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Outline

• Indian Ocean Forcing and Biological Response to Monsoon 

• Iron Limitation Signatures in the Indian Ocean 

• Impact of Indian Ocean Dipole on Patterns of Biogeochemical 
Variability 

• Climate Signal in Summer Monsoon Intensity? 
- Long-term Trend or Decadal Variability? 
- Biogeochemical Implications? 

• Broader Biogeochemical Implications of these Biophysical 
Processes?
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Indian Ocean Forcing & Biological 
Response
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Monsoonal Forcing w/ Ekman Pumping 
(NCEP Winds)

Ekman Velocities from NCEP Climatological Winds
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Major Ocean Currents in Indian Ocean

• Major currents of the Northern Indian Ocean reverse semi-
annually, due to monsoonal wind forcing

Schott and McCreary (2001), Prog. Ocean., 51(1), 1-123.

Winter Monsoon Summer Monsoon
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Climatological Surface Chl

Figure	5:	Monthly	climatology	of	MODIS-Aqua	(4	km	resolu?on)	chlorophyll:	A)	January,	
B)	April,	C)	August,	D)	October.	The	climatology	fields	were	obtained	from	the	Goddard	
DAAC	(hCp://daac.gsfc.nasa.gov).		
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Iron Limitation in the Indian Ocean
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Global Desert Dust Deposition Patterns 
(g m-2 yr-1)

Figure 2. Desert dust deposition (g/m2/yr) estimated from an average of three reanalysis based models
simulated for 10+ years [Luo et al., 2003; Ginoux et al., 2004; Tegen et al., 2004], and representing our
best estimate of dust deposition. Models compare well to available in situ and satellite observations and
are shown here compared against sediment trap data [Kohfeld and Harrison, 2001].

GB4025 MAHOWALD ET AL.: ATMOSPHERIC IRON DEPOSITION GB4025

10 of 15

Mahowald et al., (2005), Global Biogeochem. Cycles, 19(4), doi:10.1029/2004GB002402.

Arabian Sea JGOFS Planning Report - “Arabian Sea is Mother Nature’s Iron Experiment”
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Bio-availability of Dissolved Iron
• Iron limitation develops 
w/ upwelling of higher 
N:Fe waters and/or lack 
of nearby terrigenous 
sources


• Western Arabian Sea 
exhibits pronounced 
seasonal variation


• Bay of Bengal is iron 
replete except for Sri 
Lanka Dome during 
SWM


• Southern Tropics 
primarily iron limited


• Western Equatorial 
Band always iron limited

Wiggert et al., (2006), Deep-Sea Res. II., 53(5-7), 644-676.
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MODIS-Based Phytoplankton Fluorescence (φSAT) & 
Ocean GCM Iron Limitation Distributions (JUN-AUG)

Behrenfeld et al., (2009), Biogeosci., 6, 779-794.

M. J. Behrenfeld et al.: Fluorescence reveals Global Physiology of Ocean Phytoplankton 787
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Fig. 6. Indian Ocean (a) �sat and (b) model-based GCI (Wiggert et al., 2006) for boreal summer (June–August). (b) Blue = Fe limited. Red

= Nitrogen limited. (c) State-space comparison of �sat and GCI (colors as in Fig. 5c and f).

4 The satellite fluorescence era: conclusions and future

directions

Climate variability strongly impacts ocean phytoplankton

productivity through its influence on the surface-layer light

environment, subsurface nutrient supplies, and the aeolian

flux of iron-laden dust (Behrenfeld et al. 2001; Gregg et al.,

2005; Behrenfeld et al., 2006a; Schneider et al., 2008). These

climate-driven changes in ocean biology can be equally ex-

pressed as changes in phytoplankton biomass or physiol-

ogy (Behrenfeld et al., 2008), but global-scale physiological

changes elude traditional field or remote sensing approaches.

Indeed, even surface nutrient inventories (e.g., Fig. 4b and

c) require decades of field measurements to assemble, ob-

fuscating climate-biology interactions functioning on shorter

time-scales (e.g., El niño – La niña fluctuations). Phyto-

plankton chlorophyll fluorescence is a remotely retrievable

property registering a variety of physiological characteris-

tics, with a long history of research and application (e.g.,

Neville and Gower, 1977; Morel and Prieur, 1977; Topliss

and Platt, 1986; Kiefer et al., 1989; Babin et al., 1996; Lete-

lier et al., 1997; Abbott and Letelier, 1999; Maritorena et

al., 2000; Morrison, 2003; Gower et al., 2004; Laney et al.,

2005; Huot et al., 2007, and other citations herein). Building

from this foundation, we here extend the analysis of fluo-

rescence as a physiological indicator to the global scale and

document the broad expression of key factors influencing flu-

orescence yields and linked to climate-sensitive upper-ocean

growth conditions.

Iron supply to the open ocean is increasingly recognized

as one of the crucial links between climate and ocean bi-

ology, functioning on short- to geologic time scales (Mar-

tin, 1990; Martin et al., 1991). Evidence of iron’s important

role has expanded from simple bottle experiments (e.g., Mar-

tin and Fitzwater, 1988; Martin et al., 1991, 1994; Fitzwa-

ter et al., 1996), to kilometer-scale in situ enrichments (e.g.,

Martin et al., 1994; Coale et al., 1996; Boyd et al., 2000;

Tsuda et al., 2003; Boyd et al., 2007), to basin-scale di-

agnostic studies (Behrenfeld and Kolber, 1999; Behrenfeld

et al., 2006b), and potentially now to continuous global-

scale assessments through satellite fluorescence. Correspon-

dences reported here between elevated �sat values, low ae-

olian iron deposition, and model predictions of iron limi-

tation provide compelling evidence for this new iron stress

detection capability. As an iron stress index, �sat distribu-

tions offer a unique opportunity to evaluate model predic-

tions of nutrient limitation (e.g., Figs. 5, 6), uncover new

ocean regions of iron stress (Fig. 6), and improve ocean pro-

ductivity estimates through the separate parameterization of

light use efficiencies for iron-limited versus non-iron-limited

www.biogeosciences.net/6/779/2009/ Biogeosciences, 6, 779–794, 2009

Wiggert et al.
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MODIS-Based Phytoplankton Fluorescence 
(φSAT) & Ocean GCM Iron Limitation Distributions 786 M. J. Behrenfeld et al.: Fluorescence reveals Global Physiology of Ocean Phytoplankton
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Figure 5

Fig. 5. Comparison of global �sat and model-based GCI (Moore et al., 2006) for (a–c) boreal spring (March–May) and (d–f) boreal autumn
(September–November). (a, d) = �sat. (b, e) = GCI. The model generates a relative stress index (0 to 1) for each growth factor (iron, light,
N, P). GCI is the log transform of the ratio of the iron stress index to that for the most limiting other factor (light, N, or P). Blue = GCI<0,
Fe limited. Red = GCI>0, macronutrient or light-limited. (c, f) State-space comparison of satellite and model results. (background) Dark
blue = GCI<0. Light blue = GCI>0 (foreground). Yellow = high �sat (>1.4%) matches model iron stress. Red = high �sat coincides with
other model stress. Spring and autumn seasons are shown because the latitudinal distribution of light is most evenly distributed across mid-
and low-latitudes during these periods, thus minimizing impacts of physiological light acclimation (see Fig. 3d).

model predicted locations of iron stress (yellow pixels in
Fig. 5c and f), with most mismatches occurring in the In-
dian Ocean and along GCI boundaries (red pixels in Fig. 5c
and f). Likewise, model predicted macronutrient- or light-
limited waters are typically associated with low �sat values,
such as across the Atlantic where the GCI indicates a general
absence of iron stress. For the boreal spring and autumn sea-
sons shown in Fig. 5, 70% of the global ocean area exhibit-
ing elevated �sat (>1.4%) corresponds to model predicted re-
gions of iron stress, while 86% of the ocean area predicted to
be macronutrient- or light-limited exhibits low �sat (<1.4%).
This agreement of satellite observations and model predic-
tions is rather remarkable given the spatial (satellite = 9 km
at equator; model = 3.6� longitudinal, >1� latitudinal) and
temporal (satellite = single season; model = climatology) in-
consistencies between these data sources.
The global �sat – model comparison presented in Fig. 5

supports iron stress as an important physiological factor reg-
ulating fluorescence yields. In the Indian Ocean, however,
the global model predicts that phytoplankton growth is uni-
formly limited by macronutrients, while elevated �sat values
in the region imply an occurrence of iron stress. High �sat
values in the Indian Ocean are particularly prominent dur-
ing summer, extending nearly the full width of the south-
tropical basin and continuing northward along the Somali
coast (Fig. 6a). To investigate this feature further, GCI
distributions were reconstructed for the Indian Ocean us-
ing a higher-resolution coupled model developed specifically
for the region (Wiggert et al., 2006, 2007) that better cap-

tures seasonal upwelling processes. This model predicts
that macronutrients (N) limit surface phytoplankton growth
during summer in the Northern Indian Ocean outside of
prominent upwelling areas (red areas in Fig. 6b), while iron
emerges as the most limiting nutrient in south-tropical and
western regions (blue areas in Fig. 6b) (Wiggert et al., 2006,
2007). Comparison of these satellite (Fig. 6a) and model
results (Fig. 6b) reveals a strong correspondence (Fig. 6c),
with 82% of elevated �sat values (>1.4%) corresponding to
model predicted iron stress regions and 85% of low �sat val-
ues (<1.4%) corresponding to model predicted areas of N
limitation. Significant correlations are likewise found during
boreal autumn and winter, but not during spring when the
model predicts iron stress to be relatively weak across the
basin (Wiggert et al., 2006). Recognizing again the spatial
and temporal inconsistencies between these data sources, the
overall agreement between satellite and model results is en-
couraging. If the strong iron stress feature illustrated in Fig. 6
is upheld by future field studies, satellite fluorescence mea-
surements will have provided the first synoptic observational
evidence that iron plays an important role in the seasonal
phytoplankton dynamics of this broad, yet sparsely sampled,
ocean region. 11

11 Recent results from field bottle-enrichment experiments evi-
dence an occurrence of iron stress in coastally upwelled waters of
the Arabian Sea during the SW Monsoon (Moffett, J. W.; Naqvi,
S. W. A.; Gaum, M. and Valavala, D., 2008, Ocean Sciences Meet-
ing Abstract, Orlando, Florida, USA).

Biogeosciences, 6, 779–794, 2009 www.biogeosciences.net/6/779/2009/
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Moore et al., (2006), Tellus, 58(5), 560-572.

Behrenfeld et al., (2009), Biogeosci., 6, 779-794.
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Nutrient co-Limitation (Diatoms) from PISCES Model

156 SURFACE BLOOM DYNAMICS IN THE INDIAN OCEAN

our model analysis does not support that hypothesis since 
the predicted vertical advective supply is very small or neg-
ligible (Plate 5b). Furthermore, no clear limit, coincident 
with the axis of the Findlater Jet, is evident on the predicted 
nitrate fluxes.

The entrainment of nutrients by the deepening of the 
mixed layer is another mechanism that has been proposed 

to explain the offshore phytoplankton blooms [McCreary 
et al., 1996; Kumar et al., 2001]. In particular, southeast 
of the Findlater Jet axis, wind stirring and Ekman pumping 
act together to significantly deepen the mixed layer [Lee et 
al., 2000]. Entrainment is predicted to be the main source 
of nitrate in the CAS by our model (Plate 5c and Table 2). 
However, this source remains quite modest everywhere. 

Plate 4. Nutrient colimitation of diatoms during: (a) summer bloom onsets and (b) winter bloom onsets by the three mod-
eled nutrients. The colors denote the occurrence of the limitation by the different nutrients. The yellow color means that 
the ecosystem is limited by Fe. The pink color means that the ecosystem is limited by silicate and the cyan color means 
that the ecosystem is limited by nitrate. (c) Summer bloom period. (d) Winter bloom period. Note that a mix of two dif-
ferent colors (Plates 4c and 4d) means that the ecosystem is limited by two different nutrients. The contour plots (black 
lines) denote the values of the limitation terms.

SW Monsoon NE Monsoon

Koné et al., (2009), AGU Monograph 185. 
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Model Guidance on Arabian Sea Iron Limitation
• Wiggert et al. 2006 

- 2 Photo (Large, Small) 
- Tracked Nutrients / Micro-nutrients 

‣ NO3, NH4, Fe 

- Western Arabian Sea exhibits Fe limitation, particularly during summer 
monsoon upwelling off Oman; Iron replete during SIM 

• Moore et al., 2006 
- 2 Phytoplankton (Large, Small), 1 Diazotroph 
- Tracked Nutrients / Micro-nutrients 

‣ NO3, NH4, Fe, P, Si 

- Western Arabian Sea primarily N-limited, also some light, P (DIAZ) and Si 
limitation 

• Kone et al., 2009 
- 2 Phytoplankton (Large, Small) 
- Tracked Nutrients / Micro-nutrients 

‣ NO3, NH4, Fe, P, Si 

- Western Arabian Sea shows a mix of Si, N and Fe limitation. Omani upwelling 
Si - N co-limited; Somalia (Great Whirl) Si - Fe co-limited
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Observation Guidance on Arabian Sea Iron Limitation

• Arabian Peninsula Upwelling Site 

• ASPS Iron Data: S1 - TN050JGOFS Arabian Sea Process Study Stations

X = WHOI Mooring 
    = Sediment Trap 
    = S7 Station

N:Fe Ratio (* 104) DFe (nM)

N:Fe > 15,000 ➞  Prone to Fe Limitation (Measures and Vink, (1999), DSR-II, 46(8-9), 1597-1622. ) 
TN050 is late SWM Cruise
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Observation Guidance on Arabian Sea Iron Limitation

• Curves 1-4 are nutrient draw-down 
experiment results from Bruland et 
al., 2001 for coastal waters in 
California upwelling system 
- Cases 1 - 3 represent eventual Fe 

limitation 

• Sta 16 (near S1) and Sta 23 (near 
S9) data points from Arabian Sea 
suggest similar tendency toward 
Fe limitation

2096 S. W. A. Naqvi et al.: The Arabian Sea as a high-nutrient, low-chlorophyll region during the late Southwest Monsoon
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Fig. 6. Fe vs. NO�
3 diagram showing drawdown scenarios with

various initial values of Fe and NO�
3 for a region off California

shown to be Fe limited (from Bruland et al., 2001). Slopes change
as phytoplankton with lower Fe requirements take over. Cases 1–3
represent eventual Fe limitation. Data from our two stations plotted
on this diagram are indicative of Fe limitation in the Arabian Sea.

dust deposition such that the PP does not become Fe limited.
However, the following independent lines of argument sug-
gest that such may not always be the case.
A recent modelling study by Wiggert et al. (2006) predicts

an intensifying region of Fe limitation in the western Ara-
bian Sea through the SWM and into October. In addition to
the above-mentioned high NO�

3 :Fe ratio in the upwelled wa-
ter, modelled Fe limitation also reflects the low aeolian Fe
deposition predicted by the GOCART atmospheric transport
model (Ginoux et al., 2001). Observational support for the
latter is provided by the results of aerosol analysis by Siefert
et al. (1999) in August 1995. As stated above, in the vicin-
ity of our Stas. 16 and 17, these authors found labile-Fe(II)
concentrations below the detection limit, and concluded that
air masses came from pristine Southern Hemisphere during
this season. Another plausible source of Fe is reducing shelf
sediments, but this is not expected to be large because of a
narrow shelf.
At the only station (23) located in the central Arabian Sea

where Fe was measured on SK209, we found a significant
drawdown of Fe to a concentration at the base of the mixed
layer of⇠0.25 nM (Moffett et al., 2007), higher thanWiggert
et al.’s prediction (⇠60 pM) but lower than reported by Mea-
sures and Vink (1999). Total dissolved Fe concentrations of
0.2-0.3 nM have been demonstrated to be limiting to phyto-
plankton growth in other coastal upwelling regimes such as
the one off California (Hutchins and Bruland, 1998; Firme et
al., 2003), as coastal diatoms have relatively high Fe require-
ments (Sunda and Huntsman, 1995) and half saturation con-
stants for growth (Hutchins et al., 2002). The combined NO�

3
and NO�

2 concentration was 6.4 µM, yielding a NO
�
3 :Fe ratio

of ⇠25 600. Column chl-a inventory at this station was only

Fig. 7. Vertical profiles of O2, nitrate (including nitrite) and
nitrite at three shallow stations located over the Omani shelf:
(a) Sta. SK209/09 (21.118� N, 59.149� E), (b) Sta. SK209/13
(19.838� N, 58.343� E), and (c) Sta. SK208/15 (18.661� N,
57.192� E).

⇠21mgm�2. These observations suggest that during the lat-
ter part of the SWM high nitrate – low chlorophyll (HNLC)
conditions may develop due to Fe limitation over the south-
ern parts of the Omani shelf and in the offshore region.
One reason for the high NO�

3 :Fe ratio in Fig. 6 is that wa-
ters upwelling in the western Arabian Sea are not derived
from the Fe-rich suboxic zone (Naqvi, 1994; Moffett et al.,
2007). While JGOFS sampling over the Omani shelf was
inadequate to investigate whether or not severe oxygen de-
ficiency such as that observed over the Indian shelf (Naqvi
et al., 2000) also occurs over the Omani shelf, our 2004 ob-
servations establish that such is not the case. For example,
both at Sta. 7 and Sta. 16, O2 concentrations did not reach
levels low enough (suboxic, < 1 µM) for the water column
to become reducing and the sub-micromolar nitrite (NO�

2 )

concentrations that persisted throughout the water column
(Fig. 7) were perhaps due to assimilatory reduction of NO�

3
by phytoplankton (Naqvi et al., 2002). Higher NO�

2 build-up
(maximum ⇠3 µM) was observed in near-bottom waters at
some shallow stations, but these values were generally asso-
ciated with O2 > 25µM, and were, therefore, probably pro-
duced within the sediments.

3.3 Comparison between the western and eastern up-
welling zones and their influence on open-ocean pro-
cesses

The situation is quite different in the eastern Arabian Sea.
Surface concentrations of chl-a as well as its column in-
ventory are higher over the Indian shelf (range 13.9–200.1,
mean 77.6, median 74.8mgm�2, n = 21) compared with
the Omani shelf, despite significantly lower macronutrient

Biogeosciences, 7, 2091–2100, 2010 www.biogeosciences.net/7/2091/2010/

Naqvi et al., (2010), Biogeosci., 7(7), 10.5194/bg-7-2091-2010, 2091-2100.
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Observation Guidance on Arabian Sea Iron Limitation

• Iron limitation index (ILI) = 1.0 indicates no difference realized in iron 
amended experiments. As ILI exceeds 1.0, progressively greater degree of 
Fe limitation is indicated (Firme et al., 2003) 

• Locations with ILI ≤ 1.3 are highlighted  
• Of 15 stations reported in table, 4 have ILI ≤ 1.3 
• Cruise time frame is late SW Monsoon 

Fig. 3. Section data for DFe and Fe(II) (nmol L21).

Table 2. Sampling date, location, surface DFe, and nutrient data for each incubation station, along with the Fe limitation index
(ILI).

Station Date Lat(N) Lon(E)
[Fe]

(pmol L21)
NO3

(lmol L21)
SiO4

(lmol L21) ILI

8 29 Aug 2007 15.00 64.00 165 3.28 0.79 4.0

10 3 Sep 2007 17.83 61.21 377 1.21* 0* 1.3

12 5 Sep 2007 16.21 59.68 440 5.88 0* 3.7

12 mol L21 5 Sep 2007 15.88 59.47 238 16.80 8.05 2.4

13 6 Sep 2007 15.00 58.65 205 5.95* 2.8* 4.3

14 6 Sep 2007 14.29 57.54 242 5.03* 0* 1.4

15 7 Sep 2007 14.26 58.67 60 5.12* 2.84* 2.8

16 8 Sep 2007 14.74 59.76 179 4.86 1.85 3.2

17 9 Sep 2007 15.75 60.23 280 10.81 2.72 6.0

18 10 Sep 2007 16.75 60.50 229 1.97 0.42 0.9

19 10 Sep 2007 16.43 61.25 213 2.68 0.68 1.5

20 10 Sep 2007 16.00 62.00 288 3.74 0.96 0.4

22 11 Sep 2007 15.20 63.50 522 5.26 0.83 1.5

23/8R 12 Sep 2007 15.00 64.00 192 4.51 0 2.5

24 13 Sep 2007 13.13 62.60 150 3.69 0.47 1.1

Data marked with * were within a low temperature filament.

Moffett et al. Biogeochemistry of iron in the Arabian Sea
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dissolved Fe in the OMZ, with a pronounced decrease in DFe
between Sta. 6 (668 E) and Sta. 7 (658 E; Fig. 3). This front
represents a boundary between two water masses, discussed
below. Surprisingly, the high-DFe feature does not extend as
far west as the SNM, which is strong at 63.5 E. The contrast
between DFe and nitrite is most evident when comparing
data in Table 1 from Sta. 6 and Sta. 7 that are only ! 90 km
apart.

Strong vertical gradients in DFe in the upper 200 m
throughout the transect indicate rapid uptake of Fe from sur-
face waters and enrichment at depth, presumably associated
with organic matter remineralization. The gradient in DFe is
pronounced at the bottom of the oxycline, indicating that
much of the Fe is released by aerobic remineralization of
organic matter.

DFe is high throughout the OMZ, especially at Sta. 6 and
east, whereas Fe(II) is largely restricted to the upper OMZ,
with the highest concentrations coincident with the SNM.
This contrast in DFe and Fe(II) depth profiles is consistent
with previous work in the Arabian Sea (Moffett et al. 2007;
Kondo and Moffett 2013) and the eastern tropical South
Pacific (Vedamati et al. 2014; Kondo and Moffett 2015).
Fe(II) maxima in the upper OMZ have been attributed to
remineralization coupled with reduction of Fe(III) associated
with denitrification or anammox. Fe(II) was also coincident
with the SNM at Sta. 18, in an isolated patch of nitrite
within the OMZ but west of the high-Fe feature. That obser-
vation illustrates that Fe(II) is related to the SNM even under
low-Fe conditions, as observed in the eastern tropical Pacific
(Kondo and Moffett 2015).

DFe is highly depleted in surface waters, with the lowest
concentrations occurring on the western side. These waters
demonstrate the classic characteristics of the high nutrient
low chlorophyll condition (Naqvi et al. 2010) and Fe limita-

tion has been proposed there by Wiggert et al. (2007) in a
modelling study.

Incubation of surface water samples enriched with Fe led
to significant increases (up to sixfold) in chlorophyll relative
to the controls (Table 3; Fig. 4). Table 2 reports the Fe limita-
tion index (ILI) defined as the ratio of chlorophyll in the Fe
amended treatment relative to the control (Firme et al.
2003). Nitrate was generally drawn down almost completely
within the three day period in samples where Fe was added
(Table 3). Phosphate was only partially drawn down (data
not shown). These results were expected, given the depletion
of nitrate relative to phosphate assuming Redfield stochiom-
etry in Arabian Sea surface waters (Table 1). There was signif-
icant spatial variability in the response, which seemed to be
controlled by the initial nitrate concentrations. Stations
where the ILI was"1, (Sta. 18, Sta. 20, and Sta. 24) generally
had low initial nitrate levels, limiting the potential increase
in biomass. Satellite imagery obtained during the cruise indi-
cated that a cluster of stations with high ILI values in the
center of the study area (marked with an asterisk in Table 3)
were within a cold filament of upwelled water derived from
the Omani coast. These stations generally had the highest
nitrate values. This variability is consistent with the model
of Wiggert and Murtugudde (2007), which predicted a large
region in the western and southern Arabian Sea limited by
Fe, giving way to nitrogen limitation in the interior and
northeast.

Si was already depleted relative to N at many stations
when the samples for incubations were collected (Table 4),
consistent with the JGOFS nutrient data from 1995 (Morri-
son et al. 1999). Residual Si that was present was generally
removed completely during the experiment, indicating dia-
tom growth. However, because of the low ambient Si, most
N drawdown and increase in biomass was not due to dia-
toms, unlike what was observed in many other studies (Bru-
land et al. 2005; Boyd et al. 2007), but to the haptophyte
Phaeocystis sp., which formed large visible colonies in the Fe
treatments. Microscopic examination confirmed that Phaeo-
cystis was the overwhelmingly dominant organism in the Fe
treatments. Phaeocystis blooms have been reported previously
within the Arabian Sea (Garrison et al. 1998; Latasa and Bidi-
gare 1998) and they were an important initial component of
the phytoplankton at several stations in this study as well
(Table 5). Since Phaeocystis is an important source of DMS
in seawater, we measured DMS and its precursor, DMSP in
one of the incubations. DMS and DMSP were elevated in Fe
incubations relative to the controls and initial time point at
Sta. 9 (Table 6), which probably reflects the positive response
of Phaeocystis to added Fe.

We also investigated whether copper (Cu) limitation
might be a colimiting factor, since Phaeocystis has a high Cu
requirement (Guo et al. 2012). However, our results showed
that Cu had no effect on Chl a in any of our experiments
(Fig. 2).

Fig. 1. Map showing station locations, nitrite (0.5 l mol L21 and 2 l
mol L21), and depth contours (dashed line, in m) on cruise RR0708.

Moffett et al. Biogeochemistry of iron in the Arabian Sea
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Moffett et al., (2015), Limnol. Oceanogr., 60(5), 10.1002/lno.10132, 1671-1688.
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Iron Limitation Summary

• Models disagree on whether iron limitation plays a role in 
nature of primary production in the Arabian Sea  
- Mechanism that operates in the Wiggert et al. model is N:Fe ratio in 

upwelled coastal waters that is > 15,000 (i.e., prone to Fe limitation) 
- Models that include broader set of nutrients suggest complex co-limitation 

patterns among N, Fe, Si, P 

• Observational evidence is growing that during the summertime, 
waters upwelled in the western Arabian Sea and within offshore 
propagating filaments are inherently prone to Fe limitation 

• This despite: 
- Heavy dust deposition loadings 
- Benthic remineralization in near-coast waters 
- Open ocean OMZ, with elevated DFe conditions
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Iron Limitation Summary

• Models disagree on whether iron limitation plays a role in 
nature of primary production in the Western Indian Ocean and 
Southern Tropical Indian Ocean (STIO) 
- Wiggert model indicates year-round iron limited conditions  
- Behrenfeld MODIS (FLH) - based φSAT results indicate nutrient stress over 

a spatial domain during JUN - AUG time frame that is remarkably 
consistent with Wiggert model 

- Moore model does not indicate a nutrient limitation condition  
- Koné model (SWM Period) indicates Fe limitation off African coast; Fe - N 

co-limitation across the STIO 
- Koné model (NEM Period) indicates Fe limitation off African coast; No 

limitation across the STIO
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Indian Ocean Dipole (IOD) Impacts on 
Basinwide Biogeochemical Processes
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Zonal Section

Equator

Equator

5° S

Indian Ocean Dipole (IOD)

• Anomalous coastal winds drive 
upwelling in the east and reduces 
upwelling in the west 
(climatological: E, F; IOD: G, H) 

•  Anomalous convection over 
eastern Africa -> Anomalous 
equatorial easterlies & reduced/
absent fall Wyrtki Jet 

•  Anomalously deepened 
thermocline along 5° S in the west

Webster et al., (1999), Nature, 401(6751), 356-360.
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Regional Definitions and DMI Definition

• White lines depict regional boundaries for Arabian Sea, Bay of Bengal, W/E 
Equatorial Band, W/E STIO, W/E SCTR 

• Opaque regions demark areas used to calculate DMI 
• In general, + IOD correlates with El Niño 
• During SeaWiFS era, two + IODs occur (97/98, 06/07) 
• Over the course of this time series, frequency of notable IOD events indicated in 

historical record (~2/decade) bears out over 10+ years shown here

Indian Ocean Bathymetry (NGDC)Indian Ocean Bathymetry (NGDC)

20˚S

10˚S

0˚

10˚N

20˚N

40˚E 50˚E 60˚E 70˚E 80˚E 90˚E 100˚E 110˚E 120˚E

Figure 1. Indian Ocean bathymetry obtained from the National Geophysical Data Center 

(http://www.ngdc.noaa.gov/ngdc.html), with the 200m and 3000m isobaths indicated with the 

additional contours. The white lines depict the boundaries of the sub-regions described in 

section 2.3. The two opaque areas demark the regions used to calculate the DMI.   

DMI & NINO 3.4 during SeaWiFS Era
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Chlorophyll Response to IOD in Eastern IO 

IOD

Typical

Dec (NE Monsoon)
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Sea Level & Chlorophyll Anomaly
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Monthly Biological & Carbon Flux Anomaly

Figure 11.
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97/98 06/07 97/98 06/07

• Broadly consistent but less prominent CLa 
signatures during 06/07 event (eEQ, AS, sBB)

• CLa prominent into Jan ’98 but largely 
dissipated in Jan ’06

• NPPa calculated from CBPM-based NPP distributions 
(Behrenfeld et al., 2005)


• Generally, +/- NPPa coincides w/ +/- CLa


Wiggert et al., (2009), AGU Monograph 185. 
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IOD Comparison Highlights Mechanisms 
Equatorial IO

Figure 11.

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
NOV 1997b)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
DEC 1997c)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
JAN 1998d)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
OCT 2006e)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
NOV 2006f)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
DEC 2006g)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
JAN 2007h)

NPP Anomaly (mgC m-2 d-1)

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
OCT 1997a)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
JAN 2007h)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
DEC 1997c)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
DEC 2006g)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
OCT 1997a)

(mg m-3)

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

SeaWiFS CHL Anomaly (mg m-3) 

Figure 9.

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
NOV 1997b)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
JAN 1998d)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
OCT 2006e)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
NOV 2006f)

Figure 11.

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
NOV 1997b)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
DEC 1997c)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
JAN 1998d)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
OCT 2006e)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
NOV 2006f)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
DEC 2006g)

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
JAN 2007h)

NPP Anomaly (mgC m-2 d-1)

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

30 E 40 E 50 E 60 E 70 E 80 E 90 E 100 E110 E120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
OCT 1997a)

(mg m-3)

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

SeaWiFS CHL Anomaly (mg m-3) 

Figure 9.

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
OCT 1997a)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
NOV 1997b)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
DEC 1997c)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
JAN 1998d)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
OCT 2006e)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
NOV 2006f)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
DEC 2006g)

40 E 60 E 80 E 100 E 120 E
30 S

20 S

10 S

0 

10 N

20 N

30 N
JAN 2007h)

NPPa

(mgC m-2 d-1)

CLa

(mg m-3)

2006/2007 IOD1997/1998 IOD

• The 97/98 biological response is pronounced +CLa and +NPPa; These result from persistent, anomalous upwelling 
winds offshore of Indonesia and weak or absent Wyrtki Jet impingement in Fall ’97, both of which promote nutrient 
enrichment of surface waters

• Clear difference in magnitude & spatial extent of CLa off Java/Sumatra; By Jan ’06 +CLa off Java remains; But -
CLa off Sumatra!

• Result of weakening easterlies in Dec ‘06 and equatorial westerlies that manifest in Jan ’07

Zonal Wind Anomaly (m/s)

Figure 6.
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Wiggert et al., (2009), AGU Monograph 185. 
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IOD Comparison Highlights Mechanisms 
SE Bay of Bengal

Figure 11.
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• Prominent +CLa in SE Bay of Bengal in 1997; also appears in 2006 (though weaker)

• Subsurface - Temperature Anomaly in ARGO data suggest pool of elevated nitrate 
below 50 m in Dec 2006

• Associated with -SLa feature along 6 °N, which exhibits upwelling RW nature

• Similar conditions existed in Dec 1997; difference appears to be elevated wind 
mixing (anomalous easterlies) during earlier IOD, which overcomes near surface 
density structure (i.e., overlying freshwater) that inhibits nutrient injection

Wiggert et al., (2009), AGU Monograph 185. 
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Seasonal IOD Impact on Areal and Surface Chl

• Chlorophyll from 40-year 
interannually forced biophysical 
model 
- Surface forcing from ERA40 

reanalysis 
• Regressions computed for the 

period 1961–2001 
• SON: Strongest regression in 

SChl 
- Positive in Eastern EqIO 
- Negative off Equator (N & S)  

• DJF:  
- Positive in Southern BoB 

(SChl & IChl) 
- Negative in SE Arabian Sea 

& SCTR (IChl)

6688 J. C. Currie et al.: IOD and ENSO impacts on Indian Ocean chlorophyll

Fig. 7. The impacts of IOD on IChl (left panels) and SChl (right panels), as indicated by partial regression coefficients of their anomalies
regressed onto the IOD index, having removed the influence of ENSO (Eqs. 1–3). Regressions were computed for the period 1961–2001 and
their coefficients were drawn only when beyond a 90% significance level. Thin and thick contours indicate correlation coefficients of 0.4
and 0.6 respectively, while solid (dashed) lines represent positive (negative) correlations.

associated with northeasterly wind anomalies in the western
Arabian Sea in boreal fall (Fig. 5d). The Oman and Somalia
upwelling systems are likely sensitive to changes in surface
winds and these ENSO-related northeasterly anomalies act to
reduce upwelling, causing deeper-than-normal thermoclines
and warmer-than-normal SSTs (Fig. 5c, d), as well as the
chlorophyll impacts noted above.

4.3 Anomalies in key regions

Contrasting Figs. 4 and 5, and 7 and 8, it is clear that the re-
sponses to ENSO and IOD forcing differ in space and time.
These contrasting impacts, and their seasonality, were more
closely examined within specific regions (Fig. 9). There is
considerable variability amongst the relative strength and/or
state of both climate modes across different years. Plots of
the average IChl anomalies versus climate indices during
all years (Fig. 10) illustrate this variability and helps vi-
sualise the correlative strength between climate mode and

chlorophyll anomalies across different regions. Unexpect-
edly, Fig. 10 also revealed an apparent asymmetry in the
consequences of the climate modes on chlorophyll concen-
trations in some areas.
In the EEIO region, the IOD causes a shoaling of the ther-

mocline, and soon thereafter cool SSTs from June/July to
December/January (Fig. 9a). The shallow thermocline pro-
motes entrainment of nutrients and results in anomalously
high surface and integrated chlorophyll concentrations from
⇠ June/July to December (Fig. 9b). Murtugudde et al. (1999)
and Wiggert et al. (2009) have previously documented these
blooms during simultaneous positive IOD/El Niño events.
Our analyses attribute those positive anomalies to a domi-
nantly IOD control, with ENSO seemingly exerting a sig-
nificant influence on the thermocline only from November
onwards (Fig. 9a) and causing relatively modest increases
of IChl after January (Fig. 9b). Figure 10a shows that the
largest positive IChl anomalies in SON correspond to pure
IODs, or co-occurring ENSO and IODs, but not pure ENSO

Biogeosciences, 10, 6677–6698, 2013 www.biogeosciences.net/10/6677/2013/

Areal Chlorophyll (IChl) Surface Chlorophyll (SChl)

Currie et al., (2013), Biogeosci., 10(10), 6677-6698, doi:10.5194/bg-10-6677-2013.
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Basinwide Impact of IOD on Annual NPP (TgC)

• Basinwide impact on NPP by IOD is increase of 1% (97/98) and 5% (06/07) (i.e., essentially zero-sum)

• Significant +/- effects are realized regionally; thus a significant remapping of NPP (& export & C-flux) is indicated

• Most prominent impact in equatorial band during 97/98 IOD (48% increase eEQ, 20% decrease wEQ)

• AS shows -9% (97/98) but +15% (06/07); Sole region to show inconsistent impact!

• For both IOD wSCTR shows 8-21% decrease while eSCTR shows 17-40% increase (however NPP magnitude is low)

Basin AS BoB wEQ eEQ wSTIO eSTIO wSCTR eSCTR

CLIM 4420 909 485 336 167 1004 953 146 131

97/98 IOD 4460 831 556 267 247 927 1101 115 184

06/07 IOD 4656 1041 544 328 182 992 1031 134 153

Production (TgC) by Region (SEP - APR)

Basin AS BoB wEQ eEQ wSTIO eSTIO wSCTR eSCTR

97/98 IOD 1 -9 15 -20 48 -8 15 -21 40

06/07 IOD 5 15 12 -2 9 -1 8 -8 17

% Change by Region

This underscores clear need for better understanding of IOD-modified export flux, and 
therefore knowledge of IOD-driven phytoplankton speciation 
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IOD Impacts Summary
• Redistribution of NPP 

- Eastern Equatorial IO (+48%) 
- Western Equatorial IO (-20%) 
- Southern Bay of Bengal (+15%)  

• Basinwide NPP only increased by 1-5%, but there is a clear remapping 
of NPP distribution 

• Re-distribution of NPP related to both the anomalous atmospheric 
forcing (local) and atypical Wyrtiki jet behavior and Rossby wave field 
(remote) 

• Model-based IOD response apparent in Areal Chl (IChl) in SE Arabian 
Sea, SCTR 
- Timing indicative of Rossby Wave association
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Climate Signal in Monsoon Intensity?

Monsoon Bloom Implications? 

Linkage to Deoxygenation?
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Extent of Denitrification Maximum in AS

Secondary Nitrite Maximum (SNM) 
Naqvi and Shailaya 1996: 

NO2 > 0.5 µM 
NO2 > 2 µM 

Rixen et al. 2014: 

NO2 > 2 µM 

SNM	area	increased	by	63%	since		

JGOFS	6me	frame	

Rixen et al., (2014), Biogeosci., 11(20), 5733-5747.

SWM Mean Wind Speed 

Black/Red Circles: AS JGOFS (1995) 
White Circles: R/V Meteor (2007)
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Deoxygenation in the N. Indian Ocean 
(1960 ⇒ 2010)

Changes in Dissolved Oxygen 
(DO) at 300 dbar (µmol kg−1 yr−1) 
for the period 1960 - 2010 

RED - DO increase  
BLUE - DO decrease  
WHITE - DO changes not 
Statistically Significant

4050 L. Stramma et al.: Observed and modeled oceanic oxygen trends

(a) (b)

Fig. 2. Global mean dissolved oxygen (DO) distribution in µmol kg�1 (a) at 300 dbar and (b) DO changes at 300 dbar in µmol kg�1 yr�1
for the period 1960 to 2010. In (b) areas with DO increase are red and decreases blue and areas with DO changes below the 95% confidence
standard error interval are white.

1000m indicate a DO increase. In the upper 500m Helm
et al. (2011) showed some areas with positive zonal mean
trends in the subtropics as also present in our data compila-
tion (see also Fig. 5 below for the zonal mean DO changes).
In the Southern Ocean Helm et al. (2011) report an almost
continuous oxygen decrease for the 1970 to 1992 difference,
different to the alternating decreasing and increasing trends
for the 1960 to 2010 trends. Comparisons of repeated hy-
drographic sections in the Southern Indian Ocean revealed
periods of decreasing as well as increasing oxygen trends
(Mecking, personal communication, 2012) and indicate that
trend differences may be caused by different sampling time
periods.
Off California the observed oxygen anomalies were high

in the mid-1980’s due to the PDO, but were lower in the
1960’s and the 2000’s, related to anomalies in suboxic vol-
ume (Deutsch et al., 2011). Although our observations cover
the entire period between the two low oxygen periods, a
larger negative trend might be related to the higher PDO-
related oxygen in the 1980’s and 1990’s as many data were
collected in this time period during WOCE.
A comparison with the DO changes at 200 dbar and 200

to 700 dbar between the periods 1960–1974 and 1990–2008
derived between 40� N and 40� S by Stramma et al. (2010a)
shows similarities but also some differences with respect to
our results obtained here for 300 dbar, e.g. the positive trend
in the eastern tropical Pacific off Peru at 300 dbar. The dif-
ferences can partly be explained by the different depth layers
used and the different time periods investigated. The changes
related to different time periods are illustrated here by ex-
ploiting one of the earliest basin-scale data set of oxygen
measurements available, namely from the 1925–1927 Me-
teor Expedition.
Despite difficulties at earlier times to correctly determine

the geographical position as well as the depth of the samples
from bottles attached to a wire, we present the differences of
the DO measurements from the Meteor Expedition to the pe-
riod 1990 to 2008. Identical quality control thresholds were

applied to this data as to the DO analysis above. The differ-
ences at 300m depth show the largest DO changes in the sub-
tropical South Atlantic (Fig. 3) even in the area off Argentina
where the DO trend for the last 50 yr was positive. In the
tropical Atlantic there is not such a clear DO decrease from
1925–1927 to present as for the trend since 1960 to present.
This indicates lower oxygen concentrations in some regions
of the tropical Atlantic in the late 1920s than in the 1960s.
The differences in the trends since 1925–1927 compared to
the trends since 1960 suggest that multi-decadal differences
in observed oxygen concentrations may well be dominated
by temporal variations other than linear trends. This result
might be caused in part by the different methods used and
the reduced data accuracy for the 1925–1927 measurements.

4 Modelled oxygen changes

We first investigate changes in dissolved oxygen concentra-
tions simulated by the UVic Earth System model configu-
ration that is forced by anthropogenic CO2 emissions and
seasonally cycling climatological wind fields and thereby ef-
fectively filters out wind-driven interannual and longer-term
variability. Results of this model configuration show a de-
cline of DO concentrations over large parts of the ocean
over the period 1960 to 2010 at 300 dbar (Fig. 4a). Typ-
ical rates of the simulated DO decline (300 dbar average
is �0.027 µmol kg�1 yr�1 in the standard configuration, see
Table 1) appear consistent with the observed trend and, in
agreement with the observations, the model simulates a sub-
stantial DO decline in the northwestern North Pacific, in the
North Atlantic and in parts of the Southern Ocean. However,
general patterns of simulated DO changes differ considerably
from those observed. In fact, the global pattern correlation
between the 300 dbar oxygen trend estimated from observa-
tions (Fig. 2b) and simulated by the standard model (Fig. 4a)
is negative (�0.21 when considering only those areas on the
300 dbar surface with significance levels of the observational
estimate exceeding 95%, see Fig. 2b).

Biogeosciences, 9, 4045–4057, 2012 www.biogeosciences.net/9/4045/2012/
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(a) (b)

Fig. 2. Global mean dissolved oxygen (DO) distribution in µmol kg�1 (a) at 300 dbar and (b) DO changes at 300 dbar in µmol kg�1 yr�1
for the period 1960 to 2010. In (b) areas with DO increase are red and decreases blue and areas with DO changes below the 95% confidence
standard error interval are white.

1000m indicate a DO increase. In the upper 500m Helm
et al. (2011) showed some areas with positive zonal mean
trends in the subtropics as also present in our data compila-
tion (see also Fig. 5 below for the zonal mean DO changes).
In the Southern Ocean Helm et al. (2011) report an almost
continuous oxygen decrease for the 1970 to 1992 difference,
different to the alternating decreasing and increasing trends
for the 1960 to 2010 trends. Comparisons of repeated hy-
drographic sections in the Southern Indian Ocean revealed
periods of decreasing as well as increasing oxygen trends
(Mecking, personal communication, 2012) and indicate that
trend differences may be caused by different sampling time
periods.
Off California the observed oxygen anomalies were high

in the mid-1980’s due to the PDO, but were lower in the
1960’s and the 2000’s, related to anomalies in suboxic vol-
ume (Deutsch et al., 2011). Although our observations cover
the entire period between the two low oxygen periods, a
larger negative trend might be related to the higher PDO-
related oxygen in the 1980’s and 1990’s as many data were
collected in this time period during WOCE.
A comparison with the DO changes at 200 dbar and 200

to 700 dbar between the periods 1960–1974 and 1990–2008
derived between 40� N and 40� S by Stramma et al. (2010a)
shows similarities but also some differences with respect to
our results obtained here for 300 dbar, e.g. the positive trend
in the eastern tropical Pacific off Peru at 300 dbar. The dif-
ferences can partly be explained by the different depth layers
used and the different time periods investigated. The changes
related to different time periods are illustrated here by ex-
ploiting one of the earliest basin-scale data set of oxygen
measurements available, namely from the 1925–1927 Me-
teor Expedition.
Despite difficulties at earlier times to correctly determine

the geographical position as well as the depth of the samples
from bottles attached to a wire, we present the differences of
the DO measurements from the Meteor Expedition to the pe-
riod 1990 to 2008. Identical quality control thresholds were

applied to this data as to the DO analysis above. The differ-
ences at 300m depth show the largest DO changes in the sub-
tropical South Atlantic (Fig. 3) even in the area off Argentina
where the DO trend for the last 50 yr was positive. In the
tropical Atlantic there is not such a clear DO decrease from
1925–1927 to present as for the trend since 1960 to present.
This indicates lower oxygen concentrations in some regions
of the tropical Atlantic in the late 1920s than in the 1960s.
The differences in the trends since 1925–1927 compared to
the trends since 1960 suggest that multi-decadal differences
in observed oxygen concentrations may well be dominated
by temporal variations other than linear trends. This result
might be caused in part by the different methods used and
the reduced data accuracy for the 1925–1927 measurements.

4 Modelled oxygen changes

We first investigate changes in dissolved oxygen concentra-
tions simulated by the UVic Earth System model configu-
ration that is forced by anthropogenic CO2 emissions and
seasonally cycling climatological wind fields and thereby ef-
fectively filters out wind-driven interannual and longer-term
variability. Results of this model configuration show a de-
cline of DO concentrations over large parts of the ocean
over the period 1960 to 2010 at 300 dbar (Fig. 4a). Typ-
ical rates of the simulated DO decline (300 dbar average
is �0.027 µmol kg�1 yr�1 in the standard configuration, see
Table 1) appear consistent with the observed trend and, in
agreement with the observations, the model simulates a sub-
stantial DO decline in the northwestern North Pacific, in the
North Atlantic and in parts of the Southern Ocean. However,
general patterns of simulated DO changes differ considerably
from those observed. In fact, the global pattern correlation
between the 300 dbar oxygen trend estimated from observa-
tions (Fig. 2b) and simulated by the standard model (Fig. 4a)
is negative (�0.21 when considering only those areas on the
300 dbar surface with significance levels of the observational
estimate exceeding 95%, see Fig. 2b).

Biogeosciences, 9, 4045–4057, 2012 www.biogeosciences.net/9/4045/2012/

Stramma et al., (2012), Biogeosci., 9(10), 4045-4057.
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Snow Cover Impact on Arabian Sea Production

• Time series of CHL (OCTS, 
SeaWiFS) and zonal wind stress 
are extracted from region off NE 
Somali Coast (47-55 °E; 5-10 °N) 

• European Snow Cover (ESC) 
Anomaly 
- Solid line (−) is 14-month 

moving average 
• Relationship Identified for SWM:  

- ⇣ Eurasian Snow Cover (ESC); 
⇡ τΧ; ⇣ SST; ⇡CHL

Goés et al., (2005), Science., 1308(5721), 545-547.

the entire summer monsoon period of 1997
because of the premature demise of the
ADEOS-1 satellite (20), the low chlorophyll a
concentrations are explainable given that sea
surface wind stress in May and June, the
primary driver of upwelling during the summer
monsoon in the western Arabian Sea, was
much weaker than normal (21). The timing of
the onset and the intensities of sea surface
winds are both critical to the development of
the Findlater Jet, which in turn is responsible
for coastal divergent upwelling off the Somali
coast and offshore Ekman forced upwelling off
the Omani continental shelf (3, 4). Coincident
with the IOD event of 1997, sea surface winds
(21) picked up only by June, almost a month
later than in a normal year, followed by a
peak in July that was short-lived. The impact
on upwelling of the early collapse of the
monsoon winds in the coastal region is clearly
visible in the higher-than-normal SSTs (22) in
June and July (Fig. 1B), an indicator of
weaker upwelling that year.

In the time series record of chlorophyll a,
however, the most conspicuous observation
was the consistent year-by-year increase in
phytoplankton biomass over the 7-year period
(Fig. 1A). By the summer of 2003, chlorophyll
a concentrations were 9350% higher than those
observed in the summer of 1997. The increase
in chlorophyll a was accompanied by a year-
by-year decline in summertime SSTs and cy-
clonic wind stress curl values (Fig. 1C) (23),
both indicators of a progressive intensification
of upwelling along the coast of Somalia result-
ing from a progressive strengthening of sea
surface winds over the 7-year period (Fig. 1C).
Upwelling off Somalia is also associated with
the development of the Somali Current gyres,
such as in the Great Whirl, where the vorticity
balance forces an uplift of the thermocline to
the left of the offshore flows (24, 25).

This year-by-year increase in chlorophyll a
concentrations was not confined to the coast
alone but was also observed over a wider area
of the western (52- to 57-E, 5-S to 10-N)
Arabian Sea (Fig. 2A). Outside the region of
coastal upwelling, chlorophyll a concentrations
in the summer of 2003 attained values that
were 9300% higher than those observed in the
summer of 1997. This increase in chlorophyll a
was also accompanied by an intensification of
sea surface winds, in particular of the zonal
(east-to-west) component (Fig. 2A). It is clear
from the offshore observations that the influ-
ence of southwest monsoon winds on phyto-
plankton in the Arabian Sea is not through their
impact on coastal upwelling alone but also via
the ability of zonal winds to laterally advect
newly upwelled nutrient-rich waters to regions
away from the upwelling zone. When colder
waters are advected offshore, they cause a re-
duction in the latent heat flux to the atmosphere
and an increase in the net heat input into the
oceans. Increased heat flux into the ocean sta-

bilizes the water column, causing the mixed
layer to shoal (26). Thus, although sea surface
winds showed a progressive year-by-year in-
crease after 1997, mixed layer depths during the
summer monsoon shallowed progressively over
the 7-year period (Fig. 2B). Increased water
column stability during the summer monsoon
associated with a shallower mixed layer is par-
ticularly crucial for retaining phytoplankton
in the euphotic layer, especially when overcast
skies and insufficient light can limit phyto-
plankton photosynthesis and growth (10, 11).

The summer monsoon winds are a coupled
atmosphere-land-ocean phenomenon, whose
strength is significantly correlatedwith tropical
SSTs and Eurasian snow cover anomalies on a
year-to-year basis (27, 28). The intensification
of the winds across the Arabian Sea during the
southwest monsoon is largely governed by the
land-sea thermal gradient that develops over
the Arabian Sea in late spring and early
summer. Therefore, the extent of winter and
spring snow cover over the Eurasian landmass
and the latent heat released by the sea during
spring have a major impact on this land-sea
thermal gradient (29). In general, positive
snow anomalies in winter and spring can give
rise to colder ground temperatures in the sub-

sequent summer, because a substantial fraction
of the available solar energy during spring and
early summer goes toward melting the snow
and evaporating water from the wet soil rather
than toward heating the ground (30). Excessive
snowfall in the early part of winter also tends
to reduce solar radiation heating in winter by
increasing the surface albedo, resulting in
persistently colder temperatures over the land
(31). Conversely, reduced snow cover over
Eurasia strengthens the spring and summer
land-sea thermal contrast and is considered to
be responsible for the stronger southwest
monsoon winds and positive rainfall anomalies
over the subcontinent (32, 33).

Analysis of snow cover data (34) for the
period beginning in 1997 revealed a progres-
sive decline of winter and spring snow cover
over the Eurasian landmass (Fig. 2C), which
is consistent with the mid-latitude continental
warming trend reported in the Northern
Hemisphere (33). Since 1979, the decline in
snow cover has been particularly pronounced
over northern Eurasia poleward of 70-N, over
Western Europe, to the northeast of Russia,
over southwest Asia, and over the northern
Indian Himalayan Tibetan Plateau region (fig.
S2). Of greatest relevance to the strength of the
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Fig. 2. Annual trends of (A) satellite-derived chlorophyll a data (CHL) and zonal wind stress and (B)
mixed layer depth (MLD) and Reynolds SSTs from the region (52- to 57-E, 5-S to 10-N) in the
western Arabian Sea. (C) Anomalies (departures from monthly means for the period between 1996
and 2002) of Eurasian snow cover (ESC). The trend line shown in bold is a 14-point moving average.
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the entire summer monsoon period of 1997
because of the premature demise of the
ADEOS-1 satellite (20), the low chlorophyll a
concentrations are explainable given that sea
surface wind stress in May and June, the
primary driver of upwelling during the summer
monsoon in the western Arabian Sea, was
much weaker than normal (21). The timing of
the onset and the intensities of sea surface
winds are both critical to the development of
the Findlater Jet, which in turn is responsible
for coastal divergent upwelling off the Somali
coast and offshore Ekman forced upwelling off
the Omani continental shelf (3, 4). Coincident
with the IOD event of 1997, sea surface winds
(21) picked up only by June, almost a month
later than in a normal year, followed by a
peak in July that was short-lived. The impact
on upwelling of the early collapse of the
monsoon winds in the coastal region is clearly
visible in the higher-than-normal SSTs (22) in
June and July (Fig. 1B), an indicator of
weaker upwelling that year.

In the time series record of chlorophyll a,
however, the most conspicuous observation
was the consistent year-by-year increase in
phytoplankton biomass over the 7-year period
(Fig. 1A). By the summer of 2003, chlorophyll
a concentrations were 9350% higher than those
observed in the summer of 1997. The increase
in chlorophyll a was accompanied by a year-
by-year decline in summertime SSTs and cy-
clonic wind stress curl values (Fig. 1C) (23),
both indicators of a progressive intensification
of upwelling along the coast of Somalia result-
ing from a progressive strengthening of sea
surface winds over the 7-year period (Fig. 1C).
Upwelling off Somalia is also associated with
the development of the Somali Current gyres,
such as in the Great Whirl, where the vorticity
balance forces an uplift of the thermocline to
the left of the offshore flows (24, 25).
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coastal upwelling, chlorophyll a concentrations
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were 9300% higher than those observed in the
summer of 1997. This increase in chlorophyll a
was also accompanied by an intensification of
sea surface winds, in particular of the zonal
(east-to-west) component (Fig. 2A). It is clear
from the offshore observations that the influ-
ence of southwest monsoon winds on phyto-
plankton in the Arabian Sea is not through their
impact on coastal upwelling alone but also via
the ability of zonal winds to laterally advect
newly upwelled nutrient-rich waters to regions
away from the upwelling zone. When colder
waters are advected offshore, they cause a re-
duction in the latent heat flux to the atmosphere
and an increase in the net heat input into the
oceans. Increased heat flux into the ocean sta-

bilizes the water column, causing the mixed
layer to shoal (26). Thus, although sea surface
winds showed a progressive year-by-year in-
crease after 1997, mixed layer depths during the
summer monsoon shallowed progressively over
the 7-year period (Fig. 2B). Increased water
column stability during the summer monsoon
associated with a shallower mixed layer is par-
ticularly crucial for retaining phytoplankton
in the euphotic layer, especially when overcast
skies and insufficient light can limit phyto-
plankton photosynthesis and growth (10, 11).

The summer monsoon winds are a coupled
atmosphere-land-ocean phenomenon, whose
strength is significantly correlatedwith tropical
SSTs and Eurasian snow cover anomalies on a
year-to-year basis (27, 28). The intensification
of the winds across the Arabian Sea during the
southwest monsoon is largely governed by the
land-sea thermal gradient that develops over
the Arabian Sea in late spring and early
summer. Therefore, the extent of winter and
spring snow cover over the Eurasian landmass
and the latent heat released by the sea during
spring have a major impact on this land-sea
thermal gradient (29). In general, positive
snow anomalies in winter and spring can give
rise to colder ground temperatures in the sub-

sequent summer, because a substantial fraction
of the available solar energy during spring and
early summer goes toward melting the snow
and evaporating water from the wet soil rather
than toward heating the ground (30). Excessive
snowfall in the early part of winter also tends
to reduce solar radiation heating in winter by
increasing the surface albedo, resulting in
persistently colder temperatures over the land
(31). Conversely, reduced snow cover over
Eurasia strengthens the spring and summer
land-sea thermal contrast and is considered to
be responsible for the stronger southwest
monsoon winds and positive rainfall anomalies
over the subcontinent (32, 33).

Analysis of snow cover data (34) for the
period beginning in 1997 revealed a progres-
sive decline of winter and spring snow cover
over the Eurasian landmass (Fig. 2C), which
is consistent with the mid-latitude continental
warming trend reported in the Northern
Hemisphere (33). Since 1979, the decline in
snow cover has been particularly pronounced
over northern Eurasia poleward of 70-N, over
Western Europe, to the northeast of Russia,
over southwest Asia, and over the northern
Indian Himalayan Tibetan Plateau region (fig.
S2). Of greatest relevance to the strength of the
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Fig. 2. Annual trends of (A) satellite-derived chlorophyll a data (CHL) and zonal wind stress and (B)
mixed layer depth (MLD) and Reynolds SSTs from the region (52- to 57-E, 5-S to 10-N) in the
western Arabian Sea. (C) Anomalies (departures from monthly means for the period between 1996
and 2002) of Eurasian snow cover (ESC). The trend line shown in bold is a 14-point moving average.
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Reported Causal Link: 
Global Warming ➔  Reduced Snow/Ice Cover ➔ Stronger Summer Monsoon & 
Higher CHL (proxy for Phytoplankton Biomass & Primary Production)
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Data Sets
• Chlorophyll 

- Platform: SeaWiFS (1998 - 2002), MODIS - Aqua 
‣ Arabian Sea (AS), Western AS (WAS), Central AS (CAS), Eastern AS (EAS), Northern AS (NAS) 

• Winds  
- CCMP: Level 4 Product; Monthly; Extends through 2011 (Atlas et al. 2010) 

‣ Wind Speed 
‣ Upwelling Index (57–58 °E. 17–18 °N; (Ras ash Sharbatat) 

๏Rotated w.r.t. Arabian Peninsula Land Boundary 

• Sediment Trap: 
- WAST:  (60.5 E, 16.3 N) 
- CAST:  (64.8 E, 14.5 N) 
- EAST:  (68.75 E, 15.5 N) 

• Snow Cover 
- Platform: MODIS - Terra, MODIS - Aqua 

‣ Snow Cover Fraction (SCF)  
‣ 70–110 °E. 25–45 °N (Tibetan Plateau) 

- NCDC: Eurasian Snow Cover (ESC) Anomaly 
‣ https://www.ncdc.noaa.gov/snow-and-ice/

Pu et al. (2007), GRL, doi:10.1029/2007GL029262

Tibetan Plateau
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Regional Partitioning

• Regional subsets for extraction of 
remote sensing chlorophyll a time 
series (Black Boxes) 
- Arabian Sea, Western AS, 

Central AS, Eastern AS, 
Northern AS 

• Sediment Trap Locations 

- WAST, CAST, EAST (◆) 
• Regional subset for extraction of 

CCMP level 4 wind product 
- Area off Ras ash Sharbatat 

(■) 
• Image backdrop is MODIS - Aqua 

4 km chlorophyll a climatology for 
February

Northern AS

WAS/T

EAS/T

CAS/T

Arabian Sea
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Monthly Chlorophyll a Time Series
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• Seasonal Cycle (2010)  
• Winter and Summer Blooms are present 

for all regions 
• nAS has strongest NEM bloom and 

delayed SWM bloom 
• wAS has the strongest SWM bloom

• Interannual Variability  
• 5 of 6 peaks are from wAS 
• Highest CHL in nAS during 2002 SWM 
• No apparent trend 
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Upwelling Index off Ras ash Sharbatat

• Trend in wind speed and 
upwelling index (UI) through 
2001 SWM is consistent with 
the wind stress trend 
reported by Goes et al.  

• Longer term: Clear persistent 
trend in SWM winds is not 
apparent 

Arabian Sea Winds: Blended Satellite Winds (CCMP, 1/4°) − Monthly
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Arabian Sea Winds: Blended Satellite Winds (CCMP, 1/4°) − Monthly
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SWM Chlorophyll Trend - Western AS
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Surface Chlorophyll Trend: JUL - Western AS

SeaWiFS (1998−2002) , MODIS−Aqua (2003−2014)
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Slope: 0.16539
Intercept: -328.66
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•7-year trend (1998 - 2004) in Western AS 
• In both JUL and SEP,  chlorophyll show a positive trend.  
• For SEP, trend is statistically significant 

•17-year trend (1998 - 2014) in Western AS 
• Trend remains positive, though less statistically significant, during SEP  
• Trend is negative for JUL and is not statistically significant

JUL SEP
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Snow Cover Fraction (SCF) - MODIS
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ESC Anomaly (NCDC):  
June (1997 - 2014)

• European Snow Cover Anomaly (JUN) 
• Decreasing through 2002, but positive long-term 

anomaly 
• Appropriate spatial extent for SW Monsoon impact?

• Snow Cover Fraction 
• Exhibits interannual variation but no IA trend

➔

FEB 2009

FEB 2008
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SCF vs. Chlorophyll Anomaly (2000-2014)

Trend in CLa vs. SCF? - Western AS

• Trend in Chlorophyll Anomaly  (JUN) vs. SCF (FEB)? 
• Western Arabian Sea Region: 
• Outside of several years, a trend consistent w/ Warming 
➔ Increased Biomass is indicated • Snow Cover Fraction 

• 45% Reduction for FEB 2009 vs. FEB 2008 

FEB 2009

FEB 2008

FEB 2009 SCF

Western AS
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CHL - Particle Flux Link: Western AS 
Track All-India Rainfall (AIR) Index?

Years
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WAST

CAST

EAST

•Sediment trap organic 
carbon fluxes and 
monsoon strength (AIR) 
correlate 

•Chlorophyll and SST 
show no relationship w/ 
monsoon index
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Climate - SWM Bloom Linkage Summary

• Are long term trends noted in early SeaWiFS era continuing? 

• NO: 17-yr ocean color record indicates decadal 
variability is playing a role  

• Are causal links suggested in previous studies indicated? 

• ↓ Snow Cover ➔ ↑ Chlorophyll ? 
• YES: Chlrorophyll a during SW monsoon onset time 

frame tracks w/ SCF for February 

• ↑ Monsoon Strength ➔ ↑ Production ? 
• YES: Sediment trap particle fluxes correlate with All-

India Monsoon Rainfall
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Climate Linkages to Basin Deoxygenation?

• Iron Limitation in Arabian Sea 
- Transition to HNLC regime during latter SW Monsoon in Arabian Sea has 

been postulated (Naqvi et al., 2010) 
- Dustier conditions (higher deposition loads) under future climate 

conditions → Relief of HNLC tendency? 
- Connectivity of Arabian Sea OMZ to Iron Availability / Cycling and 

Maintenance / Evolution of OMZ 

• Frequency of IOD Manifestation 
- Under climate change can expect more frequent IOD w/ associated high 

export flux condition occurring in Eastern IO 
- Further expansion of low oxygen regions in Eastern IO 

• SW Monsoon Intensification 
- Stronger upwelling → increased production & export flux  
- Increased delivery of organic matter offshore to OMZ region



OCB Summer Workshop: 25 - 28 July 2016

Thank You


