during DJF and sup-
cause of coincidence with reduced vegetation coygkg) pression during MAM though again we note that DJF and
though this is only revealed when pure 10D events are sepMAM composites cannot be considered as representing re-
arated from those coincident with ENSO activity as also ex-sponses to pure negative phase 10D events given coincident
amined in a following section. For coastal West Africa the ENSO activity.
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Fig. 3. Monthly average, composite regional series averaged for all years (solid black), for the lowest three IOD excursions (blue dotted), and
highest three 10D excursions (red longer dash) shown for net photosyntRgsis (ainfall, fractional absorbance of PARHaR), relative
humidity (RH), and air temperaturé@y,).

As with ENSO, |0D-excited anomalies of photosynthe-  Correlations between climate indices and net photosynthe-
sis are largely driven by rainfall. More than 80% of the sis anomalies are clearly evident with little to no lag for par-
sizeable photosynthesis anomalies (absolute value greatéicular regions (Fig. 4). Time series plots indicate joint influ-
than 5gCm2month 1) are accompanied by same signed ences of ENSO and 10D, noticeable during periods when a
responses of rainfall, however only 40% are compatible withlarge departure in one index coincides with little departure in
frar @anomalies (Table 1). Vegetation cover/vViggpAr) ex- the other. For example, during the 1991 to 1995 period when
plains most of the inconsistencies between photosynthesiENSO excursions are small but the IOD had an intense cy-
and rainfall anomalies (e.g. Tanzania, negative phase 10xle, DRC and Namibian composites show sensitivity to IOD.

during DJF or SON, Table 1). Similarly, during the 1987 to 1990 period when IOD excur-
sions were small but the ENSO had an intense cycle all of
3.2 Temporal structure of associations the regional composites show some corresponding anomalies

except perhaps the Sudanian region (Fig. 4).
We now examine the structure of temporal association be- The ENSO and 10D indices are most notably in alignment
tween photosynthesis and climate oscillations in regions ofrom 1997 to 1999 with intense cycles in both. During this
coherent responses using spatial composites. Each compogeriod, the southern Africa regions (Namibian, SE African)
ite region, as pictured in Fig. 1, is centered on a particularshow unusual positive association with ENSO, likely owing
hotspot but is expanded to have a sample more represent#g the typically positive response to IOD characteristic of the
tive of the regional pattern. The composite areas are arbiregion and indicating destructive interference with a domi-
trary in geographic extent and are intended to highlight thenant response to IOD forcing. This is consistent with a recent
nature of functionally coherent regional responses to eaclanalysis of rainfall in Zimbabwe by Manatsa et al. (2008) that
index rather than provide an exhaustive description of allsimilarly suggests IOD dominance over ENSO when the two
interesting patterns across the continent. Still, these area@re in competition.
were selected as examples of regions in which photosynthe- Destructive interference is also evident for the same pe-
sis can be expected to respond strongly to the global cli+iod (1997-1999) but for the Sahelian region, which shows
mate phenomena of ENSO and IOD. Composite time se-an unusual absence of negative association with ENSO likely
ries were produced from 13-month running mean deseasomwing to the region’s typically positive association with IOD.
alized, linearly-detrended and z-score standardized grid-celA correspondingly dampened response to IOD forcing is
responses to each index averaged over cells within the regioriound in the Sahelian region during this period of coincident
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ENSO Relation 10D Relations

Z-Score

1983 <
1987
1991
1995
1999
2003

1983 >
1987 fi
1991
1995
1999
2003 ¢

Fig. 4. Time series of net photosynthesis (dotted line) for select regions (see Fig. 1) with the climate indices (solid lines) ENSO (left column)
and 10D (right column) for the period 1982 through 2003, where series are smoothed with a 13-month, symmetrical running mean and
linearly detrended, and presented as standardized z-scores. Shading underlying the time series indicates the intensity of the other climat
index, where white (dark grey) is the maximum positive (minimum negative) anomaly. Correlation coefficjentd ignificance¥) are

inset for each panel.

positive phases between the ENSO and IOD. The Ethiopian To assess magnitudes of independent and interactive ef-
region indicates unusual positive association with 10D dur-fects we further stratify seasonal responses into those with
ing the 1997 to 1999 window suggesting ENSO dominanceand without simultaneous events, labeled “coincident” and
over 10D forcing consistent with a statistically significant re- “pure”, respectively. Years with pure and coincident events

lation to ENSO but not IOD (Table 1). are reported in panels of Fig. 1. In the presence of IOD ac-
tivity, photosynthesis in the southern Africa region exhibits
3.3 Independent versus interactive effects a large reversal of response to SON ERbliand La Nia

events, where the typical negative association reverses to a
large positive association (Table 3). This derives mainly
from reversal of typical negativgpar association during
pure events to sizeable positive association during coincident
events (Table 3).

Suggestions of interactive effects are corroborated by two
way, type 1 analysis of variance (ANOVA) testing for effects
of independent and interactive effects of ENSO and IOD on
monthly anomalies of photosynthesis, rainfall, gfpdr (Ta-

ble 2). ENSO-IOD interactions have a statistically significant
(P < 0.05) effect on photosynthesis for nearly all of the se- A similar IOD-induced shift in ENSO association is found
lected regions. Corresponding ENSO-IOD interactive effectsfor Tanzania, where the typical photosynthesis response to
on rainfall or fpar are also evident but vary by region. ENSO is suppressed or changes sign when coincident with
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Table 2. P-values from two-way, Type-1 ANOVAs testing for effects of ENSO, IOD, and their interaction on monthly averages of net
photosynthesisRnet), rainfall (R), fpar (V) for select geographic regions. ENSO and 10D series were treated as grouping variables based
on phase (upper and lower quintiles, or neutral). Significance is indicated by bold or italicized Fext@05 or P < 0.10. This analysis

uses all ENSO and 10D events regardless of their possible coincidence.

Sahelian Sudanian Ethiopian DRC Tanzanian Namibian SE African

ENSO 0.00 0.03 0.09 0.00 0.01 0.07 0.00

Pnet 10D 0.03 - - - - 0.01 0.00
ENSOxIOD 0.01 0.01 0.05 0.03 0.00 0.00 0.00
ENSO - - - - - 0.10 0.00

R IOD - - 0.06 - 0.00 - -
ENSOxIOD 0.00 0.01 - 0.00 0.00 - -
ENSO 0.00 - 0.09 - - 0.02 0.00

Vv 10D 0.06 - 0.05 - - - 0.01
ENSOxIOD 0.00 - 0.08 - - 0.00 0.00

Table 3. Mean El Nfio and La Niha anomalies in net photosynthesiz ¢y, rainfall (R), and fpar (V) for pure (P) and coincident®)

events during two climatic seasons and in two hotspot regions. Bold and italicized texts indicate sigrtfiedh®b, P < 0.10) differences

between pure and coincident populations based on t-tests. Years included in each composite were as follows: (1) SON-Pure: EN 1987; LN
1988, 1999, 2000; (2) SON-Composite: EN 1982, 1997; LN 1998; (3) DJF-Pure: EN 1983, 1987, 1992; LN 1985, 1989, 1997, 1999, 2000;
(4) DJF-Coincident: EN 1998, 2003; LN 1996, 2001.

SON \ DJF
Pnet \ R \ 1% \ Prnet \ R \ 1%

p c| P Cc | P cCc| P c | p c¢c|P cC
El Nifio
Tanzanian 4 -4 ‘ -15 0 ‘ -1 1 ‘ 21 8 ‘ 23 2 ‘ 8
SE African —10 17 —4 12 | -3 4 -15 -17| -56 -35| -4 -3
La Nifa
Tanzanian —15 16 ‘ —17 —36‘ -1 2 ‘ -17 4 ‘ -27 25 ‘ -5
SE African 14 -29| -1 -2 | 0 -2| 5 1 48 34| 0 -3

10D activity (Table 3). This is most notable for SON re-  Taken together, coincidence of IOD and ENSO activity ap-
sponses to La Nia and is largely associated wifbar (Ta- pears to result in destructive interference that can suppress
ble 3). Such reversals are less pronounced or absent duor overturn a region’s response typical of pure events. This
ing the DJF season in both regions. This is likely relatedstrongly suggests a need to consider the simultaneous states
to the fact that IOD activity tends to peak in SON and be of ENSO and IOD when examining teleconnections across
less persistent than the typical ENSO activity that has broadeAfrica though the only small sample of pure and coincident
peaks often centered on DJF. Correspondingly, there are fewvents precludes definitive conclusions regarding the nature
pure DJF, IOD events. In part because of the limited sampleof their independent and interactive effects. Still, this study
sizes, but also to explore independent and combined infludocuments a first indication of a potentially important phe-
ences, Fig. 5 presents results of a partial correlation analhomenon that needs to be re-evaluated with more extensive
ysis. As much as 30% to 40% of the interannual variabil- records that will become available over time.

ity in photosynthesis, rainfall, ofpar can be explained by

the ENSO and 10D indices combined in select “hotspot” re-4  Conclusions

gions. Futhermore, there is some suggestion that ENSO is re- ) i i

sponsible for more of the variability in the southern African 1€/€connections between African photosynthesis and the

regions, while IOD may explain more of the variability in the Oc€anic temperature and pressure patterns of the &b Ni
Tanzanian region. Southern Oscillation (ENSO), the Indian Ocean Dipole

(IOD) are strongly evident in our analyses. In addition to
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Fig. 5. Partial and joint correlations squared) from partial correlation analysis of net photosynthesis, rainfallfyg with the ENSO
and 10D indices (MEI and DMI, respectively).

the relatively well-known ENSO forcing, the 10D also in- Appendix A

duces large seasonal anomalies of precipitation, vegetation,

humidity and thus photosynthesis across much of Africa. ~ Model description and implementation
Photosynthesis is especially sensitive to these ocean cli-

mate oscillations in part_ic_ulqr regions. With ENSO the '€~ The model. Simple Biosphere (SiB) (Sellers et al., 1996a, b,
gions of greatest sensitivity include most of the Great Rift oy ogtimates gross photosynthesis with a modified version of
Valley, j[raversmg equatorial .easte'rn Africa to eastern south—the Farquhar et al. (1980) model (Collatz et al., 1991) scaled
emn Africa, western equatorial Afrlca, and some of the Sa-by the canopy integration scheme of Sellers et al. (1996c)
helian zone. Most resonant with 10D fluctuations are the ;n4 ¢opled to the Ball-Berry stomatal conductance model
Congo Basin, Tanzania, parts of the Kalahari and Mlombo(Ba” et al., 1988; Collatz et al., 1991, 1992). Net photo-
regions, as well as parts of coastal West Africa. ) ) synthesis accounts also for leaf respiration, which is on the
Regions sensitive to ENSO and 10D overlap in their ge- i qer of 100 of gross photosynthesis. SiB scales these “top-
ographic distributions, and in some cases teleconnectiongy ¢ hhotosynthetic rates to the canopy with the integration
interfere with each other. Destructive interferences preva"scheme of Sellers et al. (1992) that defines a canopy-scale
causing cancellation_or even reyersal of typical independenbhotosynthetically active radiation use paramefd) esti-
effgcts most notably in equatorial East African anq southernared from the fractional absorption of photosynthetically
African regions. Continued efforts are needed to d'semangl%ctive radiation fpag) derived from remotely sensed Nor-

the independent and joint influences of these climate anomay, s jized Difference Vegetation Index (NDVI), and vegetation
lies on water and carbon dynamics across Africa. This is im'type.

portant not only to clarify the mechanisms driving variability , .

in Africa’s carbon cycle but also to inform early warning and '€ model's surface energy balance includes separate veg-
decision support efforts aimed at mitigating climate-related€t@tion and ground temperatures that change according to
disasters. net radiative input minus sensible and latent heat fluxes.

The model’s surface water balance is composed of canopy
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interception, ponding, soil, and snow balance equations thatovered that this seasonal pattern is strongly anticorrelated
include inputs from precipitation or direct condensation, with pyrogenic or mineral aerosol loads measured by the
losses to evaporation, transpiration or sublimation, as welMODerate Resolution Imaging Spectroradiometer (MODIS)
as inter-layer exchanges, where appropriate. Runoff occur3erra Level-3 monthly atmospheric aerosol optical thickness
as deep gravity drainage and lateral flows during periods o{MODO08.M3). Therefore we performed an ad hoc adjust-
infiltration excess. ment to the AVHRR NDVI data so that their biweekly av-
The newest version (SiB3) includes a prognostic canopyerage seasonality matches the average seasonality seen with
air space for temperature, moisture, and,QW@idale and  a filled, 5km MODIS NDVI product covering the five-year
Stckli, 2005), and a 10-layer soil with explicit treatment of period of 2000 to 2004. This approach retains seasonal and
temperature and moisture based on the common land modéhterannual variability in the AVHRR NDVI and hence veg-
(Dai et al., 2003). Also added is a mixed plant canopy phys-etation structure and function, but removes much of the er-
iology used here to simulate canopy-atmosphere exchangaeneous seasonality associated with aerosol and water vapor
for C3 and C4 plants separately (Hanan et al., 2005), thougltontamination.
they have the same soil water, radiation, and canopy air space Since each of these datasets (weather, soil type, vegetation
environment. type, NDVI, etc.) contains a unigque resolution or grid, we
Model inputs for this implementation included soil tex- selected a land point mask based on the 0.0727 degree by
ture (Tempel et al., 1996), vegetation type (DeFries, 19980.0727 degree NDVI dataset and regridded the other datasets
Hansen et al., 2000), and the fraction of C4 vegetation (Stillto match using a bilinear interpolation (except for vegetation
et al., 2003). To obtain an observationally-consistent vegetype which was regridded based on assignment of a near-
tation parameterization, as well as phenomenologically corest neighbor without interpolation). These 0.0727 degree
rect soil water limitation of photosynthesis in the Sahelian datasets were then upscaled to the 1 degree grid with bilinear
zone (open savannas to the south of the Sahara desert) it wasterpolation except for vegetation type which was assigned
necessary to extend the coverage of short, wooded C4 grasghe most frequent occurrence.
land further north to replace the C3 bare soil parameteriza-
tion that were prescribed in the original vegetation datasetsacknowledgementsThe authors thank lan Baker for his guidance
This change is consistent with field observations of vegetawith model simulations, A. Scott Denning for providing com-
tion cover in the region. putational resources, and Alfredo Huete for providing gap-filled,
Surface weather was prescribed based on National Centergidded 5km MODIS NDVI. Funding for this study was provided
for Environmental Prediction Reanalysis 2. However, theby the United States National Aeronautics and Space Administra-
6-hourly precipitation was adjusted to obtain total monthly tion (NASA) Terrestrial Ecology Program (Diane Wickland), and
rainfall that matches the remote sensing plus gauge datifre National Oceanic and Atmospheric Administration (NOAA)
merged Tropical Rainfall Measuring Mission 3B43 rainfall Global Carbon Cycle Program (Kathy Tedesco).
product for 1998 through 2003. For earlier years (1982—
1997) we used Climate Research Unit (CRU) (Mitchell and
Jones, 2005; New et al., 2000) monthly totals, adjusted to
be consistent with the TRMM 3B43 monthly average spatial
pattern from their period of overlap (1998-2001).
To prescribe vegetation dynamics we used the twic
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