Do we need to resolve convective plumes to accuratel y simulate climate?

Patrick Haertel
Yale University
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Background and Motivation



Tropical Convection "Background" Spectra (15 S - 15 N)
Wheeler and Kiladis (1999)
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FREQUENCY (CPD)

Raw Symmetric and Antisymmetric T

symmetric

ropical OLR Spectra

Wheeler and Kiladis (1999)
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Filtered Symmetric and Antisymmetric T

symmetric

Wheeler and Kiladis (1999)
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Convective Morphology

2-Day Wave(Takayalo et al ©996) Kelvin Wave(Straub and Kiladis 2003)
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pressure (hPa)

Temperature P erturbations

2-Day Wave(Haertel and Kiladis 2004) Kelvin Wave(Straub and Kiladis 2003)
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pressure (hPa)

Zonal Wind P erturbations

2-Day Wave(Haertel and Kiladis 2004)
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Equatorial W aves in Nature

Shallow to deep comection followed by enhanced stratiform precipitation

Nearly out of phase lower and upper tropospheric temperature perturbations,
transition to a cool lower troposphere duringwamtion, weak temperature
variations near 500 hPa

Tilted wind perturbations with maxima near the surface, at mdsleand near the
tropopause



Kelvin W aves In Climate Models



Spectral Signal

Straub et al. (2010)
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Spatial Distribution

Straub et al. (2010)
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FRESSURE

Vertical Structure of Temperature

Straub et al. (2010)
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PRESSURE

Vertical Structure of Zonal Wind

Straub et al. (2010)
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Kelvin W aves In Climate Models

Straub et al. (2010)

Half of the models ha a gpectral signal in the Kelvin-aweband

About one-quarter of the modelsvhaa easonable spatial distribution of Kelvin-
wave-filtered variance

A few models hae vetical structures that qualitasaly resemble observations



Similarities for MJO and other Equatorial W aves

Shallow to deep comection, followed by enhanced stratiform precipitation (e.g.
Haertel et al. 2008)

Tilted wind/moisture/heating perturbations (e.g. Kiladis et al. 2005)

Poorly represented in most aamtional climatemodels (e.g., Lin et al. 2006; Kim
et al. 2009)



Motivation

Because corentional climate models continue to struggle to adequately
represent the multi-scaleganization of tropical covection, observed
variations in comective norphology and tilted vertical structures of
synoptic to planetary scaleawes, there is reason to explore alternveti
numerical methods and cmttive parameterizations.




Lagrangian Numerical Method



Conforming Parcel Concept

Haertel and Randall (2002)




Advantages of t he Lagrangian Method

1. Controlove mixing
2.  Trajectories for eery parcel

3. Representingoist cowection
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Properties of Parcels

onevertical thickness function for all parcels
surfices conform
uniformdensity (or potential temperature)

hydrostatic pressure

. densegparcels slide underneath less dense parcels




Equations of Motion

axi _.,
dt

- +
%+fk><vi:|:pi Fmi

dt M,



Pressure Force

FH:JpndA



Computational Efficiency

O(n) where n is number of parcels

Competitve with Eulerian models when optimized
(Haertel et al 2004)



|dealized Tests



Advection
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Pile of Parcels
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Ridge of Fluid
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External Gravity W aves




External Gravity W aves
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External Gravity W aves




External Gravity W aves
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Lake and Ocean Applications



Lake Upwelling

Haertel et al. (2004)
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ldealized Equatorial Ocean: Thermocline

Fedorov et al. (2004)
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ldealized Equatorial Ocean: Equatorial Undercurrent

Fedorov et al. (2004)
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Tropical Instability W aves: Surface Temperature

Chelton et al. (2001)
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Kennen and Flament (2000)
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Western Boundar y Currents

Haertel et al. (2009)

Stommel Problem Munk Problem
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The Ventilated Ocean: Atlantic Stratification and Overturning

Haertel and Fedorov (2011)
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Ventilated Ocean: Effects of Mixing on Stratification

Haertel and Fedorov (2011)
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Ventilated Ocean: Effects of Mixing on Heat T  ransport

Haertel and Fedorov (2011)
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Simulating T ropical Convection



Lagrangian Overturning

Suppose tw overlapping parcels A and B
are centered In the same column of the
model domain with A beneath B. LO T
exchanges the vertical positions of A and AéI l
B when this leads t6(A) > 6(B). -




Simple lllustration of Lagrangian Overturning




pressure (hPa)

Applying Lagrangian Overturning in a Single Column Model

temperature (SCM solid, COARE dashed) specific humidity (SCM solid, COARE dashed)
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Conventional Cumulus Parameterization vs. Lagrangian Overturning (LO)

Arakawa (2003): "The majority of the existing cumulus parameterization schemes are
based on the quasi-equilibrium concept, either explicitly or implj¢linpugh the adjust-
ments of temperature and humidity profiles to reference profiles."

Non-steady behavior in LO single column model
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Convectivel y Coupled Kelvin W aves

Haertel and Straub (2010)
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pressure (hPa)

Convectivel y Coupled Kelvin W aves

Haertel and Straub (2010)
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Observed and Simulated V ertical Structure of the Madden Julian Oscillation

observed u (0.5 m/s) observed g (0.1 g/kg) observed heating (0.5 K/day)
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Sea Surface Temperature for Preliminar y Aqua Planet Experiment (APE) Runs
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Summary

Simulating the multi-scale structure of tropical gection continues to be a
challenge for climate models$-or example, in the case of AR4 climate models
only half hare a pectral signal of Kelvin aves, about one-quarter verealistic
spatial distributions, and 2 or 3 modelséapalitatvely correct vertical structures.

Over the past decade | Y cevdoped a lagrangian numerical method that
simulates fluid circulations by predicting motions of parcels. This method
successfully simulates a range ofdakd ocean phenomena including: upwelling,
boundary currents, thermocline structure, meridiomaittarning, tropical

Instablility waves, equatorial undercurrents

In recent applications to the atmosphere in an Aquaplanet setting Kelvea w

with realistic temperature and wind structures spontaneously form. The LAM alsc
generates MJOs with realistic horizontal structure and propagation, titled wind,
moisture and heating perturbations, and avective life cycle like that seen In

nature.



Questions ? ? ?



Future Work

Studying the mechanism, shear sensitivatyd upscale transports of Kelvirawes
simulated with the LAM

|dentifying the driving force behind MJO-8ldsturbances in the LAM, and what
determines whether MJOs or Equatorial Rosshyeae favared

Conducting the full suite of aqua planet experiments for the LAM, and examining
circulations, rainfall patterns, and other kinds of tropicalvecive g/stems.



Mixing Columns and Rows
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Equations of Motion

dx_V
dt
d
S Tkxv=A+A,

A =-T (5pOM dA
P WJ



pressure (hPa)

Observed Moisture P erturbations

2-Day Wave(Haertel and Kiladis 2004)
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Vertical Structure of Moisture for Kelvin W

Obsenred

aves in Climate Models

Straub et al. (2010)

ClimateModel 4
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pressure (hPa)

Convectivel y Coupled Kelvin W aves on an Aqua Planet

Haertel and Straub (2010)
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Extra: Vertical Structures: EIG, MRG, ER, MJO Understanding LO through an Qll
and Water Thought Experiment 2D CCGWs squall system ?



