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ABSTRACT

The Somali jet, a strong low-level cross-equatorial flow concentrated in a narrow longitudinal band near the

coast of Somalia, is a key feature of the South Asian monsoon (SAM) circulation. Previous work has em-

phasized the role of the East African highlands in strengthening and concentrating the jet. However, the

fundamental dynamics of the jet remains debated, as does its relation to the SAM precipitation. In this study,

numerical experiments with modified topography over Africa are conducted with the GFDL atmospheric

model, version 2.1 (AM2.1), general circulation model (GCM) to examine the influence of topography on

the Somali jet and the SAM precipitation. It is found that when the African topography is removed, the SAM

precipitation moderately increases in spite of a weakening of the cross-equatorial Somali jet. The counter-

intuitive precipitation increase is related to lower-level cyclonic wind anomalies, and associated meridional

moisture convergence, which develop over the Arabian Sea in the absence of the African topography. Po-

tential vorticity (PV) budget analyses along particle trajectories show that this cyclonic anomaly primarily

arises because, in the absence of the blocking effect by the African topography and with weaker cross-

equatorial flow, air particles originate from higher latitudes with larger background planetary vorticity and

thus larger PV.

1. Introduction

The SouthAsianmonsoon (SAM) is the southern part

of theAsianmonsoon system, the largest-scale monsoon

in Earth’s atmosphere. The monsoon brings rain that is

concentrated in the summer to densely populated and

rapidly growing regions, such as India and neighboring

countries. Traditionally, the SAM has been interpreted

as a large-scale sea-breeze circulation driven by contrast

in thermal properties between the Indian subcontinent

and the surrounding ocean (e.g., Webster 1987; Meehl

1994; Wu et al. 2012). However, recent theoretical ad-

vances suggest that the SAM should be more generally

viewed as the regional manifestation of the seasonal

migration of the intertropical convergence zone (ITCZ)

into the summer subtropical continents (e.g., Gadgil

2003). The associated thermally direct circulation is

characterized by ascending motion in the summer

hemisphere subtropics, opposite cross-equatorial flows

at lower and upper levels, and descending motion in the

winter hemisphere (e.g., Nie et al. 2010), giving rise to a

reversed meridional temperature gradient and, by

thermal wind balance, an easterly vertical wind shear in

the summer hemisphere (e.g., Li and Yanai 1996). At

lower levels, westerly winds dominate in the summer

hemisphere over the Indian Ocean, consistent with the

Coriolis force on the cross-equatorial flow approxi-

mately balancing the drag in near-surface zonal winds

(e.g., Bordoni and Schneider 2008), while easterlies

develop at upper levels. The strong precipitation, the

displacement into the Northern Hemisphere (NH) of

the upper-tropospheric temperature maximum, and re-

versal of lower-level winds from easterly to westerly

over the Indian Ocean in the NH are all distinctive

features of the SAM in boreal summer.

Upstream of the lower-level westerlies, a strong cross-

equatorial jet develops near the east coast of Africa.

This jet, referred to in the literature as the Somali jet,

flows along the East African highlands (EAHs),

having a core located at about 1.5 km above sea level,

equatorial mean wind speed of around 25ms21, and

maximum wind speed as large as 50ms21 (Findlater

1969). The Somali jet is estimated to contribute up to half

of the mass flux crossing the equator during the Asian

summer monsoon season. After crossing the equator and
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turning eastward in the Arabian Sea, the jet brings into

the Indian subcontinent moisture from the warm ocean,

with around 60%–80% of the moisture estimated to

originate from the Southern Hemisphere (SH) (Hoskins

and Rodwell 1995).

The Somali jet results from cross-equatorial flow de-

veloping in response to the ITCZ displacement in the

NH subtropics, and its dynamics has been described as

analogous to those of western boundary currents in the

ocean (e.g., Anderson 1976). The EAHs have been ar-

gued to be essential for the spatial concentration and

strength of the cross-equatorial flow. Krishnamurti et al.

(1976) used a one-level primitive equation model to

show that the East African and Madagascar mountains,

the land–sea contrast, and the beta effect are all neces-

sary to simulate a Somali jet similar to what is seen in

observations. Subsequent studies have explored the re-

sponse of linear models with prescribed diabatic heating

and have argued that a western boundary (provided by

the EAHs) is necessary to develop a concentrated cross-

equatorial flow (e.g., Paegle and Geisler 1986; Sashegyi

and Geisler 1987). Rodwell and Hoskins (1995, hereaf-

ter RH95) extended these results to a nonlinear, hy-

drostatic, primitive equation model with linear drag in

the lowest two levels and specified orography and dia-

batic heating. Their analysis shows how the combination

of high terrain over East Africa and greater friction

there acts as a positive tendency to potential vorticity

(PV) that partially cancels the negative PV of air

crossing the equator from the SH and allows the flow to

concentrate in a jet and remain in the NH, rather than

curving back southward and returning into the SH.

Interest in the fundamental dynamics of the Somali

jet is motivated by its possible impact on the SAM

precipitation through the associated moisture trans-

port. Some early observational studies do support a

positive correlation between the strength of the Somali

jet and the rainfall intensity over western India (e.g.,

Findlater 1969; Halpern and Woiceshyn 2001). How-

ever, no comprehensive observational study has pro-

vided further support to the existence of such robust

correlation on scales from intraseasonal to interannual

using recent higher-resolution data. The only multiyear

study based on reanalysis (Boos and Emanuel 2009)

indicates that the rapid onset of the SAM is not asso-

ciated with a rapid strengthening of the Somali jet. This

suggests that the relationship between the lower-level

cross-equatorial jet and the monsoonal precipitation

might be more subtle than generally thought. This is

confirmed by recent modeling studies, which show that

the removal of the African topography in fact results in

an increase rather than a decrease of the monsoonal

precipitation over India, despite a weakening of the

Somali jet (Chakraborty et al. 2002, 2006, 2009; Slingo

et al. 2005).

This discussion highlights how important questions on

the impact of theAfrican orography on the SAM remain

outstanding: 1) How does topography over Africa affect

the strength and spatial structure of the Somali jet? 2)

What is the relationship between the cross-equatorial

flow and its downstream westerly extension over the

Arabian Sea? 3) How are topographically induced

changes in lower-level meridional and zonal flow related

to the SAM precipitation? In this paper, we will address

these questions by performing simulations with a com-

prehensive general circulation model (GCM) with

modified topography over Africa and the Arabian

Peninsula. The GCM experiments and analysis methods

are described in section 2. In section 3, we explore how

the Somali jet and the precipitation over the SAM re-

gion respond to the removal of the African topography.

The dynamics of these changes is explored more in

depth and linked to changes in the PV and the larger-

scale monsoonal circulation in section 4. In section 5, we

present results from an additional simulation, in which

we remove both theAfrican andArabian topography, to

understand how the absence of an extended topo-

graphical wall from Africa into Arabia might affect the

monsoon. Conclusions follow in section 6.

2. Methods

The simulations in this study are performed with the

Geophysical Fluid Dynamics Laboratory (GFDL) At-

mospheric Model, version 2.1 (AM2.1; Anderson et al.

2004). AM2.1 uses a finite-volume dynamical core with

horizontal resolution of 2.58 longitude and 2.08 latitude
and 24 vertical levels. Climatologically fixed sea surface

temperatures (SSTs) derived from 28 3 28 49-yr (1950–
98) monthly mean of Reynolds reconstructed historical

SST analysis (Smith et al. 1996) are used as the lower

boundary condition. The convection scheme is the re-

laxed Arakawa–Schubert scheme.

In this study, we primarily discuss two simulations: A

control (CTL) simulation where full global topography

is retained (Fig. 1a) and an experiment simulation in

which topography over Africa is removed (NoAf). In

the NoAf experiment, topography is removed in the

regions 0–358N, 208W–358E and 408S–158N, 108–508E
(Fig. 1b). The topographic height of the grid points

right outside the edge of these boxes is halved to allow

for a smoother transition. In section 5, we also briefly

discuss an additional experiment, NoAfArab, in which

together with topography over Africa we also remove

the Arabian topography. More precisely, in the

NoAfArab experiment, topography is removed from
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08–358N, 208W–408E; 408S–158N, 108–508E; 158–308N,

408–478E; and 158–258N, 478–558E (Fig. 1c). In all these

experiments, the orographic gravity wave drag is

modified accordingly to modified topography.

The initial conditions for all three experiments are

derived from a 1-yr simulation with standard topogra-

phy. After the topography height is changed following

the 1-yr simulation, the experiments are integrated for

19 yr, and the analyses discussed below are based on the

last 10 simulated years.

Large-scale budgets, such as the moisture and PV

budgets, are analyzed to shed light into mechanisms that

are implicated in the precipitation and circulation re-

sponse to the change of topography. We also perform

trajectory analyses to explore how topography, possibly

through blocking or changes in the Somali jet, impacts

the trajectories of air parcels reaching the Indian region

and to more carefully analyze the PV budget from a

material perspective. Three-hour wind field data in

pressure coordinates are used to compute backward and

forward trajectories. The integration time step is 3-h as

the data output. For each integration, we use the wind

field at the time of calculation, so that the wind field used

in the integration is updated at every calculated time

step. Once the trajectories have been computed, other

variables, including the different terms in the PV anal-

ysis, as described in detail in section 4, are interpolated

along the paths. Please note that trajectories are being

computed using the three-dimensional (3D) wind field

resolved by the GCM at the grid scale. In regions where

convection is active, the resolved mean vertical velocity

might underestimate vertical motions due to subgrid-

scale convective processes.

To consider the conditions representative of the JJA

average, which is what we show throughout the paper,

eight different integration-starting dates are chosen

within July and August at selected locations (e.g., 15, 20,

25, and 30 July and 5, 10, 15, and 20 August) for the

trajectory analyses. In the PV budget analysis, we av-

erage these eight integrations to show average sum-

mertime trajectories. The spread of the eight trajectories

for the different integration-starting dates increases with

integration time, but the trajectories all have similar

patterns (not shown).

3. Impact of the African topography on the Somali
jet and SAM precipitation

The CTLmodel integration with standard topography

produces a SAM with large-scale precipitation and cir-

culation patterns similar to those found in observations

(Fig. 2). The model precipitation exhibits some bias,

with stronger maxima near the western Ghats and the

FIG. 1. Surface height (m) configuration in the (a) CTL, (b) NoAf,

and (c) NoAfArab experiments.
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southerly Himalayas and a weaker and southward shif-

ted maximum over the Bay of Bengal. Other GCMs

feature similar simulated bias in this region (e.g., Boos

and Kuang 2010). The cross-equatorial Somali jet,

whose response to topography modifications is a pri-

mary focus in this paper, is also well captured. The

reasonable agreement between the CTL experiment

and the observations gives us confidence on the use of

AM2.1 as a valid tool to study the impact of the African

topography on the SAM.

When topography over Africa is removed in AM2.1,

we find that the meridional cross-equatorial flow in the

core of the Somali jet weakens, with a reduction of;30%

of the maximum jet strength (Fig. 3). While not explicitly

discussed there, this weakening appears to be in agree-

ment with simulation results in previous studies

(Chakraborty et al. 2002, 2006, 2009; Slingo et al. 2005). A

pressure–longitude cross section at the equator shows

that themaximum reduction is at around 800hPa, slightly

above the simulated maximum in CTL at 850hPa. Ad-

ditionally, in the NoAf experiment, the cross-equatorial

flow spreads over the African continent, and the jet core

moves to lower levels and weakens. This finding confirms

that the African topography helps accelerate and spa-

tially concentrate the Somali jet. Interestingly, we find

that the removal of the African topography causes a

positive meridional wind anomaly over the Arabian Sea

north of the equator, where climatological winds are

primarily westerlies (Fig. 4a and Figs. 2b,c). As discussed

below, this positive anomaly has an unexpected and im-

portant impact on the SAM precipitation.

The weakening of the cross-equatorial flow in the

Somali jet core region in the absence of topography over

Africa might support the expectation of a similar de-

crease in monsoonal precipitation, possibly because of

decreased moisture transport. Counterintuitively, we

find that precipitation increases almost everywhere in

the Indian region, with largest anomalies just west of the

Indian subcontinent over the Arabian Sea and smaller

anomalies over the Bay of Bengal (Figs. 2b,c and

Fig. 5b). The ‘‘Indian region’’ here is defined as the

broad area within 7.078–27.38N, 63.758–93.758E (shown

by the red rectangle in Figs. 2b,c and following figures),

which includes the Indian subcontinent and neighboring

oceans, where precipitation maxima are found in the

CTL experiment (Fig. 2). The accumulated precipitation

in this region, representative of the larger-scale SAM, is

shown in Fig. 5a for the different numerical experi-

ments: in the NoAf experiment, area-averaged JJA ac-

cumulated precipitation increases by ;16% compared

to the CTL experiment. In the following, we primarily

focus on mechanisms responsible for the precipitation

response over the Arabian Sea, which are more clearly

FIG. 2. JJA precipitation (shading, mmday21) and 850-hPa

winds (vectors, m s21) in (a) observations, (b) the CTL, and

(c) NoAf experiments. In (a), precipitation is from GPCP v2.2 and

winds are from the NCEP reanalysis. Thick black lines indicate the

surface height in each simulation (from 1000 to 5000m, contour

interval 2000m). The red rectangle indicates the ‘‘Indian region,’’

for which accumulated precipitation in the model experiments is

shown in Fig. 5a.
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linked to possible changes in the Somali jet, and asso-

ciated moisture transport, and have been the focus of

previous studies (e.g., Chakraborty et al. 2002, 2006, 2009).

These results therefore demonstrate how changes in

the strength of the Somali jet in response to modified

topography are not linearly correlated to changes in the

SAM precipitation. This is consistent with Boos and

Emanuel (2009), who show how in the annual cycle the

rapid strengthening of the wind over the Arabian Sea at

monsoon onset is not accompanied by similarly rapid

changes in the cross-equatorial mass transport in the core

of the jet near the EAHs (between 38.758 and 48.758E).
They found that these rapid SAM wind changes are in-

stead accompanied by a rapid strengthening of the cross-

equatorial mass transport in the periphery of the jet

(between 48.758 and 71.258E). This suggests that the

maximum speed of the cross-equatorial jet, which is

influenced by the existence of the African topography,

might not be directly related to the SAM precipitation.

Following the procedure inBoos andEmanuel (2009), we

analyze separately changes in the cross-equatorial mass

flux in the topographically bound core cross-equatorial

flow and in its oceanic periphery region. As shown in

Fig. 6, in the NoAf experiment, the cross-equatorial mass

flux decreases solely in the core region and remains

largely unchanged in the periphery. This suggests that

even in the absence of the African topography, the cross-

equatorial mass flux in the periphery region transports

sufficient moisture to sustain the monsoon and prevents

significant decreases in its precipitation.

While the removal of the African topography does not

significantly alter the large-scale patterns of the SAM, it is

accompanied by an increase in the overall accumulated

precipitation that is larger than the standard deviation

(10%) associatedwith the observedmonsoon interannual

variability and leads to nonnegligible regional changes.

We interpret these regional changes using the moisture

budget, which relates the net precipitation (precipitation

minus evaporation; P 2 E) to the vertically integrated

moisture flux convergence. Calling d the difference be-

tween theNoAf and CTL experiments, and decomposing

changes in the moisture flux convergence into changes

due to winds (the dynamic components, including the

convergence and advection terms) and changes due to

moisture (the thermodynamic component) as done by a

number of previous studies (e.g., Clement et al. 2004;

Held and Soden 2006; Walker et al. 2015), we can write

dP’ dE2 hq= � dvi2 hdv � =qi2 h= � [(dq)v]i , (1)

where q represents the specific humidity, v represents

the horizontal wind field, h�i represents a mass-weighted

vertical integral [i.e.,
Ð
(�) dp/g] and (�) represents a time

average. The first term in the right-hand side is the

change in evaporation, the second term the dynamic

convergence term, the third term the dynamic advection

term, and the last term the thermodynamic term.

Except for evaporation, which is negligible, the contri-

bution of all terms in Eq. (1) to precipitation changes are

shown in Fig. 7. The residual term is small relative to the

other terms, especially compared to the dP term. This

small residual also includes the quadratic term, which is

due to covariations in changes of moisture and winds, and

the surface term, which is due to the additional vertical

levels (i.e., pressure interval) in the NoAf experiment

where topography is removed. This surface term can be

explicitly computed, and we find that its contribution

to the moisture flux convergence in the area where

FIG. 3. Equatorial (18S–18N) pressure–longitude cross section of the JJA-average meridional wind (m s21) in (a) CTL, (b) NoAf, and

(c) the difference between the two.
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topography is removed is small, despite a local increase in

moisture there (not shown). Consistent with Chakraborty

et al. (2002, 2006, 2009), we find that the largest contri-

bution comes from the dynamic convergence component,

that is, changes in precipitation are primarily accounted

for by changes in wind convergence. Chakraborty et al.

(2009) suggest that in the absence of blocking by the

African topography, the westerly flow over Africa would

extend eastward into the Arabian Sea and increase the

westerlies there. This in turn would favor an increased

wind and moisture convergence as the flow approaches

the Indian subcontinent. We test this hypothesis by ex-

amining how both the westerly flow and air parcel tra-

jectories are modified in the absence of the African

topography. When comparing forward trajectories for

particles originating over Africa at 850hPa in the CTL

(Fig. 8a) and NoAf (Fig. 8b) experiments, we see that in

the absence of the African topography air particles can

indeed flow past Africa and move into the Indian region.

Also, in our simulations, the zonal wind does increase

FIG. 4. Anomalous (NoAf–CTL) (a) meridional and (b) zonal

wind at 850 hPa (m s21). The gray shading indicates regions with no

data below 850 hPa. The red box is as in Fig. 2. Stippling shows

regions where the wind anomalies are statistically significant at the

95% level.

FIG. 5. (a) Accumulated JJA precipitation (mm) averaged over the

Indian region [(b) red rectangle] in the CTL (black), NoAf (gray), and

NoAfArab (light blue) experiments. Anomalous JJA precipitation

(shading, mmday21) and 850-hPa winds (vectors, m s21) for

(b) NoAf–CTL and (c) NoAfArab–CTL. Thick black lines indicate

the surface pressure anomalies (contour interval 50 hPa) and, hence,

topography difference between the two experiments. Stippling shows

regions where anomalies are statistically significant at the 95% level.
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near the region in which topography is removed and over

the equatorial Indian Ocean (Fig. 4b). This suggests that

indeed theAfrican topography blocks air fromAfrica and

weakens the westerlies. However, the stronger zonal

wind does not extend into the Arabian Sea, to the west of

the Indian subcontinent, where the precipitation re-

sponse to the topography removal is the largest. After

further decomposing the horizontal convergence in the

dynamic convergence term into zonal and meridional

components in the moisture budget [Eq. (1)], we find that

the enhanced precipitation results primarily from in-

creased meridional wind convergence, rather than

stronger zonal wind convergence as proposed by

Chakraborty et al. (2009) (Figs. 7e,f). This stronger merid-

ional moisture convergence is associated with the devel-

opment of a larger-scale cyclonic circulation anomaly over

theArabian Sea (Fig. 5b).Mechanisms driving this cyclonic

anomaly are explored more in detail in the next section.

4. Impact of the African topography on the
larger-scale circulation

a. Stationary wave pattern

The cyclonic anomaly developing over the Arabian Sea

in response to the removal of the African topography and

the anticyclonic anomalies in its upstream and down-

stream are indicative of a wavelike pattern. A similar

wavelike pattern is also seen in the simulations of Slingo

et al. (2005), who suggest a possible link between the sta-

tionary wave response to the African topography and

changes in the SAM precipitation as the topography is

removed. This stationary wave pattern can be qualitatively

understood as a direct response to the weakening of the

cross-equatorial meridional flow as topography is re-

moved: aweakening of the cross-equatorial southerlywind

at its core along the coast ofAfrica at around 88Nand 508E
would be accompanied by cyclonic anomalies to its east at

around 508–708E and anticyclonic anomalies to its west at

around 408–508E, consistent with what seen in our simu-

lations (Fig. 9a).However, as already extensively discussed

in RH95, a full consideration of the PV budget can

provide a quantitative understanding of the flow proper-

ties and PV dynamics in the downstream of the cross-

equatorial meridional flow. In the following subsection, we

present PV budget analyses following trajectories to

develop a more mechanistic understanding of the cyclonic

anomaly over the Arabian Sea in the NoAf experiment.

b. PV dynamics of the Somali jet and its relation with
the SAM precipitation

As discussed in detail in the previous subsection and as

shown in Fig. 9a, a cyclonic circulation anomaly (i.e., the

difference between the NoAf and CTL experiments)

exists to the west of India over the Arabian Sea. A region

of positive PV anomaly is also located there. In section 3,

we have shown how, as topography is removed, pre-

cipitation increasesmainly over the ocean just west of the

Indian subcontinent (Fig. 5b), primarily in association

with anomalous meridional wind convergence (Fig. 7f).

The increased meridional wind convergence is collocated

and related to the southerly flow on the eastern flank of

the cyclonic anomaly over the Arabian Sea (Fig. 9a). To

better highlight the possible relationship between the

cyclonic anomaly and the precipitation response, in

Fig. 10, we decompose the anomalous total wind into its

rotational and divergent components at two levels at the

top of (850hPa) and within (900hPa) the boundary layer.

At the higher level, the anomalous wind is clearly domi-

nated by the rotational component, with the divergent

component becoming more dominant as the surface is

approached. Despite these vertical changes, two features

are seen at both heights: 1) the wavelike pattern down-

streamof theAfrican topography is evident at all levels in

the anomalous rotational flow and 2) the anomalous

convergence, which is directly linked to and influenced by

the anomalous enhanced precipitation over the Arabian

Sea, is approximately collocated with the enhanced

southerly wind on the eastern flank of the anomalous

cyclone. Here we speculate that the cyclonic anomaly in

the rotational component is a direct response to the to-

pography removal. Close to the surface, this rotational

FIG. 6. Time evolution of the cross-equatorial (58S–58N) mass

flux (1010 kg s21), with red and black lines showing values in-

tegrated over the core (38.758–48.758E) and periphery (48.758–
71.258E) of the jet region, respectively. The solid lines show the

CTL, while the dashed lines show the NoAf experiment.
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response is modified by surface friction and its spatial

changes, as the southerly flow approaches the Indian

subcontinent, which creates a region of strongmeridional

wind convergence and enhanced precipitation (Fig. 7).

Therefore, in the following, we focus on un-

derstanding dynamical mechanisms responsible for the

anomalous rotational component—namely, the lower-

level anomalous cyclone over the Arabian Sea—and we

focus on the 850-hPa level, where this component has

strongest anomalies within the boundary layer. To do so,

we consider the full PV dynamics, which includes its

sources and sinks, and perform a detailed analysis of its

budget. Please note that results would not change, at

least qualitatively, if we considered a moisture weighted

vertical average (more closely linked to the moisture

budget) within the boundary layer.

Ertel’s PV, (1/r)(h � =u), is a scalar quantity that ex-

presses both the rotational and stratification features of

the fluid. Here, h is the 3D absolute vorticity vector,

u the potential temperature, and r the density of the

fluid. In z coordinates, the PV budget is

D(PV)

Dt
5

1

r
F
h
� =u1 1

r
h � = _u , (2)

where Fh is the curl of the 3D frictional forcing F and _u is

the heating rate. The first term in the right-hand side of

Eq. (2) is the frictional term and the second term is the

heating term. This conservation law clearly highlights

how PV ismaterially conserved in the absence of friction

and diabatic heating.

RH95 used the PV budget to analyze the dynamics of

the Somali cross-equatorial flow. They argued that the

change in sign of planetary rotation at the equator would

prevent cross-equatorial flow in a stratified fluid, so

much so that PV material tendencies are necessary for

cross-equatorial flow to be achieved. Particles that re-

tain their negative PV over the Arabian Sea would re-

circulate back into the SH, with a significant reduction of

the moisture flux into the monsoon region. The combi-

nation of land–sea contrast in friction, which is enhanced

by the African topography, and diabatic heating allows

for sufficient positive PV modification and helps main-

tain the jet in the NH. Removal of topography in their

dry model, forced by a prescribed diabatic heating,

suggests that without the African topography, PV ten-

dencies would decrease to a point that no significant

cross-equatorial flow could be maintained into the In-

dian monsoon region.

In our simulations, removing the African topography

has a significantly less dramatic impact on the cross-

equatorial flow than what is discussed in RH95. In fact,

the cross-equatorial flow weakens only in its core, close

to the region of modified topography. However, we still

FIG. 7. Anomalous (NoAf–CTL) JJA-average moisture budget: (a) anomalous precipitation; (b) thermodynamic component,

(c) convergence, and (d) advection term of the dynamic component; and (e) zonal and (f) meridional dynamic convergence term (mmday21).

Thick black lines indicate the surface pressure in CTL (from 900 to 700 hPa, with an interval of 200 hPa), indicating the location of topography.
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find significant differences in the lower-level flow, and its

curvature, downstream of the topography in the CTL

and NoAf experiments. In the NoAf experiment, the

flow has a stronger meridional component, with anom-

alous southerlies, compared to that in the CTL experi-

ment, in which the flow is primarily zonally oriented

when approaching the Indian subcontinent. This, as

discussed above, has a nonnegligible impact on the SAM

precipitation. Here, we want to explore if and to what

extent these lower-level flow changes can be understood

through changes in the PV budget along flow trajecto-

ries. To this aim, we perform a PV budget analysis

similar to the one done by RH95. One important dif-

ference is that in this work we use a full-physics GCM,

where diabatic heating is not prescribed but interacts

with and depends on the monsoonal circulation. We

analyze the overall impact of all terms on the PV budget

of the cross-equatorial flow and its downstream exten-

sion. In particular, we want to unravel mechanisms

responsible for the positive PV anomaly over the Ara-

bian Sea when the African topography is removed.

Figure 9b shows the difference of the JJA mean ma-

terial PV tendency between the NoAf and CTL exper-

iments at 850hPa (i.e., the sum of the frictional and

heating terms in the PV budget). Please note that

changes in the material tendencies at other levels within

the boundary layer are of similar magnitude as the ones

at 850 hPa (not shown). Caused by the mountain range

to the west of the cross-equatorial flow, lateral frictional

forces induce positive material PV tendency in the CTL

experiment along the particles moving near the African

topography. When the African topography is removed,

the frictional tendencies to its east decrease, which ex-

plains the negative anomalies there. Positive anomalies

in PV tendencies are found over the Arabian Sea, in the

same broad region of positive PV anomalies. One might

FIG. 8. Forward trajectory analysis for the (a) CTL and (b) NoAf

experiments. The green asterisks are the integration-starting points

and different colors indicate different integration-starting loca-

tions. Particles are chosen to originate from the 850-hPa level.

FIG. 9. (a) Anomalous (NoAf–CTL) JJA-average PV [shading,

PV unit (PVU), 1026 K kg21 m2 s21] and 850-hPa winds (vectors,

m s21). (b) Anomalous material PV tendency (PVUday21). The

gray shading indicates regions with no data below 850 hPa.
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therefore anticipate that larger PV over theArabian Sea

in the NoAf experiment is primarily due to these posi-

tive PV tendencies. However, the tendencies shown in

Fig. 9b are material tendencies, which can be directly

linked to PV changes only from a Lagrangian perspec-

tive, following particle trajectories. That is to say that to

understand PV changes over the Arabian Sea, one also

needs to consider where particles reaching this region

originated from and passed by. To this aim, we analyze

the PV budget along backward trajectories for particles

with integration-starting points in the Arabian Sea re-

gion with largest PV anomalies. In so doing, we ac-

count for all factors that can potentially influence PV

in the target region, from the particle initial locations,

and hence initial planetary vorticity, initial relative

vorticity, and material tendencies accumulated along

specific paths.

The backward trajectory analysis is calculated in both

experiments with particles starting from the region that

has largest PV anomaly (Fig. 11). The backward trajec-

tories highlight important differences in the flow between

the CTL and NoAf experiments: while in the former the

cross-equatorial flow is more coherent and organized,

with most of the particles in the Arabian Sea originating

from similar latitudes in the SH, in the latter particles

appear to originate from different latitudes, from the SH

Indian Ocean to near-equatorial Africa. Interestingly, we

find that in both experiments particles undergo significant

height variations, which influences the material PV ten-

dencies they experience (Figs. 11c,d).

By integrating the material PV tendency along the

paths, we can track the anomalous evolution of PV

(Fig. 12a) and compute the net PV change along the

trajectories.1 At time 0h, the PV in the NoAf experi-

ment is larger than that in the CTL experiment for every

trajectory (Fig. 12a). This is to be expected since we

choose the region of positive PV anomaly as our

integration-starting region. However, the PV difference

at the integration-ending time of our backward calcu-

lation (2240 h) is even more positive. This implies that

the larger PV over the Arabian Sea in the NoAf ex-

periment at time 0h is primarily due to larger values in

the initial PV. This can also be seen from Fig. 13, which

shows that the averaged total net PV change is larger in

the CTL experiment than in the NoAf experiment. If

FIG. 10. Anomalous (a),(d) total, (b),(e) divergent, and (c),(f) rotational winds at (top) ;850 and (bottom) ;900 hPa. Please note that

these analyses are conducted on hybrid model coordinates.

1 The offset between the real PV evolution and the accumulated

PV evolution integrated from the total material PV tendency is

small, so we mainly discuss the calculated PV evolution.
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this were the dominant effect, the PV anomaly over the

Arabian Sea would be negative (anticyclonic) rather

than positive (cyclonic). Our results show the opposite,

which suggests that the primary difference lies in the

initial PV values. More specifically, the positive PV

anomaly between the NoAf and CTL experiments over

the Arabian Sea is due to the larger (or less negative)

initial PV in the NoAf experiment compared to that in

the CTL experiment. This is further confirmed in Fig. 14,

which shows the time evolution of the latitude along the

particle trajectories in the CTL and NoAf experiments

and their difference (NoAf-CTL). Because the initial

latitudes of the particles are larger (i.e., farther north-

ward) in the NoAf experiment, the particles contain

larger initial planetary vorticity and therefore larger

initial PV. Similar conclusions can be reached if particles

are chosen to originate from a lower level in the back-

ward trajectory calculations.

Please note that the net PV change along trajectories

can also be computed following the actual PV evolution

along the paths (Fig. 12b). While the PV budget is not

completely closed and there exists some residual, the

associated error at the beginning of the trajectories is

smaller than the difference in initial PV discussed above.

Hence, the presence of residuals in the PV budget does

not invalidate the main conclusion emerging from our

analyses.2

The significant differences in the latitude of the initial

particle locations between CTL andNoAf are consistent

with the changes in the simulated flow, discussed in

previous sections. In particular, in theNoAf experiment,

the weaker blocking effect by the African topography

and the weaker cross-equatorial flow close to the Afri-

can coast allow for some of the particles to originate

farther west and closer to the equator in the SH than

what seen in the CTL run. The particles, therefore,

have a larger initial planetary vorticity value: this allows

them to reach the Arabian Sea with more positive PV,

even if the net material PV tendencies along their tra-

jectories are less positive than the one experienced by

particles reaching the same location in the CTL exper-

iment. While individual trajectories shown in Figs. 12a

and 13 somewhat differ in the relative importance of the

FIG. 11. Backward trajectories in the (a) CTL and (b) NoAf experiments. The green asterisks mark the

integration-starting points and different colors indicate different integration-starting locations. Particles are chosen

to originate from the 850-hPa level. The integration-starting time is 20Aug. (c),(d) Trajectories are as in (a),(b), but

the color coding indicates the pressure level (hPa) for each point along the trajectories.

2We have also verified that the residual term of the local PV

budget (in an Eulerian perspective) is small compared to the ma-

terial PV tendency (not shown).
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initial PV and the material PV tendencies in the re-

sulting PV difference at the end point, most of them do

highlight the role of the initial PV difference. Also note

that results in Figs. 12a and 13 represent averages for

eight different trajectories and, hence, emphasize the

general pattern emerging from most trajectories.

Order-of-magnitude calculations also show that the

vorticity difference implied by the initial PV difference

seen in the backward trajectories (Fig. 12a) and the

stratification at those initial locations is of the same or-

der of magnitude of the vorticity difference associated

with the differences in starting latitudes in Fig. 14c. This

allows us to conclude with some confidence that the

positive PV anomaly over the Arabian Sea primarily

arises because of differences in the initial location and,

hence, planetary vorticity of particles reaching this re-

gion in the two experiments. One caveat we want to

emphasize here is that we find that the static stability at

the beginning of the trajectories (which influences the

value of the original PV) is somewhat higher-than-

average values in tropical regions. This could result

from either a model’s artifact due to limitations in the

convection scheme or from the fact that particles origi-

nate from a region (158S) where convection is not active

and, therefore, characterized by a larger stability.

5. The influence of the Arabian topography

Although our main goal is to focus on the impact of

the African topography on the SAM, the Arabian to-

pography is located right to the west of the Indian sub-

continent and can be thought of as providing an

extension to the African topography. This prompts us to

examine further changes in the SAM when the Arabian

topography is also removed (Fig. 1c). In the simulation

when both African and Arabian topography are re-

moved (NoAfArab), the precipitation in the larger-scale

SAM domain increases relative to the CTL experiment

(Figs. 5a,c), but decreases slightly relative to the NoAf

experiment, primarily in the northwestern portion of the

Indian region (Fig. 15a). A moisture budget analysis

[Eq. (1)] reveals that this precipitation decrease is as-

sociated with a reduction in the dynamic convergence

term (Fig. 15).

While the PV anomaly over the Arabian Sea is

stronger in the NoAfArab experiment than in the NoAf

experiment (Figs. 9 and 16), the precipitation response

has opposite sign (Fig. 15a). That is, the precipitation

increase relative to the CTL run on the eastern flank of

the cyclonic anomaly over the Arabian Sea is smaller

when both the Arabian and African topography are

removed than when the African topography is removed

in isolation. This appears to be due to the fact that the

southerly flow on the eastern flank of the stronger PV

anomaly, associated with anomalous meridional con-

vergence relative to the CTL experiment, does not in-

crease in the NoAfArab experiment relative to the

NoAf experiment. This can occur because PV is not only

influenced by the absolute vorticity but, also, by the at-

mospheric stability. Changes in the latter can induce

changes in the PV field, without changes in the absolute

vorticity. Additionally, changes in relative vorticity are

not necessarily correlated to changes in the southerly

flow on the eastern flank of the PV positive anomaly.

Therefore, the small changes in PV between the NoAf

and NoAfArab experiments are not easily related to

wind circulation patterns, and associated precipitation

changes, near the Indian region. This highlights the

complexity of the circulation response to changes in

topography in a full-physics GCM.

FIG. 12. Anomalous (NoAf–CTL) evolution of PV (a) calculated by integrating the material PV tendency and (b) interpolated along

trajectories. (c) The residual (difference) between (a) and (b). Different colors indicate different integration-starting locations, consistent

with Figs. 11a and 11b.
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Despite not necessarily providing a direct link to un-

derstanding precipitation changes, it is still of interest to

analyze mechanisms behind the PV increase over the

Arabian Sea when the Arabian topography is removed.

Therefore, we compute the PV budget following particle

trajectories. The backward trajectories are similar to the

ones in the NoAf experiment (not shown). The differ-

ence in the initial particle location, which was critical in

explaining differences between the NoAf and CTL ex-

periments, does not play a significant role here. This

means that removing the Arabian topography does not

modify substantially the trajectories of particles that

reach the Arabian Sea in the region of largest PV

anomaly. This suggests that accumulated PV material

tendencies have to be larger in the NoAfArab experi-

ment than in the NoAf one to explain the positive PV

anomaly between the two experiments. This is con-

firmed in Fig. 13c, which also shows that the larger ma-

terial PV modification arises from the larger heating

term, rather than changes in the frictional term.

In summary, these results show how the Arabian to-

pography has a relative small impact on the SAM pre-

cipitation response and only slightly modifies the

response to the removal of the African topography. This

might be due to the smaller height and range of this

topographical feature, as well as its location: being far-

ther north than the African topography, the Arabian

topography likely has a smaller interaction with the

cross-equatorial flow.

6. Conclusions

The precise role that the African topography plays on

the structure and intensity of the SAM cross-equatorial

flow and precipitation still remains debated. While it is

widely accepted in the literature that the African to-

pography helps to spatially confine the cross-equatorial

flow and to enhance the SAM precipitation, recent

studies show how the SAM precipitation increases

rather than decreasing in numerical experiments when

the African topography is removed. Here, we perform

similar GCM experiments with modified topography

and we provide a more comprehensive and quantitative

discussion of the impact of the topography on the

monsoonal lower-level flow and precipitation.

In simulations with a full-physics GCM, when the

African topography is removed, the SAM precipitation

increases even if the cross-equatorial flow weakens. We

find that in the absence of the blocking effect

of the African topography, westerly winds strengthen

over the eastern African coast. Previous studies attrib-

uted the precipitation increase in the absence of the

African topography to the strengthening of the westerly

FIG. 13. Net PV change along the 10-day trajectories for the

(a) CTL, (b) NoAf, and (c) NoAfArab experiments. Abbreviations

‘‘ht,’’ ‘‘ft,’’ and ‘‘total’’ indicate the heating, the frictional, and the

total (heating 1 frictional) material PV tendencies, respectively.

Different colors indicate different integration-starting locations,

consistent with Figs. 11a and 11b.
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winds, and associated moisture convergence, as the

zonal flow approaches the Indian subcontinent. In our

simulations, however, enhanced westerlies do not extend

over the Arabian Sea, and stronger precipitation arises

because of stronger meridional, rather than zonal, con-

vergence. This enhancedmeridional convergence is in turn

associated with anomalous southerly flow on the eastern

flank of a cyclonic wind, or positive PV, anomaly over the

Arabian Sea.

PV budget analyses along particle trajectories are

being conducted to explain mechanisms giving rise to

this cyclonic, or positive PV, anomaly. It is shown that

FIG. 15. As in Figs. 7a–d, but for the difference between the NoAfArab and NoAf experiments.

FIG. 14. Evolution of latitude along the trajectories starting from the same locations as those in Fig. 11 for (a) CTL, (b) NoAf, and

(c) difference between the two (NoAf–CTL). In (a),(b), the thick lines show the mean and the shading shows the spread (two standard

deviations) in the eight trajectories with eight different integration-starting times.
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particles over the Arabian Sea have higher PV in the

NoAf experiment relative to those in the CTL experi-

ment not because they experience more positive mate-

rial PV tendencies along their paths but, rather,

because they tend to originate from higher latitudes

and, therefore, carry with them higher values of initial

planetary vorticity. Weaker cross-equatorial flow and

weaker blocking effect (i.e., stronger westerly wind) in

the absence of the African topography allow for par-

ticles originating from near-equatorial Africa or over

the near-equatorial SH Indian Ocean to reach the

monsoon region. Because of the larger PV, the flow

over the Arabian Sea has a stronger southerly compo-

nent to the west of India and, associated with it,

stronger moisture convergence and precipitation in the

NoAf experiment.

We also conduct and discuss an experiment where the

Arabian topography is removed in addition to the Af-

rican topography. Despite inducing interesting and

nonintuitive changes in the circulation and precipitation

fields, the Arabian topography is found to have only a

very modest influence on the monsoon, consistent with

its smaller extent, height, and northward position rela-

tive to the African topography.

In our simulations, we do not consider the ocean re-

sponse to the circulation changes, in that SSTs are kept

fixed and the same in all experiments. The ocean–

atmosphere coupling can have important impacts on

the mechanisms here discussed. For instance, the re-

duction of the cross-equatorial flow as the African to-

pography is removed would reduce upwelling and

increase SSTs. Similarly, changes in wind strength could

induce further SST changes through evaporation, which

in turn would influence the precipitation response.

These effects will be explored in future studies with

experiments in a slab ocean or fully coupled GCM. The

sensitivity of our results to changes in model physics and

horizontal resolution is also not explored in this study.

However, similar experiments conducted with different

GCMs (Chakraborty et al. 2002, 2006, 2009; Slingo et al.

2005) show responses in the SAM precipitation and

circulation patterns that are in qualitative, if not quan-

titative, agreement with the ones reported here. This

suggests that the large-scale features that are the focus

of our study are not an artifact of the model physics and

configuration and have some generality.

Unlike more idealized work, which has attempted to

consider the impact of topography and diabatic heating

in isolation on the monsoonal flow, here we use a com-

prehensive GCM, where the distribution of diabatic

heating is itself part of the response and dependent on

the monsoonal circulation. Therefore, as the lower

boundary is modified (here through changes in topog-

raphy) the precipitation distribution can respond in

ways not predicted by more idealized studies. As the

topography is removed, changes in the resulting circu-

lation will induce changes in the diabatic heating, which

in turn will affect the PV of the monsoonal cross-

equatorial flow and larger-scale circulation. While

making causality harder to assess, this approach has the

advantage of being energetically and dynamically con-

sistent. In particular, it allows us to show how the Indian

monsoon is significantly less sensitive to the presence of

the African topography and a topographically confined

Somali jet than what commonly thought: in fact, while

having a quantitative impact on the structure of the

Somali jet, the removal of the African topography does

not modify in any significant way any of the major fea-

tures of the simulated SAM, such as its position,

strength, and seasonality.

In this respect, this work is consistent with emerging

theories of monsoons, which view these tropical circu-

lations as regional manifestations of the seasonal cycle

of the tropical Hadley circulation (e.g., Gadgil 2003;

Bordoni and Schneider 2008) rather than large-scale

sea-breeze circulations driven by local forcing. By

shedding insight into the response of the SAM to mod-

ified topography, and resulting flow–precipitation in-

teractions, this study might help to better constrain the

influence of radiative and land surface forcing on the

monsoon on different time scales.
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