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Abstract

Atmospheric Dynamics Related to Subseasonal Variability in Rainfall over the Tropical Pacific

Isabelle Bunge

The eastern Pacific is a key region for the study of tropical convection, due to its unique dynamics

and year-round rainfall concentrated in a zonal band called the Intertropical convergence Zone

(ITCZ). A strong meridional gradient of sea surface temperature (SST) is defined by the

equatorial cold tongue and warmer SST to the north, around the typical latitudes of the observed

ITCZ. Through sensible heating, the SST imparts its structure onto the overlying atmospheric

planetary boundary layer temperature, creating a low-level meridional pressure gradient. Through

Ekman balance, this gradient drives low-level convergence towards the highest SST values, where

the gradient changes sign. Simultaneously, diabatic heating over the largest SST values also

influences upward motion, leading to a kind of chicken-and-egg question: Is it the SST that sets

that low-level winds, which then drive the vertical motion and convection where they

convergence, or inversely, is it the diabatic heating in moist convection which drives the vertical

motion, and then sets the low-level flow through mass conservation.

On the scale of days or weeks, there is very little variation in the underlying SST gradient, but

observations demonstrate rapidly evolving convection along the ITCZ. This thesis analyzes the

sources of boundary layer geopotential and wind perturbations that contribute to setting low-level

convergence and thus convection.

Chapter 1 is an introduction to the theories of tropical convection and its interactions with the



large-scale motions in the eastern Paci�c. It also provides an overview of Convectively Coupled

Equatorial Waves (CCEWs), which will be discussed later as in�uences on the boundary layer.

Chapter 2 applies a Mixed-Layer Model (MLM) to understand the role that the SST gradient and

its corresponding low-level pressure gradient play in forcing boundary layer wind and

convergence. The MLM results demonstrate that the SST gradient plays a substantial roll in

setting the bulk boundary layer winds from OTREC observations.

Chapter 3 focuses on how the planetary boundary layer mass �eld co-varies with precipitation and

examines the relative contributions on the low-level dynamics from a component related to SST

and another related to free-tropospheric dynamics. This study �nds that on subseasonal

timescales, variance in precipitation is strongly associated with variance in the low-level

dynamics that is driven by the free troposphere. This result suggests that, under the viewpoint that

the boundary layer dynamics forces convection, synoptic-scale variability in rainfall is primarily

associated with perturbations to the low-level dynamics driven by free tropospheric transients.

Finally, Chapter 4 covers research performed as a follow-up to Chapter 3, which studies the

relative impact of different kinds of CCEWs on boundary layer dynamics along the ITCZ in the

eastern Paci�c. Through studying the evolution of Kelvin and Easterly waves in the eastern

Paci�c, the authors �nd that these waves act on boundary layer dynamics to enhance convection

by amplifying vertical velocity modes observed in the region.

The span of the research presented in this thesis can be summarized by a pursuit of understanding

the factors that drive rainfall in the eastern Paci�c on synoptic scales. On longer timescales, the

meridional low-level pressure gradient created by SST is important in driving boundary layer

winds; on shorter timescales, variance in low-level dynamics is heavily in�uenced by

free-tropospheric transient (such as CCEWs) in similar manners, such that they that drive a

moistening in the lower atmosphere, followed by deep vertical ascents and precipitation.
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Chapter 1: Introduction to Tropical Rainfall in the East Paci�c

1.1 Background State of the Eastern Paci�c

In the eastern tropical Paci�c, the Intertropical Convergence Zone (ITCZ) is a band of intense

rainfall that exists north of the equator. The ITCZ is coincident with the ascending branch of

the Hadley cell, characterized by low-level convergence towards the ITCZ latitude and upper-

level poleward �ow that sinks in the subtropics. This large-scale motion carries moist air into the

upper and cooler troposphere, causing cloud formation and precipitation. Additionally, shallow

and deep modes of vertical motion are associated with the ITCZ, with the shallow mode marked

by a returning poleward �ow around 850 hPa, and the deep mode by a returning �ow in the upper

troposphere (Zhang et al., 2004).

While we have some understanding of the structure of convection in the eastern Paci�c ITCZ,

there remain questions regarding how the convection is brought about. From observations of rain-

fall and sea surface temperature (SST), it appears that deep convection tends to occur over the

warmest SSTs (Back & Bretherton, 2009a). However, it is also observed that deep convection in

the ITCZ is associated with the convergence of winds in the planetary boundary layer (BL) of the

atmosphere.

There are two competing theories concerning the causal forcings of convection that have some

relevance in the eastern Paci�c ITCZ. The �rst holds that horizontal BL momentum dynamics

drive deep convection by controlling moisture transports, and the second claims that local ther-

modynamic factors control deep convection, and the associated moisture convergence due to low-

level winds are a consequence rather than a cause of deep convection and precipitation (Sobel,

2007). The �rst theory is generally associated with the Lindzen-Nigam model (Lindzen and Nigam

(1987); from hereon LN), which sets up a causal link between underlying SST gradients and con-
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vection. In their model, SST gradients induce BL pressure gradients that drive low-level wind

convergence and hence convection. The second theory is generally tied to the Gill model, in which

diabatic heating, forced by warm SSTs, sets the convection, which then sets the low-level �ow

through mass conservation (Gill, 1980).

In the eastern Paci�c, an equatorial cold-tongue (the product of air-ocean interactions) creates

a strong meridional SST gradient across the equator, with warmer SSTs to the north (see Fig.

1.1) (Bjerknes, 1969). The cold tongue is a persistent feature of the eastern Paci�c, with some

variability on the interannual timescale. Due to the existence of the cold-tongue-induced SST

gradient in the eastern Paci�c, it has been commonly held that BL dynamic control may drive

convection in the region (Back & Bretherton, 2009b). The role of SST gradient control on the BL

winds in the eastern Paci�c has been demonstrated by Chiang et al. (2001). In their model, which

includes both elevated heating and SST-gradient forcings of the BL winds, they found that zonal

surface winds are dominated by heating forcings; however, near the equator, in regions where the

meridional SST gradient is strong, meridional winds appear to be in large part explained by the

mechanism described by LN.

In their paper, LN uses a simpli�ed version of the primitive equations to capture the coupling

between low-level mass and the �ow �elds. The horizontal momentum equations can be written in

Cartesian coordinates as:

�D
�C

= � d� 1 m?
mG

¸ 5 Ȩ � G (1.1)

�E
�C

= � d� 1 m?
mH

� 5 Ḑ � H (1.2)

whereDis the zonal wind components,Eis the meridional wind component,? is the pressure,

5 is the Coriolis parameter, and� represents the frictional forces. Assuming for a well-mixed

and incompressible BL, a �xed BL depth, and that the pressure gradient at the top of the BL is

negligible, they integrate the previous equations over the BL depth to de�ne the bulk layer �ow.

The advection terms that come out of the material derivatives are neglected for a simpli�ed view
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