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Abstract
Governing Thermodynamic Structure of Tropical East Pacific and African
Easterly Waves and their Representation in CMIP6 Models

by Rosa M. Vargas Martes

Easterly Waves (EWSs) are convectively coupled systems of alternating high and low
pressure that propagate westward in the Tropics with a period of 3-6 days and horizontal
scale of 3000 km. They are most commonly observed in the western hemisphere over
the east Pacific Ocean (PEWSs) and Africa and the east Atlantic Ocean (AEWs). While
significant progress has been achieved in understanding PEWs and AEWSs, a thorough
comparison between the waves as well as their representation in global climate models
(GCMs) remains elusive. The thermodynamic processes associated with convection in
AEWs, and PEWSs are examined on the basis of empirical orthogonal functions (EOFs)
and a plume buoyancy framework. Plume buoyancy is found to be highly correlated
with rainfall in both AEWs and PEWSs. Close inspection of the contribution of moisture
and temperature to plume buoyancy reveals that temperature and moisture contribute
roughly equally to the buoyancy in AEWSs, while moisture dominates the distribution of
buoyancy in PEWs. The results of this study indicate that PEWs are moisture modes:
waves in which water vapor plays a dominant role in their thermodynamics. AEWs,
on the other hand, are mixed waves in which temperature and moisture play similar
roles in their thermodynamics. The representation of these governing thermodynamic

structures is further examined in historical Coupled Model Intercomparison Project phase
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6 (CMIP6) models. Simulations are compared to data from the Fifth Reanalysis from

the European Centre for Medium-Range Weather Forecasts (ERA5). Two representation
skill metrics are employed to select models with accurate PEW and AEW representation,
the (1) wave relative amplitude and (2) spatial coherence obtained from the pattern
correlations of lag-regressed anomalous precipitation between ERA5 and CMIP6 models.
A large spread in PEW and AEW representations is observed. Results suggest that
the spread in representation skill may be tied to the misrepresentation of convection
sensitivity to column moisture, the horizontal distribution of mean column moisture, and
precipitation. Furthermore, examination of model diagnostics reveal that both waves grow
from moisture-vortex instability, even in the presence of strong meridional temperature
gradients. These results underscore the relevance of the accurate representation of moist

processes for the accurate representation of PEWs and AEWs in CMIP6 Models.
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Chapter 1

Introduction

For a long time, the tropical atmosphere was believed to be quiescent with the exception
of occasional hurricanes (Air Weather Service Scott AFB, 1944, Riehl, 1954). It wasn't
until periods of global unrest circa the 1940s, that the need to further our understanding

of marine tropical meteorology arose, and with it challenged this notion.

This propelled pioneering studies such as those carried by institutions such as the Institute
of Tropical Meteorology (cooperative e ort between the University of Chicago and the
University of Puerto Rico) (e.g., Riehl, 1945, Riehl, 1954), United States (US) Air Weather
Service (e.g., Air Weather Service Scott AFB, 1944) and the Army Air force (e.g., Kindle,
1944) and Weather Bureau (e.g., Dunn, 1940). Among the studied phenomenon, \waves
in the easterlies" were the rst type of convectively coupled tropical waves to be recognized

(Air Weather Service Scott AFB, 1944, Dunn, 1940, Kiladis et al., 2009, Kindle, 1944,
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Riehl, 1945, 1954). Early studies and observations of easterly waves (EWSs) identi ed

them as westward propagating wave-like disturbances within the easterly ow, with a
horizontal length-scale of 2,500 - 3,000 km, periods of 3-4 days, and phase speeds of
around 8 m st (Air Weather Service Scott AFB, 1944, Dunn, 1940, Kiladis et al., 2009,
Reed et al., 1977, Reed and Recker, 1971, Riehl, 1945, Thompson et al., 1979). They had
inverted trough structures (Riehl, 1945, 1954) and could organize convection and serve

as seed disturbances for tropical cyclones (Dunn, 1940, Riehl, 1948).

EW research has come a long way since then. We now know that these disturbances are
tropical depression-type systems with westward wavenumberk)(5-20 and periods from
2.5-10 days (e.g., Feng et al., 2020, Kiladis et al., 2009, Mayta and Adames Corraliza,
2024) that are ubiquitous across the tropical atmosphere (Lau and Lau, 1990, Mayta and
Adames Corraliza, 2024). While EWs are convectively coupled, they do not correspond
to a normal mode solution of Matsuno's dry shallow water (SW) theory (Matsuno, 1966).
Some studies have shown that the evolution of EWs is tied to deep convection (e.g.,
Janiga and Thorncroft, 2013) and that moist processes are as important as dry dynamics
for the growth of EWs (Berry and Thorncroft, 2012, Mayta and Adames, 2023, Mayta

and Adames Corraliza, 2024).

Thus, two schools of thoughts have formed with regards to EW research, dry and moist
perspectives. Forinstance, in regards to the dry perspective, Torres and Thorncroft (2022)
posed that over the east Paci ¢ Ocean, EW evolution could be tied to potential vorticity

gradients over the region. Kiladis et al. (2006) employed a dynamical model to examine
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the three-dimensional structure and dynamics of AEWs but found that barotropic and

baroclinic instability alone could not explain wave initiation. On the other hand, recent
studies have highlighted the relevance of moist processes in governing the thermodynamics
of EWs (Berry and Thorncroft, 2012, Huaman et al., 2021, Mayta and Adames, 2023,
Mayta and Adames Corraliza, 2024, Nunez Ocasio and Rios-Berrios, 2023, Russell and
Aiyyer, 2020, Russell et al., 2020, Wolding et al., 2020). Mayta and Adames Corraliza
(2024) found that advection of anomalous moisture by background trade winds aided the
propagation of oceanic TD-type waves around the globe. In addition, they found that
both the propagation and growth of moist static energyrf) anomalies resulted from the

advection of the background moisture by the anomalous meridional winds.

Recent advances in moisture mode theory (e.g., Adames, 2022, Adames et al., 2019, Mayta
et al., 2022, Neelin and Yu, 1994, Sobel et al., 2001, Yu and Neelin, 1994) have posited
that EWs over oceanic regions are moisture modes, waves whose thermodynamics are
governed by moisture (Mayta and Adames, 2023, Mayta and Adames Corraliza, 2024,
Vargas Martes et al., 2023, Wolding et al., 2020), whereas EWs that evolve over land
masses are mixed systems whose thermodynamics are modulated comparably by moisture
and temperature (e.g., Nunez Ocasio and Rios-Berrios, 2023, Vargas Martes et al., 2023,
Wolding et al., 2020). Over the western hemisphere, tropical northeast Paci ¢ and African
EWs (PEWs and AEWSs respectively), serve as seeds for TC development (e.g., Avila and
Guiney, 2000, Avila et al., 2003, Landsea et al., 1998, Pasch et al., 2009, Thorncroft and

Hodges, 2001), are important sources of precipitation variability (e.g., Dominguez et al.,
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2020, Fahrin et al., 2024, Kiladis et al., 2009), and contribute non-negligibly to the tropical

general circulation (e.g., Mayta and Adames Corraliza, 2024).

While PEWs and AEWSs occur over the same hemisphere, they exhibit distinct character-
istics (Vargas Martes et al., 2023, Wolding et al., 2020). For instance, PEWs have been
found to exhibit smaller horizontal thermodynamic and dynamic structures. In addition,
previous results indicate that their thermodynamics are governed by moisture. Whereas,
the thermodynamic evolution in AEWs has been found to be governed by moisture and
temperature comparably. With recent e orts evidencing these di erences, a study as-
sessing global climate model (GCM) skill at reproducing these transients remains elusive.

Said tasks are the main objective of this doctoral dissertation.

The study is structured as follows. Chapter 2 examines the governing thermodynamic
structure of PEWs and AEWs on the basis of a novel plume buoyancy framework (Adames
et al., 2021, Ahmed and Neelin, 2018, Ahmed et al., 2021), empirical orthogonal function
(EOF) analysis, and moisture mode theory. Chapter 3 assesses the representation of
PEWSs in Coupled Model Intercomparison Project, Phase 6 (CMIP6) (Eyring et al., 2016).
Similarly, chapter 4 examines the representation of AEWs in CMIP6 models. Finally, a

summary and concluding remarks are presented in Chapter 5.
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Abstract

The thermodynamic processes associated with convection in Tropical African and North-
eastern Paci c Easterly Waves (AEWs and PEWSs, respectively) are examined on the
basis of Empirical Orthogonal Functions (EOFs) and a plume-buoyancy framework. Lin-
ear regression analysis reveals the relationship between temperature, moisture, buoyancy,
and precipitation in EWs. Plume buoyancy is found to be highly correlated with rainfall

in both AEWs and PEWSs, and a near 1:1 relationship is found between a buoyancy-based
diagnostic of rainfall and rainfall rates from ERAS5. Close inspection of the contribution
of moisture and temperature to plume buoyancy reveals that temperature and moisture
contribute roughly equally to the buoyancy in AEWs, while moisture dominates the dis-
tribution of buoyancy in PEWSs. A scale analysis is performed in order to understand the
relative amplitudes of temperature and moisture in easterly waves. It is found that the
smaller contribution of temperature to the thermodynamics of PEWSs relative to AEWs

is related to their slower propagation speed, which allows PEWs to more robustly adjust
to weak temperature gradient (WTG) balance. The consistency of the buoyancy analysis
and the scale analysis indicates that PEWs are moisture modes: waves in which water va-
por plays a dominant role in their thermodynamics. AEWSs, on the other hand, are mixed

waves in which temperature and moisture play similar roles in their thermodynamics.



2.1 Introduction

Easterly waves (EWs) are ubiquitous systems in the tropical atmosphere. They are
westward-propagating regions of alternating high and low pressure with a horizontal scale
of 3000 km and atime scale of 3 6 days (Lau and Lau, 1990). They can be observed
in several regions of the northern tropics including the Paci c and Atlantic oceans (Lau
and Lau, 1990, 1992). EWs are often coupled to convection and their associated precipi-
tation plays an important role in the hydrological cycle of the Tropical Northeast Paci c
Ocean, the islands of the Caribbean Sea (Dominguez et al., 2020), and sub-Saharan Africa

(Kiladis et al., 2009).

Many studies have shown that deep convection in the tropics is sensitive to the concen-
tration of water vapor in the free troposphere (Bretherton et al., 2004, Chaboureau et al.,
2004, Holloway and Neelin, 2009, Jensen and Genio, 2006, Myoung and Nielsen-Gammon,
2010, Raymond, 2000, Redelsperger et al., 2002, Sherwood, 1999, Sherwood et al., 2004,
Waite and Khouider, 2010). This coupling is likely due to the dilution updrafts experience

as they entrain dry environmental air, which reduces their buoyancy (Ahmed and Neelin,
2018, Hannah, 2017, Kuo et al., 2017, Lucas et al., 1994). Temperature also plays a role
in the occurrence and organization of deep convection. It is well known that tempera-
ture uctuations in the free troposphere can increase or suppress the convective available
potential energy (CAPE) and convective inhibition (CIN), both of which are essential
factors in the occurrence of deep convection (Kuang, 2008, Mapes, 2000, Raymond et al.,

2006).
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While EWSs can be identi ed over di erent regions (Lau and Lau, 1990, 1992), Tropical

Northeast Paci ¢c and African Easterly Waves (PEWs and AEWSs respectively) propagate
across the western hemisphere yet exhibit distinct characteristics. Several studies, have
shown that deep convection plays a central role in the evolution of AEWs (Cheng et al.,
2019, Fink and Reiner, 2003, Janiga and Thorncroft, 2013, Russell and Aiyyer, 2020,
Russell et al., 2020). Berry and Thorncroft (2012), for example, showed that moist
convection is as important as dry dynamics for the growth of EWs in the African-Atlantic
region. On the other hand, moist convection has been found to be equally, if not more
important to the evolution of PEWs (Lau and Lau, 1992, Mayta and Adames, 2023,
Rydbeck and Maloney, 2015, Serra et al., 2008, 2010, Wolding et al., 2020). Rydbeck and
Maloney (2015) found that the convective coupling of PEWs can be explained in terms

of large-scale moisture uctuations.

In addition to the e ects on convection, temperature and humidity uctuations also mod-
ulate the propagation of convectively coupled waves in the tropics (Adames, 2022, Adames
et al., 2019, Adames and Maloney, 2021, Mayta and Adames, 2023, Mayta et al., 2022,
Wolding et al., 2020). For instance, waves whose dynamics are predominantly driven by
moisture uctuations will exhibit slower propagation, and are commonly referred to as
moisture modes (Adames, 2022, Adames and Maloney, 2021, Mayta and Adames, 2023,
Neelin and Yu, 1994, Raymond and Fuchs, 2009, Yu and Neelin, 1994). On the other
hand, waves whose dynamics are driven by temperature uctuations exhibit fast propa-
gation speeds as in convectively-coupled gravity waves, and mixed Rossby-gravity waves

(Adames, 2022, Adames et al., 2019, Adames and Maloney, 2021, Mayta and Adames,
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2023). Finally, waves who exhibit shared characteristics of moisture modes and gravity

waves have been identi ed as mixed systems. Transients within these wave groups ex-
hibit distinct propagation speeds and unique thermodynamic structures. Understanding
within which group EWs fall can aid in discerning which elds hold the highest relevance

in their thermodynamic evolution.

In this study, we will examine the role that temperature and moisture may have in
the convective coupling and thermodynamics of AEWs and PEWs. To understand the
convective coupling we will make use of the plume buoyancy framework developed by
Ahmed and Neelin (2018) and expanded upon by Ahmed et al. (2020) and Adames et al.
(2021). We will also implement the scale analysis framework of Adames et al. (2019)
and Adames (2022) to understand the relative importance of temperature and moisture
in the thermodynamic evolution of these waves. Our results show that moisture governs
the convective coupling and thermodynamic evolution of PEWSs, while temperature and
moisture play a comparable role in AEWs. Thus, our results suggest that, in spite
of sharing a similar name, AEWs and PEWSs are governed by distinct thermodynamic

processes and may couple to convection di erently.

This study is structured as follows. Section 2.2 discusses the data and statistical tech-
niques implemented. Section 2.3 outlines the plume buoyancy-based precipitation esti-
mate, the scale analysis, and moisture mode criteria used to evaluate PEWs and AEWS.
Section 2.4 presents the results of the study. Finally, the discussion and concluding re-

marks are presented in Section 2.5.
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2.2 Data and Methods

2.2.1 Data

The data employed in the study is from the European Centre for Medium-range Weather
Forecasting's (ECMWF) Fifth Reanalysis (ERA 5) (Hersbach et al., 2020). The data
used is twice daily at 00 and 12 UTC from 1980-2018. We study the waves that occur
from July to September (JAS) season when tropical cyclone activity is the highest over
the Tropical Atlantic and Northeast Paci c oceans. Precipitation and OLR data used in
this study are also taken from ERA5. We make use of surface and pressure level data
from 1000-100 hPa. The domains of interest are the regions of the Tropical Northeast
Paci ¢ Ocean (EPAC) (150°W-75°W and 10°S{30N°) and West Africa and the Northeast
Atlantic Ocean (WAEA) (45°W-30°E and 10S{30°N). The domains are chosen to be
of the same size to facilitate the comparison of the waves. The main elds and their
de nitions are shown in Table 2.1. The variables averaged over the planetary boundary
layer (PBL) (1000 hPa 950 hPa), and the lower free troposphere (LFT) (950 hPa600
hPa) are denoted by the subscript® and L, respectively. Angle bracketslfi) denote a

mass-weighted vertical integral from 1000 to 100 hPa.

2.2.2 Methods

Anomalies in the aforementioned elds are obtained by subtracting their annual means. A
2-6 day Lanczos Iter (Duchon, 1979) is then applied to retain variability at the timescale

of PEWs and AEWS.
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Table 2.1: The variables used in the study, all drawn from ERAS5.

Var. Description Units
OLR Outgoing Longwave Radiation Wm 2
Geopotential m

z Geopotential Height m

% Horizontal vector wind mst?
! Vertical Velocity Pas!?
B Plume Buoyancy m s?
q Speci ¢ Humidity kg kg !
q Saturation Speci ¢ Humidity kg kg !
T Temperature K
m Moist Static Energy Jkg !
h Moist Enthalpy Jkg !
h Saturation Moist Enthalpy Jkg !
P Surface Precipitation Rate mm st

Pest  Precipitation estimated fromB mm s !

To capture the predominant wave patterns of the Itered data set, an EOF analysis is
applied to the OLR eld over the EPAC and WAEA. While analysis was performed over
the broader EPAC and WAEA domains, the results are consistent if the EOF is employed
over a smaller domain where wave activity is the strongest (12%-90 W and 5 N-20 N
for PEWs and 27.5W-10 E and 5 N-20 N for AEWSs). The resulting eigenvalue spectrum
is shown in Fig. 2.1.a,b, for the EPAC and WAEA respectively. The two leading EOFs
are well separated from the rest in both regions and are statistically-signi cant according
to the North et al. (1982) criterion. The fraction of the total variance explained by the
leading EOFs over WAEA are 5.2% and 4.9% for EOF1 and 2 respectively. Over the
EPAC the two leading EOFs explain 3.2% and 3.1% of the OLR variance.

Many of the results of this study are based on linear regression of the leading principle

components (PCs) of OLR onto the elds of interest. These regressions are obtained
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Figure 2.1. Variance explained by the leading EOFs of the OLR for (a) EPAC
(150 W-75 W and 10 S-30 N) and (b) WAEA (45 W-30 E and 10 S-30 N) regions.
The whiskers denote the 95% con dence interval of each eigenvalue.

following Eg. (1) of Adames and Wallace (2014):

D= SP =N; (2.1)

whereD is the regressionS is the eld variable, P is the PC time series, andN is the
length of the PC. The statistical signi cance of the data was determined by a two-sided
t-test as in previous studies of EWs (e.g., Kiladis et al. 2006). The e ective degrees of

freedom in the Itered data (N ) is obtained following Chen (1982):

N =Nt 2.2)
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whereN is the sample size, t is the time step, and is the decorrelation timescale:

X
= Culi DCy(i 1) t (2.3)

i=1

whereC,x and C,, are the discrete autocorrelation coe cients of the PC time seriesﬁ()
and the eld of interest (S). The contour intervals in many of the gures shown below

are chosen such that they are statistically signi cant at the 95% con dence interval.

Time longitude diagrams of OLR and are also used in this study. These are constructed
via a lag regression analysis as in Adames and Kim (2016). Lag regression maps are
obtained from lag day -6 to lag day 6, which are then meridionally averaged fromMN>-
20 N. From these diagrams we can calculate the zonal component of the phase spegd (
of PEWs and AEWSs by applying a Radon Transform (Radon, 1917) to the OLR eld. To
determine the two-dimensional Radon Transform from a time-longitude diagram in the
(x, y) space, an arbitrary plane % y9 is allowed to rotate anti-clockwise in a way that
allows x°to be oriented at an angle (ranging from 0-180) with respect to the x axis
(Mayta and Adames, 2021, Mayta et al., 2021). The wave signal in the time-longitude
diagram is then projected onto an arbitrary line ) along x°. The variance of the wave
signal is then calculated along this lind.. The angle nax in which the rotation leads to
the maximum signal variance alond- is then used to calculate the phase speed, which

can be obtained following Eq. (A3) in Mayta et al. (2021):

= —)t(tan( max ) (2.4)
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where X is the zonal distance of each grid point.

2.3 Framework used to evaluate AEW and PEW ther-
modynamics

2.3.1 Plume buoyancy-based precipitation estimate

In this study, we make use of the plume buoyancy framework developed by Ahmed and
Neelin (2018) and extended upon by Ahmed et al. (2020) and Adames et al. (2021) to
diagnose PEW and AEW-related rainfall. The main variables are shown in Table 2.1.
Constants and their values are shown in Table 3.1. We will use the de nition of plume

buoyancy described by Adames et al. (2021), which is written as:

B=g>—¢° (2.5)

where ¢, is the equivalent potential temperature of a rising plume, , is the saturation
equivalent potential temperature of the environmentg is the gravitational acceleration,
and is de ned as:

Lig |
—1+ —chVeVTZ’ (2.6)

wherelL, is the latent heat of vaporization,q is the saturation speci ¢ humidity, C;, is
the speci c heat of dry air at constant pressureR, is the gas constant of water vapor,

and T is the temperature.
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Ahmed et al. (2020) showed that precipitation increases quasi-linearly once the LFT

averaged value oB (B ) exceeds a critical value. They parameterized this pickup curve
in their model using a ramp function. While this representation may describe the sudden
onset of tropical deep convection more accurately, it is not amenable to the linear analysis

we want to perform here. Instead, we will represer® as an exponential function oB, :

Pest = Poexp(a.By) (2.7)

wherea, is an empirically-determined constant that describes the steepness of the pickup
curve. A value of 75 mm day ! s> m ! was obtained from least-squares t of the
P B relation for the PEW and AEW regions, as shown in Fig. 2.2. This relationship
is similar to the one Bretherton et al. (2004) found foP and column saturation fraction,
but replacing the latter with B_. While Ahmed et al. (2020), use TRMM precipitation
and ERA5 B to examine this relationship, we choose to incorporate both ERAS elds,
due to the limited temporal availability of the TRMM satellite observations (1998-2014).
Nonetheless, Wolding et al. (2022) compare the convective life cycles of TRMM and ERA5
precipitation on the basis of the plume buoyancy framework, and nd that these have
similar characteristics. Furthermore, the rst mode of the linear regression analysis for
both ERA5 and TRMM precipitation presented in Fig. B.1, shows that the horizontal
structure of these elds over the studied regions is consistent. Thus, we posit that results

would be consistent whether reanalysis or satellite observations are used in the study.
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Following Adames (2017), we linearize Eq. (2.7) with respect to a climatological-mean

precipitation P, yielding the following expression for the precipitation anomalies:

P2 = Pa B?; (2.8)

est

where primed variables are anomalies with respect to the JAS climatology. Following
Ahmed et al. (2020) we can also linearizB_, so that we can writeP2, as:

!
M, L, &I p

PO —
h q t gl—v

est

; (2.9)

where h¢ is the moist enthalpy anomaly of the PBL and p is the thickness of the
troposphere. Eqgs. (2.8) and (2.9) explain the relative consumption of buoyancy by
convection (Ahmed et al., 2020). This estimated quantity is useful as we can examine
the separate contributions from the LFT and PBL. Thus from eq. (2.9) we see th&( is
sensitive to thehg, dryness of the LFT, and the strati cation of T° (Ahmed et al., 2020).
The 4, : and , terms represent these sensitivities to perturbations i, T, and hg

respectively, and are de ned by:

1
h= P 9 (2.10)
aLgLVP Bh|_
_ 1
g= =P ogw (2.11)
agL,P h,
N #o
-t P 9. Whg wh o owo. (2.12)
aLgLVP h|_ Bl Lh|_ L
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Figure 2.2: Distribution of ERA5 precipitation ( P) and buoyancy averaged over the

lower free troposphere B\ ) over (a) the EPAC (150 W-75 W and 10 S-30 N) and (b)

WAEA (45 W-30 E and 10 S-30 N) regions, for the time period ranging from 1980-

2018. The shaded eld shows the natural logarithm of the number of data points in

each bin. Values ofP are binned every mm day ! and values ofB, are binned every
0.005 m s 2. The black line shows the exponential t to the data.

whereh is the saturation moist enthalpy, = ( p=p)R¢= is the Exner function, where

po = 1000 hPa, and

we= —PBin 1+ P (2.13)
p
w =1 Wg (214)

are weights that describe the relative contribution of the PBL and LFT toB?. These
sensitivities (n, ¢ and ) impact the convective response in di erent ways, while?®
acts to remove coldT?, ¢ impacts P° by altering the subsaturation of the environment
(Ahmed et al., 2020). WhileP%in the PBL is not sensitive to variations ing®and T h§

impacts P° by changing the stability of the plume (Ahmed et al., 2020).
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Table 2.2: Constants, values, and units used throughout the study.
Quantity Description V alue U nits
PBL planetary boundary layer 1000 950 hPa
LFT lower free troposphere 950 600 hPa

p thickness of the troposphere 900 hPa
Pe thickness of the PBL 50 hPa
pL thickness of the LFT 350 hPa
g gravitational acceleration 9806 ms ?
Co speci ¢ heat of dry air at constant pressure 1004 Jkg K ?t
Ry gas constant of water vapor 461 Jkg K ?t
Ly latent heat of vaporization 25 1¢° Jkg !
Wg weighted contribution to B, from the PBL 0:2971 {
Wi weighted contribution to B, from the LFT 0:7029 {
B PBL Exner function 0:99 {
L LFT Exner function 0:93 {
a_ exponential tto the P B distribution 75 $?m!?

Eqg. (2.9) allows us to estimate the contributions of?, T and h§

components are de ned as:

o - _ P CpTy.

estT gl—v ; ’

o - _P Lo,

estQ gl—v ] ,
p hg

pl. = %
estH gLv h

to P2

est-

These individual

(2.15)

(2.16)

(2.17)

We will apply these de nitions to understand the relative contributions of these compo-

nents to AEW and PEW-related rainfall.
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2.3.2 Scale Analysis

The governing thermodynamics of PEWs and AEWs can be understood through the
application the scale analysis performed by Adames et al. (2019) and Adames (2022).
Through scale analysis of a simple moist shallow water model, Adames et al. (2019)
de ned a nondimensional quantity they referred to as Noqe that describes the "relative
contribution of moisture and temperature to the evolution of moist enthalpy”. It is
written as:

Nmode ' —— (2.18)

where c is the gravity wave phase speedc( 50 m s?! for rst baroclinic mode), is
the wave's timescale, and. is the convective moisture adjustment timescale. The scale
analysis was generalized to the full atmosphere by Adames (2022), who obtained the

following expression for Noge

S
Nmode m, (2.19)

where " is the scale of the ratio of the vertical gradients of latent energyL(,q) and dry

static energy, also known as the Chikira (2014) parameter.

Both Adames et al. (2019) and Adames (2022) showed that whdh,.qe 1 the anomalies
in Lyq are much larger than the anomalies in dry enthalpy G,T) and dominate the
thermodynamic evolution of the wave, resulting in moisture modes. According to Adames

(2022), moisture modes exhibit characteristic phase speeds & m s ! or less. On the
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other hand, gravity waves exhibitNmese 1, andc, 30 m s . In this study we will

broadly de ne moisture modes as any system who$&,.qe Value is 0.2 or less.

2.3.3 Moisture Mode Criteria

While the value of Ny.ge provides important information on the processes that govern

the thermodynamic evolution of transients, further assessment is needed to determine if
a wave is a moisture mode. Ahmed et al. (2021) developed three diagnostic criteria to
assess whether a wave is a moisture mode. This idea was recently modi ed by Mayta
et al. (2022) to make it more applicable to model, reanalysis, and observational data.

They state that moisture modes must satisfy the following three conditions:

1. Column integrated moisture must be highly coherent with precipitation and must

be able to explain most of its variance, such that:

¢/ P& (2.20)

2. The mode must be in weak temperature gradient (WTG) balance:

r hsvi®h Qi (2.21)

wheres®= hC,Ti%+ h i%is the dry static energy, andhQ;i®= hQgri°+ L,P%+ H°

is the apparent heating rate, whereQg is the radiative heating, andH is the
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surface sensible heat ux. Thus, in WTG balance the vertical advection of will

be predominantly driven by diabatic heating.

3. Latent energy governs the distribution of column-integrated moist static energy

(m):

Mmi®= hC,Ti% h i% h.,q° h L,q° (2.22)

To satisfy the rst criterion, the correlation between hgi ® and P° must be higher than 0.9
rounded to the rst decimal. For criterion two and three, the slope between h svi®and
hQ,i% and mi®and h_,g must be between 0.9-1.1 rounded to the nearest decimal, in

addition to a high correlation ( 0:9).

2.4 Results

2.4.1 qand T climatology

To get a better picture of the large scale thermodynamic environment over the EPAC
and WAEA, Fig. 2.3 shows the climatologies foq (g,) (Fig. 2.3.a,d), T, (T.) (Fig.
2.3.b,e), andm_ (m.) (Fig. 2.3.c,f) in these regions. We also overlay Fig. 2.3 with
the the root mean square (RMS) amplitude ofP° for PEWs and AEWs. The RMS
amplitude of P is obtained as the square root of the square &° regressed onto PC1

and PC2 of EW activity, i.e. P2, = P PQPC1)2+ PP C2)2. When we examine the

rms

horizontal distribution of g , we see that over WAEA the maximum values are zonally

distributed along 10 N. In contrast, the distribution over the EPAC exhibits two regions
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where moisture is a local maximum: one following the ITCZ band near 19, and another

following the southern coastline of Central America and Mexico.

Comparing the horizontal structure of T, between the two basins reveals that the hori-
zontal gradient in T, is stronger over WAEA than over the EPAC. Over the WAEA, the
maximum in T, values centered over the western Sahara around ¥%-15 E and 17 N-
30 N. As a result, the horizontal temperature gradient over western Africa is dominated
by its meridional component. In contrast, the horizontalT gradient over the EPAC is

weaker and is oriented towards northern Mexico.

It is also instructive to examine the distribution of m_. Recent studies have shown
that in the presence of a strong horizontaim, gradient (r m,_) to the north of a EW-

like disturbance, meridionalm advection can induce their growth (Adames and Ming,
2018, Clark et al., 2020, Diaz and Boos, 2019, 2021a,b). Over the EPAChas a similar
horizontal structure to g, although the local maximum over southern Mexico is ampli ed
and hence larger than the maximum along the ITCZ. In contrast, the distribution of
m_ exhibits a maximum near 15N over Africa. This position is equatorward of the
T, maximum, but north of the L,g,_ maximum, suggesting that them, maximum has

comparable contributions from the two elds.

In order to get a qualitative understanding of how the EWs propagate with respect to
the distribution of L,q, CpTL and m_, we examine theP? . structure in Fig. 2.3. The
resulting patterns reveal that P° (Fig. 2.3), follows the @ maximum over the WAEA

and EPAC regions, as posited by previous studies (Kiladis et al., 2006, Rydbeck and
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Maloney, 2015, Thorncroft and Hoskins, 1994a,b). Over western AfricR%is a maximum

south of the m_ maximum near the region where its gradient is strongest. This also
seems to be the case over the EPAC, although the fact that there are two local maxima
in m_ complicates this interpretation. Other sources, such as gradients in potential
vorticity could be contributing to the evolution of the system over the EPAC (Torres and

Thorncroft, 2022).

2.4.2 Horizontal Structure of PEWs and AEWSs

To understand the convective coupling mechanism of EWs Fig. 2.4 shoR§ z°% and v°
regressed upon PC1 of EW activity. The results for PC2 are consistent with Fig. 2.4 and
are presented in Fig. S1. The left column shows PEWs while the right column shows
AEWSs. The regression maps show regions of alternating high and Iafwith cyclonic
(anticyclonic) ow around the low (high) that are characteristic of these disturbances
(Cheng et al., 2019, Rydbeck and Maloney, 2015). A close examination of the PEW
structure reveals a SW-NE horizontal tilt in P captured by previous studies (e.g., Serra
et al., 2008, Serra et al., 2010, Rydbeck and Maloney, 2014, Rydbeck and Maloney, 2015).
As described in the preceding section, PEWSs propagate along a path oriented from SE-

NW. On the other hand, AEWs have a propagation that is predominantly zonal.

The second row of Fig. 2.4 showB2,. A close correspondence betwed?’, and P°is
observed over both regions. The similarity of these patterns is robust whether reanaly-
sis or satellite rainfall is used (see Fig. B.1). The nal two rows of Fig. 2.4 show the

contributions of P2

est

o and P2 to Pg,. In PEWSs along 10N it is clear that P, is the

est est-



Figure 2.3: Horizontal maps of 600-850 hPa average (topl,q (shading with units

of kJ kg 1), (middle) CpTL (shading with units of kJ kg 1, and (bottom) m (shading

with units of kJ kg 1) averaged for the months of July-August-September (JAS) over

(left) the EPAC and (right) WAEA regions. The root mean square (RMS) amplitude

of anomalous precipitation (P%,s ) for PEWs and AEWSs is overlaid as solid contours in
all the panels.
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dominant contributor to P2, with PS; showing larger contributions for PC2, and only

for the anomalous anticyclone that is south of the coast of Mexico (see Fig. S1). How-
ever, over the Panama Bight regiorP2,; has the largest contribution toP2,;. Previous
studies have suggested that PEWSs generation can be attributed to local convective forces
(Rydbeck et al., 2017, Thorncroft et al., 2008, Torres et al., 2021, Whitaker and Maloney,
2020). Mesoscale convective systems (MCS) over the Panama Bight have been found to
originate from temperature anomalies associated with the gravity wave response resulting
from diurnal temperature changes over the Colombian Andes (Mapes et al., 2003, Warner
et al., 2003). For example, a regional modeling study by Rydbeck et al. (2017) showed
a signi cant reduction in PEW activity as topography over South America decreased,
highlighting the importance of these frequent MCSs (Mapes et al., 2003) for in-situ PEW
generation. Following these previous ndings, since Fig. 2.4d shows thBL,; is the
dominant contributor to P2, over the Panama Bight, this suggests that the EW-related
precipitation relevant to this analysis could come from temperature anomalies from the
gravity wave response as suggested by Rydbeck et al. (2017). On the other hdﬁ@@
and P2 are of comparable magnitude in AEWs. These results are consistent with the
ndings of Wolding et al. (2020), who found that column saturation fraction explains a
larger fraction of rainfall in PEWs than in AEWSs. The contribution of P, was found

to be negligibly small for both PEWs and AEWSs, and hence it is not shown. Thus,
precipitation in PEWSs is predominantly driven by ¢ while for AEWs both ¢ and T?

play comparable roles.
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Figure 2.4: Anomalous ERAS5 precipitation (P9, estimated precipitation (PJ,), con-
tribution of speci ¢ humidity ( ) to Pgy (Pgyq). contribution of temperature (T9 to
PO (Poqr) (shaded elds), geopotential height (z9 (contours), and horizontal winds
(v9 (vectors), regressed upon PC1 of (left) PEWs and (right) AEWSs. Contour interval
is 0.5 m, starting at 1 m. The longest arrows correspond to a wind anomaly of 1.8 m

s 1.
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2.4.3 EW-related precipitation in a buoyancy framework

To further show the robustness of the relationship betweeR?, and P Fig. 2.5 shows a
scatterplot of the two elds for PEWs and AEWSs. In both PEWs and AEWSs the cloud
of points is tightly clustered, with a correlation coe cient (r) of 0:94 for both PEWs and
AEWSs. This result implies that the plume buoyancy framework can explain 88% of
the EW-related rainfall variance in ERA5. Moreover, the slopes () of the linear least
squares t are near unity, showing thatP2, also adequately explains the amplitude of

anomalous rainfall in EWSs.

Table 2.3 summarizes the and values ofPg,q, Por. and PS,, when compared toP°.
The results of Fig. 2.5 are also included, for reference. While the scatterplots showing
these values are not included in the main text they are presented in Fig. S2. From Table
2.3 we see thatPg,, is also highly correlated withP® with values being just slightly
smaller thanP2,,. However, the slope of the linear least squares t is substantially smaller.
It is larger for PEWSs than for AEWs. This result indicates that moisture explains a larger
fraction of the P°in PEWSs than in AEWS, as the results of Fig. 2.4 indicate. When
examining the relationship betweerP2,; and P°we see that correlations are still high but
are substantially smaller than those oPg; and PZ,, for PEWSs, while comparable values
were attained for AEWSs. Overall,P2,; is more correlated withP®and exhibits a higher

in AEWs than in PEWSs, underscoring the importance of temperature uctuations in

the convective coupling of AEWSs, as Wolding et al. (2020) indicated. When comparing
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Figure 2.5: Scatterplot of anomalous estimated precipitation (PY;) against ERA5
precipitation (P9 for (a) PEWs and (b) AEWs. The shaded eld shows the base 10-
logarithm of the number of data points in each bin. Values are binned every 0.25 0.25
mm day 1. The one-to-one line is shown in light gray and the slope () and correlation
coe cient ( r) are shown in the top-left of each panel. The black line shows the linear
least squares t regression of the two elds. The relationships are determined over the
region of strongest EW activity, 125 W-90 W and 5 N-20 N for PEWs and 27.5 W-
10 E and 5 N-20 N for AEWS.

the values ofP,, and P, we see thatPg,, contributes nearly three times more to

PO

o5t IN PEWSs, whereasPg,, and P2, play comparable roles in AEW precipitation.
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Table 2.3: Correlation coe cients (r) and slopes ( ) of the relationship between P°,

P&, Pesto, P, and P, . The relationships are determined over the region of
strongest EW activity, 125 W-90 W and 5 N-20 N for PEWs and 27.5 W-10 E and
5 N-20 N for AEWSs.

P acific Africa
r r

PO, vs:P® 094 097 094 095
Plo Vvs:P® 090 068 0.89 0.55
PO vs:P® 081 030 0.87 041
PO, vs:P® -0.03 0.00 -0.10 -0.01

Table 2.4: Phase speed,) and Nmoge Values for PEWs and AEWs.

Cp Nmode
Adames et al. (2019) Adames (2022)
Pacic PCl1 -7.11 0.22 0.10
PC2 -6.86 0.20 0.09
Africa PC1 -9.15 0.38 0.20
PC2 -10.26 0.48 0.26

2.4.4 Contribution of qgand T to PEW and AEW thermody-

namics

2.4.4.1 Nmode

In addition to their role in modulating convection, T® and o° can play an important role
in the governing mechanisms of propagation and growth of EWs (Mayta and Adames,
2023). To understand their relative contributions, we will examine the nondimensional

Nmode Parameter proposed by Adames et al. (2019) (Eg. (2.18)) and Adames (2022)
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(Eq. (2.19)). In order to obtain a value of these parameters, we rst need to obtain

estimates for the zonal phase speeds of PEWs and AEWs. These speeds are obtained
from the time-longitude diagrams in Fig. 2.6. The lagged regressions in these diagrams
were meridionally averaged over 3 20 N, where wave activity is strongest. The phase
speed calculated from the Radon transform for OLR'gg R ) is shown in Table 2.4. From

these, we can see that PEWs exhibit slower propagation speeds than AEWSs.
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Figure 2.6: Time-longitude diagrams of outgoing long-wave radiation (OLR) (shaded)

and geopotential height (z9 (contoured) lag regressed onto (b and e) PC1 and (c and

f) PC2 of (left) PEW and (right) AEW activity. The elds were averaged over the

5 N-20 N latitude belt. The contour interval is 0.35 m, starting at 0.1m. The EPAC

and WAEA regions are shown in panels (a) and (d), for reference. The data presented
has a horizontal resolution of 2.5 2.5 and a 12 hr temporal resolution.
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Nmode Values are determined from Eq. (2.18) by assuming a rst baroclinic wave structure

over both regions ¢ 50 m s 1, see Appendix C), estimating from the time-longitude
diagrams as the period it took for a wave to complete an entire life cycle 4 days for
both waves) and the values for . were determined from Fig. 2.7.a,d, taking the of
the relationship between the column integratedy’ and P° over the EPAC and WAEA
(0.37 and 0.35 days, respectively). Similarly, to evaluate Eq. (2.19), we calculatefor
the atmospheric column neglecting the planetary boundary layer (PBL) (850 hPa100
hPa). The resulting values for Eq. (2.18) and (2.19) are presented in Table 2.4. Both
calculations indicate that moisture governs the thermodynamics of PEW$(noqe = 0:15),
suggesting that they are moisture modes, consistent with Mayta and Adames (2023).
Moisture and temperature play comparable roles in AEWSNmose = 0:33), suggesting

that they are mixed systems.

2.4.4.2 The thermodynamic contributions to rainfall and N mode

In PEWs temperature plays a non-negligible role irP2, even though Nyge iS much
smaller than unity. If we follow the same scale analysis performed by Adames (2022) but

applied to P%;, we nd that the relative amplitude of Pg; with respect to Pg, follows

est?
the relationship:

P 0
%SIT - Nmode: (2 : 23)
I:)estQ t
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Table 2.5: PO PgstQ ratio calculated from Table 2.3 (Calc) and the right-hand
side of Eq (2.23).

Calc Eq (2.23)

Pacic 0.44 0.31-0.67
Africa 0.75 0.71-1.34

We calculated the average value of;=  from Eq. (2.11) and (2.12) during JAS for both
the EPAC and WAEA domains, and found values of 3.08 and 3.53, respectively. These
are similar to the global value obtained by Ahmed et al. (2020) of 4. With these ratios
and the values oPg; and P2, in Table 2.3, we can compare the rati®g,+ =Pg, (Calc)

in PEWs and AEWSs with the results obtained from Eq. (2.23). Both results are shown

in Table 2.5.

From Eqg. 2.23 we obtain aP2;-P ratio between 0.31-0.67 for PEWs and 0.71-1.34
for AEWs. Using the P2 -Po values from Table 2.3 we obtain a ratio of 0.44 for
PEWSs and 0.75 for AEWs. Showing that the numbers obtained are in agreement for

both transients.

2.4.4.3 Moisture Mode Criteria

We will now assess the three moisture mode criteria beginning with the relationship
betweenhgi® and P° This rst criterion is presented in Fig. 2.7.a,d for PEWs and
AEWSs respectively. Ther values are high for PEWs ( = 0:90), and moderate for AEWs

(r = 0:69). While the results from the scale analysis in the preceding section indicate
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that P2,; can play a non-negligible role in moisture modes, in PEWji © exhibits high

est
coherence withP% This result suggests thathgi© is the eld dominating the dynamics
of the transient over this region. Thus, the condition is only met by the waves over the

EPAC.

The second criterion is presented in Fig. 2.7.a,b for PEWs and AEWSs respectively. The
r value ofr h svi and hQ1i is high in both waves. The value is close to unity for both
PEWs ( =0:88 0:01) and AEWs ( =0:97 0:01). Given that should be close to

0.9, this result suggest that both AEWs and PEWSs satisfy this condition.

Finally, the third criterion is shown in Fig. 2.7.c,d for PEWs and AEWSs respectively.
The relationship betweenhgi ® and hmi®is strong for both PEWs ¢  1:00 and 1:.02)
and AEWs (r = 0:99 and 1:14). While the one-to-one relationship is stronger for

PEWSs, both transients satisfy this condition.

2.5 Discussion and Conclusions

In this study we sought to further understand the role thatq and T play in the ther-
modynamic evolution of AEWs and PEWs. The employed linear regression analysis
revealed thatP2,, as determined from the buoyancy-centric framework (Adames et al.,
2021, Ahmed et al., 2020, Ahmed and Neelin, 2018), was successful in capturing both

reanalysis and satellite observed precipitation, thus underscoring the relevancegdand



Figure 2.7: As in Fig. 2.5, but showing (a and d) the column integrated humidity
(hgi ) against the precipitation rate (P9, (b and e) as the apparent heating rate (Q1i°"
Qri%+ L P% SHY against the advection of dry static energy ¢ h svi9, and (b and
d) latent energy (hL,qi") against moist static energy (hmi9 for PEWSs (left column) and
AEWSs (right column). Values are binned every 0.45 kg m?  0.45 mm day ! in (a)
and (d), 25 25 W m 2 in (b) and (e), and every 0.30 10° 0.30 10° J m 2 for
(c) and (f). The relationships are determined over the region of strongest EW activity,
125 W-90 W and 5 N-20 N for PEWs and 27.5 W-10 E and 5 N-20 N for AEWs. The
slope () and the correlation coe cient ( r) are shown on the top-left corner of each
panel.
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TCin the convective evolution of the modes. Close assessment of the governing thermody-

namics on the basis of WTG and moisture mode theory revealed that PEWSs are governed

by moist dynamics while AEWs are governed by botig® and TC

Initial examination of g, T, m, and the RMS of the leading wave patterns revealed that the

waves propagate along thg maximum and perpendicular to the horizontalm gradient.

On the basis of linear regression analysis, we found that the plume buoyancy framework
developed by Ahmed and Neelin (2018), Ahmed et al. (2020), and Adames et al. (2021)
accurately diagnoses PEW- and AEW-related precipitation. The value betweenP?and

P2, was found to exceed 0.9 and the between the two elds was found to be near unity
for both waves (Fig. 2.5). Examining the contributions ofg® and T° to the buoyancy-
based rainfall estimate shows that® dominates PEW precipitation (except in the Panama

Bight, where T° contributions are stronger), whileg® and T° contribute almost equally to

AEW precipitation.

We also examined the relative magnitudes df,® and C,T? which can elucidate where
AEWSs and PEWs t in the the moisture mode-gravity wave spectrum discussed in pre-
vious studies (Adames, 2022, Adames et al., 2019, Inoue et al., 2020). Examination of a
nondimensional parameterNoqe (Table 2.4), indicates that PEWs are moisture modes
(Mayta and Adames, 2023), while AEWs are mixed waves with properties of both mois-
ture modes and gravity waves. The main di erence is attributed to the slower, PEWs

exhibit when compared to AEWs (Table 2.4).
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In spite of the much larger magnitude of they anomalies relative to theT. anomalies in
PEWSs (see Appendix A),P,; was still found to contribute signi cantly to P2,. Scale

est-

analysis of P, revealed that this result is due to the fact thatP2, is 3-4 times more

est
sensitive to T° than to ¢° (Ahmed et al., 2020). Thus, even though them budget of
moisture modes is governed by.,q, T anomalies can still contribute signi cantly to

moisture-mode related rainfall. This is an interesting nding that will be examined more

carefully in the future.

An analysis of the three moisture mode criteria proposed by Mayta et al. (2022), (1)
d®/ P%(2)r hsvi®h Q1% and (3)hm4'h L,dd, yielded results that are in line with
the Nmoge analysis. We nd that PEWSs satisfy all three criteria (Mayta and Adames,
2023), while AEWSs only satisfy two. Similar observations were made by previous studies,
where the convective coupling of PEWs was found to be dominated logy(Mayta and
Adames, 2023, Wolding et al., 2020), while adiabatic motions were more prominent for
AEWs (Kiladis et al., 2006, Wolding et al., 2020). These ndings support previous studies
that propose moist convection is as important as dry dynamics for the growth of AEWs
(Berry and Thorncroft, 2012), while the former dominates the dynamics of PEWs (Lau
and Lau, 1992, Mayta and Adames, 2023, Rydbeck and Maloney, 2015, Serra et al., 2008,
2010, Wolding et al., 2020). The results from the three criteria also highlight important
distinct processes modulating the modes. The key ndings of this study are summarized
in Fig. 2.8. Over WAEA the convective center is located ahead of the trough axis, while
the opposite is true over the EPAC. Once AEWSs enter the Atlantic Ocean, the structure

becomes similar to that of PEWSs, in agreement with ndings by Mayta and Adames
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Figure 2.8: Schematic describing the relative magnitude of total estimated precipita-
tion (PY;) (black line), along with its components due to moisture (PgstQ) (cyan line)
and temperature (P2;) (red line) for (a) PEWs and (b) AEWs. Areas of enhanced
precipitation are depicted by the convective clouds and rain. The horizontal circulation

is shown by the blue arrows. Blue and orange shading has been added to distinguish
waves with origin over (a) ocean, and (b) land respectively. TheNmgge (top right)
and phase speedd,) (bottom right) values are included for comparison. The ther-
modynamic structure of (a) PEWs and (b) AEWSs are representative of o -equatorial

moisture modes and mixed systems as presented by Adames (2022).

(2023). This result highlights the importance of the continent for the thermodynamic
evolution of the wave over this region. In agreement with the results of Adames and Mal-
oney (2021), over the EPAC gravity waves eliminatd@ ° before the convection dissipates,
this leads to the dominance off throughout the convective evolution of the transient,
characteristic of moisture modes. On the other hand, these processes are balanced over
the WAEA region, and thus the evolution of the system is modulated by botA°and o°,
characteristic of mixed waves. As a consequence, PEWs more robustly adjust to WTG

balance.
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