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- The South Asian Monsoon precipitation, the 
cross equatorial �ow (CEF), and the African 
topography located to the west of the CEF are 
closely related.

Previous Research

- The impact of the African topography on the South Asian Monsoon precipitation remains 
debated.
- In this study, we explore more comprehensively the role of the African topography in the 
South Asian Monsoon and clarify mechanisms.
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Model Setup
- GFDL AM2.1
- Resolution : 2.5 degrees x 2 degrees
- Two experiments with di�erent surface height: CTL and NoAf

Full topography (CTL) No African topography (NoAf)

Surface height (m)

10yr average is used  19yr 

Calling δ the difference between the NoAf and the CTL simulations, and decomposing changes195

in the moisture flux convergence into changes due to winds (the dynamic components, including196

convergence term and advection term) and changes due to moisture (the thermodynamic compo-197

nent) as done by a number of previous studies ( e.g., Walker et al. 2015, Held and Soden 2006,198

Clement et al. 2004), we can write:199

δP = δE −〈q∇ ·δv〉−〈δv ·∇q〉−〈∇ · [(δq)v]〉, (1)

where 〈·〉 represents a mass-weighted vertical integral [i.e.,
∫
(·)d p/g] and (·) a time average.200

The first term in the right hand side is the change in evaporation, the second term the dynamic201

convergence term, the third term the dynamic advection term, and the last term the thermodynamic202

term.203

Except for evaporation, which is negligible, the contribution of all terms in Eq. 1 to precipitation204

changes are shown in Fig. 6. The residual term is small relative to the other terms, especially com-205

pared to the δP term. The quadratic term due to covariations in changes of moisture and winds206

is also included in the residual term, which is relatively small. Consistent with Chakraborty et al.207

(2002, 2006, 2009), we find that the largest contribution comes from the dynamic convergence208

component, that is, changes in precipitation are primarily accounted for by changes in wind con-209

vergence changes. Chakraborty et al (2009) suggest that in the absence of blocking by the African210

topography, the westerly flow over Africa could extend eastward into the Arabian Sea and in-211

crease the westerlies there. This in turn would favor an increased wind and moisture convergence212

as the flow approaches the Indian subcontinent. We test this hypothesis by examining how both213

the westerly flow and air parcel trajectories are modified in the absence of the African topography.214

When comparing forward trajectories for particles originating over Africa at 850 hPa (Fig. 7) in215

the CTL and NoAf experiments, we see that in the absence of the African topography air particles216
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Moisture Budget

- The stronger precipitation near India is mainly accounted for by convergence term.

- The blocking e�ect is reduced when the African topography is removed.
- The increasing convergence is mainly contributed by the stronger meridional component of the 
total convergence. This is di�erent from the mechanism proposed by Chakraborty et al. 2002, 
who hypothesized that the stronger zonal wind causes stronger convergence.
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- The CEF is weaker when the African topography is removed.
- The South Asian Monsoon precipitation within the Indian region (red box) increases.
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around 5.4 degrees (1/4 of 21.6 degrees). The observed shift in our simulation is however smaller,287

and around 3 degrees. This shows that while qualitative consistency exists between our results288

and the simplified models of stationary wave dynamics, a more quantitative understanding of the289

cyclonic anomaly over the Arabian Sea (and associated moisture convergence and precipitation290

changes) requires consideration of the 3D full-physics PV dynamics. This is discussed in the291

following subsection.292

b. PV dynamics of the Somali jet and its relation with SAM293

As discussed in detail in the previous subsection and as shown in Fig. 9a, a cyclonic circulation294

anomaly (i.e., the difference between NoAf and CTL experiments) exists to the west of the India,295

over the Arabian Sea. A region of positive PV anomaly is also located there (Fig. 9a). Since in296

section 3, we have shown how, as topography is removed, precipitation increases mainly over the297

ocean, just west of the Indian continent, primarily in association with anomalous meridional wind298

convergence (Fig. 4b and Fig. 9a). The increased meridional wind convergences is colocated and299

linked to the southerly flow on the eastern flank of the cyclonic anomaly over the Arabian sea.300

Hence, understanding dynamical mechanisms responsible for the anomalous lower-level circula-301

tion also provides insight into mechanisms for the anomalous precipitation. Here, we consider the302

full PV dynamics, which includes its sources and sinks, and provided a detailed analysis of its303

budget.304

Ertel’s PV, (1/ρ)η ·���θ , is a scaler quantity that expresses both rotational and stratification305

features of the fluid, where η is the 3D absolute vorticity vector, θ the potential temperature, and306

ρ the density of the fluid. In z-coordinate, the PV budget is:307

DP

Dt

=
1
ρ
Fη ·���θ +

1
ρ
η ·���θ̇ , (2)
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Di�erence of material PV tendency

Impact on the Larger-scale Circulation 

- A cyclonic wind anomaly is located over Arabian Sea.
- The southerly anomalies in the eastern �ank of the cy-
clonic wind anomaly might be related to larger meridi-
onal convergence there. Therefore, we want to explore 
what induces the cyclonic wind anomaly over the Arabian 
Sea when the African topography is removed. 
- The positive vorticity and potential vorticity (PV) anoma-
lies are consistent with the cyclonic wind anomaly.
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- The positive PV di�erence between NoAf and CTL over the Arabian Sea is related to the higher 
latitude of the initial locations in the NoAf compared to those in CTL. 
- The weaker CEF and the weaker blocking e�ect of the African topography of the westerlies over 
Africa might be related to these di�erent initial locations. 

- The particle movements have more 
southerly component in the NoAf 
simulation over Arabian Sea. 
- The �ow comes from a more organ-
ized CEF in CTL, but in NoAf, some of 
the particles come from Africa and 
others come from higher latitude 
compared to those in CTL.
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Potential Vorticity Budget 

- Negative di�erence of the material PV tendency is 
right to the east of the African topography. Positive 
di�erence of the material PV tendency is over the 
Arabian Sea. 
- Since the material tendency is the tendency along 
the particle, the trajectories of the �ow need to be 
considered as well.
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Stationay Wave Pattern
Change** in vorticity

Change in surface height and 
streamfunction along 5oN
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Change**: (CTL-NoAf), change when adding topography

- While qualitative consistency exists between our results and the simpli�ed models of stationary 
wave dynamics, a more quantitative understanding of the cyclonic anomaly over the Arabian Sea 
requires consideration of the 3D full-physics PV dynamics.

- Stationary Rossby 
wavelength:
    - Theoretical:
  

    - Simulated:  ~30 degs
- Shift 
    - Theoretical: 
     ~ 5.4 degs 
   - Simulated : ~ 3 degs

~21.6 degs

λs/4

λs =

√
u

β
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- In our simulations, when the African 
topography is removed, the South 
Asian Monsoon precipitation in-
creases even if the CEF weakens.
- After the topography is removed :
 - The u increases because of de-
creased blocking e�ect.
 - Based on moisture budget, the 
stronger convergence term, primarily 
due to larger meridional conver-
gence, is the largest contribution to 
the stronger precipitation.
 - A cyclonic wind anomaly is related to the stronger meridional wind and convergence 
in its eastern �ank.
 - Our results are qualitatively consistent with theoretical stationary wave patterns but 
further analysis based on 3-D full-physics is required  
 - The latitudes of the initial locations of air particles reaching the Arabian Sea are higher 
and therefore contribute to the larger PV there.  
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